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Abstract

The durability of the rock support in road tunnels is relevant from the point of view of safety, life cycle cost
and the impact on the environment. A better understanding of the rock support degradation in road tunnels is
crucial to prevent accidents, that may involve road users. It would also allow the optimization of maintenance
and rehabilitation strategies, define the budget needed in advance for those activities and properly perform life
cycle impact assessment of the rock support from raw material extraction until the end of the lifespan of the
tunnel.

This thesis focuses on the durability of rock bolts and steel fiber-reinforced shotcrete used as rock support in
Norwegian road tunnels. These tunnels stand out as they use the initial rock support as part of the final support.
Unlike many other road tunnels elsewhere, a typical Norwegian road tunnel does not include a waterproof
membrane followed by a thick layer of cast-in-place concrete lining, leading to greater responsibility for the
rock support installed and greater exposure to the surrounding environment.

Regarding rock bolts, the identification of aggressive environments, and the collection of corrosion kinetics in
carbon steel used in underground works were obtained from a literature review. Based on the information
collected, a probability distribution for the steel rebar was deduced for 25, 50 and 100 years of exposure time.
The lifespan extension given by the hot-dip galvanizing, the duplex protection system and cement mortar to the
steel rebar were obtained also from different observations reported in the literature, which allowed median
values to be estimated for each corrosion protection element.

To address the durability of steel fiber-reinforced shotcrete is more complex since there is no direct link between
a chemical attack identified in the field and its physical and mechanical consequences. In addition, little is
known about the condition of singularities in the shotcrete layer, such as its contact with the rock, the boundary
between two adjacent shotcrete layers and the shotcrete surface exposed to the traffic room. Based on this
background, field and laboratory investigations were performed in shotcrete.
Subsea road tunnels are an interesting field to be inspected. Here, shotcrete of the same age and technology is
exposed to fresh groundwater near the portals and saline groundwater containing sulfates, magnesium
carbonates and chlorides in the rest of the tunnel.
The technological change in Norway from water-glass accelerator to alkali-free accelerator in the mid-1990s is
also addressed in this research due to the concern that the sulfur content in the latter accelerator could become
a detrimental factor for the cement paste in the shotcrete. In total, the shotcrete conditions in four tunnels
constructed in the 1990s were inspected, three of them being subsea tunnels. In these four tunnels, 11
investigated locations were selected, leading to the drilling of 56 shotcrete cores. In all these locations,
groundwater pH and electrical conductivity were also measured. The following investigations were performed
in the laboratory:

e 102 samples for shotcrete density and suction porosity tests

e 36 samples for uniaxial compressive strength (UCS) test

e 28 samples for powder X-ray diffraction (XRD) analysis

e 8 mappings of micro X-ray fluorescence (1-XRF) analysis

e 8§ samples for pH indicator thymolphthalein tests

e 14 samples for thermogravimetric analysis (TGA) in two core profiles

e 1 polished section for scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS)
In fresh groundwater, it is expected that both rock bolts and shotcrete should experience very limited
degradation. In case of improper handling during construction, it is envisaged that rock bolts are more sensitive.
In subsea road tunnels constructed in the 1990s, it is expected that the condition of shotcrete could become
worse than rock bolts. In this regard, the estimated lifespan extension of a rock bolt coated with the duplex
protection system installed in subsea tunnels is, on average 45 years. In principle, during this time period, the



steel rebar will still be uncorroded. In contrast, in half that time, the condition of shotcrete investigated in this
research has been seriously degraded in several cases.
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Chapter 1

1 Introduction

1.1. Background

The structural integrity of tunnels relies on the rock mass properties and the installed rock support. Over time
materials degrade, and this includes the rock support exposed to the tunnel environment. Traditionally, the
concern about degradation of rock support in road tunnels arises from a safety and cost perspective [1,2].
Regarding costs, the Norwegian Public Roads Administration (NPRA) undertook a survey in 2012 to estimate
the cost of eliminating the maintenance backlog in the national road network [3] (this network is apart from
other Norwegian road tunnels belonging to different counties). At that time, the number of tunnels in the
national road network was 481, representing 4.6% of the length of the network. The resulting upgrading cost
amounts to approximately 4 billion euro (2012), where approximately half of it corresponds to the upgrading
of tunnels. The distribution of the needed investment in the existing road tunnels by 2012 is given in Fig. 1.

Water/frost and fire protection;
106 mill €;
5%

Other upgrades;
239 mill €;
12%

Structural needs;
557 mill €
28 %

New electrical regulations;
239 mill €;
12%

Replacement for other reasons;
332 mill e New tunnel safety regulations;

17 % 517 mill €
26 %

Fig. 1: Estimated distribution of upgrading costs in the 481 tunnels belonging to national road network in
Norway by 2012 [3]. Costs are given in euro (2012).

As shown in Fig. 1, the largest portion of the upgrading costs in Norwegian road tunnels corresponds to
structural needs, a concept which includes rock support, structure in tunnel portals, enlargement of the tunnel
cross section for extra emergency lay-bays, niches, technical rooms, etc. The financial challenge is enormous.



While the new tunnels under construction are to be operated and maintained in the future, there is ongoing
degradation of the existing ones.

In addition, an increasing concern about sustainability demands a more in-depth knowledge regarding the
carbon footprint of the construction sector, where tunnels have a significant contribution in many countries’
infrastructure [4-6]. In one meter of a Norwegian tunnel excavated in hard rock, the carbon footprint of the
rock support is of a similar magnitude to that emitted by drill and blast tunnelling excavation with conventional
equipment [7]. So far, the environmental life cycle assessment in tunnels has mainly been estimated from raw
material extraction until the end of the construction period [6,8]. This research is designed to investigate the
actual condition of rock support elements during the tunnel operation and anticipate the eventual need to replace
or repair them at some point in the future.

In Norwegian road tunnels, rock bolts and shotcrete are the most common rock support elements [9]. Fig. 2
shows the proportion of carbon footprint between rock bolts and shotcrete for a typical Norwegian road tunnel
in rock support class C (moderately fractured rock mass with a joint spacing between 0.3 m and 1.0 m) and
tunnel size T 9.5 ( Cross sectional area = 66.7 m?, arc length which includes tunnel walls and roof = 21 m)
[10].

1082 kg CO, eq;
87 %

@ Steel fiber-reinforced shotcrete in walls and roof: thickness 80 mm

B Systematic rock bolts: ¢ 25 mm; L =4 m; ¢/c 2m

Fig. 2: Distribution of Global Warming Potential (GWP) between steel fiber-reinforced shotcrete and rock bolts
in one meter of road tunnel in Norway in rock support class C and tunnel size T 9.5. Modified from [10].

Fig. 2 clearly shows that the contribution of shotcrete to the carbon footprint is higher than that of rock bolts
for one meter in a typical Norwegian road tunnel. However, a wider assessment, until the end of the useful life
of the tunnel might change this figure. This research concentrates on the durability of these rock support
elements under different environmental conditions.

1.2 About Norwegian road tunnels

Norway has an uneven mountainous topography and cold climate, making tunnels a suitable alternative for road
infrastructure in many cases [11]. Underground solutions have protected infrastructure from areas with the
potential of snow avalanches and rock falls on numerous routes [12]. Furthermore, subsea tunnels have



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.



Questions Q3 and Q4 address objective 2. In both questions, a literature review is needed to investigate if the
degradations observed in the field have a theoretical understanding that allows the prediction of the evolution
of degradation over time. Applied to the rock bolts, Q4 will be addressed from the literature review by
collecting corrosion rates observed in rock bolts installed in Norwegian road tunnels. The results will be
contrasted with international standards and findings obtained in the literature review in order to explore the
possibility to predict the corrosion kinetics of rock bolts.

Question Q5 aims to fulfill objective 3. In this regard, it is important to highlight that the mechanical changes
caused by chemical degradations are easier to quantify in rock bolts than in shotcrete. In the former case, there
is a good enough correlation between strength loss and mass loss due to the corrosion in the steel rebar [15].

In the case of steel fiber-reinforced shotcrete, the identification of a chemical attack in the shotcrete layer does
not necessarily give a reliable prognosis of its physical and mechanical changes. The physical and mechanical
consequences are needed to quantify the severity of different degradation mechanisms. In addition, it is
foreseen that the field-defined shotcrete properties will result in a less homogeneous material than a steel rebar
manufactured in a plant. Furthermore, little is known about the condition of singularities in the shotcrete layer,
such as the contact with the rock, the boundary between adjacent shotcrete layers and the shotcrete surface
exposed to the tunnel room. Thus, Q5 applied to shotcrete will be addressed from field and laboratory
investigations.

Objective 4 in rock bolts and shotcrete will be addressed by question Q6. In turn, the answers to questions Ql1,
Q2, Q3 and Q4 will be assessed to answer Q6.

1.4.1 Field and laboratory investigations in steel fiber-reinforced shotcrete

The in-situ investigations performed in existing road tunnels are considered necessary to try to connect the
chemical changes identified in the shotcrete layer with their physical and mechanical consequences. In this
regard, a subsea road tunnel is an interesting field to be inspected, providing shotcrete of same age and
technology exposed to fresh groundwater near the portals and saline groundwater in the rest of the tunnel.
Saline groundwater usually has high concentrations of sulfate, magnesium, carbonate and chloride which
might chemically react with the cement paste in the shotcrete. Thus, the inspection of subsea tunnels might
allow to identify different degradation mechanisms and quantify their consequences.

Regarding the selection of the tunnels to be inspected, a compromise had to be made between not choosing
old tunnels which are far from the current technology used in shotcrete and avoiding selecting recently
commissioned road tunnels where the years of exposure for shotcrete are limited. Thus, the understanding of
the evolution on durability aspects of shotcrete in Norwegian practice is crucial. In this regard, one of the
technological changes was to start using alkali-free instead of water-glass accelerators in the mid-1990s. The
main durability concern of alkali-free accelerators, widely used these days, is its sulfur content [ 16]. The impact
of this technological change on the durability of shotcrete is also investigated in this research.

Subsea road tunnels constructed in the early and late 1990s provide shotcrete samples exposed to fresh and
saline groundwater with water-glass and alkali-free accelerators. Three out of the four tunnels selected are
subsea road tunnels. Among them, The Nordkapp tunnel is highlighted, which is the first subsea tunnel in
Norway where alkali-free accelerator was used. The fourth tunnel called Honningsvég lies on-shore, where the
shotcrete is exposed to fresh groundwater. The tunnel is near the Nordkapp tunnel and has a similar age and
technology to the shotcrete used in the Nordkapp tunnel.

Table 1 summarizes the groundwater conditions and accelerator types from where the shotcrete samples will
be extracted in the tunnels investigated.



Table 1: Road tunnels where the in-service condition of steel fiber-reinforced shotcrete was investigated

Tunnel Start of ~ Completion  Type  Condition of groundwater Accelerator type
construction exposure investigated used in shotcrete
Hitra 1992 1994 Subsea Fresh and saline Water glass
Nordkapp 1995 1999 Subsea Saline Water glass / alkali-free
Honningsvag 1995 1999 On-shore Fresh Water glass
Froya 1998 2000 Subsea Fresh and saline Alkali-free

In the case of the Nordkapp tunnel, the objective was to contrast the shotcrete conditions in different tunnel
locations with a saline environment where different accelerators (water-glass and alkali-free) were used in the
shotcrete installed.

In the case of the Froya and Hitra subsea road tunnels, the main objective is to investigate the possible difference
in the condition of the shotcrete exposed to fresh groundwater and exposed to saline groundwater. This means
in practice drilling shotcrete near portal areas, and in the middle of these subsea tunnels.

In all the tunnels inspected, three criteria were considered when drilling in the shotcrete layer:

e To drill at least three shotcrete cores next to each other in order to have a good representation of the
location with the availability of shotcrete samples for different chemical, physical and mechanical tests.

e To drill in thick shotcrete layers whenever possible. A thicker shotcrete layer may allow changes along
the shotcrete layer to be visualized and also discover the condition at the boundary of two adjacent
shotcrete layers (shotcrete joints). In practice, this was generally achieved by drilling shotcrete lying
adjacent to tunnel stretches where cast-in-place concrete lining had been installed.

e To cross the shotcrete layer and drill a couple of centimeters in rock, so that the condition at the contact
between shotcrete and rock can also be assessed.

According to the standard EN 12390-1:2012 [17] for testing hardened concrete, the minimum diameter of a
cylindrical concrete sample is to be 3.5 times the diameter of the aggregates, so that the aggregate size has a
limited influence on the concrete performance. On the other hand, the Norwegian guidelines for sprayed
concrete in 1993 [18], which is relevant for the tunnels inspected, establishes the maximum allowable
aggregate diameter to be 16 mm. This would lead to a minimum shotcrete sample diameter of 56 mm.
Nevertheless, the shotcrete specification in the Nordkapp tunnel stated a maximum aggregate size of § mm,
while in the Froya tunnel was 10 mm. Based on this information, the core bit diameter selected was 62 mm in
all the tunnels. With this core bit diameter, it was expected to obtain shotcrete core diameters of approximately
56 mm. In the specific case of the Froya and Hitra tunnels, some core drillings were also performed with a
core bit of 92 mm. This was done to investigate if a larger diameter could have an impact on the uniaxial
compressive strength (UCS) test results. In addition, for UCS tests, the consequences of choosing shorter
samples with a height-to-diameter ratio (/D) equal to 1.0 is explored instead of the traditional b/D equal to
2.0. This reduction in sample height aimed to increase the number of samples along a core and increase the
possibilities to identify strength variations in the case of a local degradation.

Figs. 3-4 show two investigated locations in the Hitra and Froya tunnels respectively.



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 Froya 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 Froya and Hitra tunnels, as part of the leaching
investigations in the shotcrete. Fig. 5 illustrates the technique employed and the instruments used.



Fig. 5: Groundwater seepage from the tunnel roof collected in a plastic cup for different chemical
measurements performed in the field. (a) water sample extraction with a syringe, and (b) instruments for
electrical conductivity, pH and calcium ion concentration measurements in water.

Several laboratory investigations were performed to assess the conditions of the shotcrete cores that were
extracted. Carbonation was systematically investigated by the pH indicator thymolphthalein (where a bluish
color after application is related to non-carbonated concrete), by the identification of calcite via powder X-ray
diffraction (XRD) and through an eventual local reduction in suction porosity in profiles constructed along a
shotcrete core. The details concerning the procedures are given in paper 2. Additionally, in some shotcrete
cores, carbonation was also investigated through the identification of carbonates in the shotcrete through
thermogravimetric analysis (TGA). The details about the procedure of the latter investigation technique is given
in paper 3.

Possible sulfur, chlorine and magnesium enrichments along the different cores were investigated by p-XRF.
This investigation technique is described in paper 2 and paper 3. The identification of deleterious minerals was
undertaken by XRD.

In case a higher resolution than p-XRF is needed to identify different elements in the cement paste, scanning
electron microscopy (SEM) with energy dispersive spectroscopy SEM/EDS will be performed to obtain a higher
resolution of the cement paste. A thin polished section cast in epoxy is needed for this specific test. Further
details about SEM/EDS are given in Section 3.3.1.

Leaching was chemically investigated by potassium maps via pu-XRF and profiles of portlandite content via
TGA. The physical tests performed to investigate leaching indications were suction porosity and shotcrete
density along the cores. The mechanical test performed is the uniaxial compressive strength (UCS) with axial
strain measurements to observe post-peak behaviors of the UCS test results.

The distribution of tests for each investigated location is given in Appendix A. In order to have a logging of the
different cores, the shotcrete was photographed before and after being sliced in the concrete saw. The sequence
in the laboratory is shown in Fig. 6.



Fig. 6: Shotcrete images before and after being sliced in the concrete saw. (a) shotcrete cores received in the
laboratory, (b) shotcrete core photographed, (c) concrete saw, and (d) shotcrete sample marked and
photographed.

Shotcrete cores sliced crosswise are done in suction porosity, shotcrete density and UCS tests. In these tests,
special care is taken to distinguish between the samples that have shotcrete joints and those that do not.
Shotcrete cores sliced lengthwise are performed for pH indicator thymolphthalein, p-XRF and TGA. In the
latter case, after the lengthwise slicing, one of the resulting half-cores is systematically sliced crosswise to
create a profile of small shotcrete samples that will be later milled. With regard to XRD tests, special slices
were performed to focus on specific targets of the shotcrete core. Some sample preparation illustrations are
given in Fig. 7.




Fig. 7: Examples for sample preparation for different tests in the laboratory. (a) Shotcrete core sliced for the
UCS test, (b) sample placed in the triaxial testing systems GCTS RTRX-140CL9 for the UCS test with axial
strain measurement, (c) shotcrete core sliced crosswise prepared for the suction porosity and density tests, and
(d) samples immersed in water during the suction porosity and density tests.

The investigation of steel fiber corrosion will consist basically of visual inspection in search of corrosion
products on top of the steel fibers. If there is suspicion of corrosion products with a brownish color in areas
where there are no traces of steel, the p-XRF technique is used to see if there is iron in those brownish stains.
A positive result would strongly suggest that corrosion of steel fibers was found.

1.5 Limitations

e This research does not include the structural assessment of steel fiber-reinforced shotcrete or rock bolts
and the measurement of external load and internal stresses.

e This research mainly investigates chemical/electrochemical degradation mechanisms in steel fiber-
reinforced shotcrete. Biological degradations such as bacterial attack observed in some subsea tunnels
and physical degradations such as freeze-thaw cycles are not addressed in this research.

e The field investigations performed for the condition assessment of steel fiber-reinforced shotcrete only
cover two environmental conditions: saline and fresh groundwater. In addition, the representativity of
the results in the tunnels inspected is limited.

o The present research does not perform field investigations for rock bolts. The prognosis of the corrosion
rate for longer exposure times is based on collected experience from literature.



1.6 Outline of thesis

This thesis has seven chapters which are described below:

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

e 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.

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

e Chapter 4: Prognosis of the kinetics of different degradation mechanisms in shotcrete in different
environments.

e 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.

e Chapter 6: Conclusions

e 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.

Rock bolts

- Evolution on corrosion protection elements
(Chapter 2.1)

- Identification of aggressive environments & the associated
degradation mechanisms.
(Paper 1 and chapter 2.3)

Degradation kinetics in:

= (Carbon steel rebar
(paper | and chapter 2.4.1)

Literature review

=  Cement grout
(paper 1 and chapter 2.4.2)

= Hot-dip galvanizing
(paper 1 and chapter 2.4.3)

= Duplex protection system

(paper | and chapter 2.4.4)

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

- Evolution on shotcrete technology
(Chapter 2.2)

- Identification of aggressive environments & the
associated degradations
(Chapter 2.5)

Literature review

- Degradation kinetics in concrete
(Chapter 2.6)

- Degradation kinetics
=  Prognosis of degradation Kinetics in
steel fiber-reinforced shotcrete
(Chapter 4 in thesis)

Field and laboratory investigations

Steel fiber-reinforced shotcrete

Singularities of the shotcrete layer
Nordkapp subsea road tunnel (paper 2)
Froya subsea road tunnel (paper 3)
Hitra subsea road tunnel (chapter 3.3.3)
Honningsvag road tunnel (chapter 5.7.1)
Evolution on shoterete technology

*  From water-glass to alkali-free accelerator
Nordkapp subsea road tunnel
(paper 2 and chapter 5.2)

Identification of aggressive environments & the associated
degradations

= Fresh v/s saline groundwater exposure
Froya subsea road tunnel (paper 3)

Physical and mechanical consequences of chemical
changes

Nordkapp, Honningsvag, Freya and Hitra tunnels
(sununary in chapter 5.8)

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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Chapter 2

2 Results of the literature review

2.1 Evolution on durability aspects of rock bolts

The corrosion protection of rock bolts has evolved over the last decades as shown in Fig. 10. Both, the durability
of the steel rebar and the lifespan extension given by cement mortar, hot-dip galvanizing and epoxy coating are
addressed in this research.

2.2 Evolution of durability aspects of steel fiber-reinforced shotcrete

Fig. 11 shows the evolution of the shotcrete specifications in the Norwegian regulations over the years. It is
important to highlight that the water-binder ratio (w/b) and the minimum shotcrete thickness variations were
motivated by durability issues. Other technological changes motivated by other purposes, but with durability
consequences are the introduction of silica fume more than 40 years ago, the introduction of blended cement
with fly ash less than 20 years ago and the start of the use of alkali-free accelerator in the mid-1990s. Finally,
the concern about the corrosion of steel fibers led to allowing the use of plastic fibers as shotcrete reinforcement
in 2007. However, it was banned some years later due to environmental issues.
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In Fig. 11, a rectangle highlights the Norwegian regulations applicable to the tunnels described in Table 1.

2.3 Degradation mechanisms in rock bolts

The rock bolt consists mainly of carbon steel. As shown in Fig. 10, the rock bolt protection against corrosion
of the steel rebar evolved in Norway. From the cement grout protecting the rebar before 1970, a galvanized
layer on top of the rebar was added in practice in the early 1970’s. Approximately two decades later, a layer
of epoxy coating was added on top of the galvanized rebar fully grouted with cement. The combined protection
of hot-dip galvanizing and epoxy coating is also known as the duplex protection system. This section addresses
the degradation of the steel rebar, the zinc coating, the epoxy coating, and the cement grout in the context of
rock bolts.

In paper 1 [34], a description of the conditions of rock bolts in several environments found in Nordic road
tunnels is provided. This section provides a theoretical background to complement those findings from the
literature and observations.

2.3.1 Fundamentals of corrosion in fresh groundwater (Poorly ionic wet corrosion)

The corrosion of unprotected steel is inevitable if it is in contact with water containing dissolved oxygen. The
electrochemical process involved in the corrosion of steel can be split in two half-cell reactions which interact
with each other. These two half-cell reactions are located in the anodic and cathodic regions (See Fig. 12). In
this figure, the steel is represented by iron. The dissolution of iron at the surface occurs in the anodic region.
In the process, iron also releases electrons which travel through this metal towards the cathodic region. Eq. 1
represents this reaction in the anodic region.

F, > F2* +2e” (1)

In the cathodic region, the electrons received from the anodic region react with water and oxygen to produce
hydroxide ions (OH™). Eq. 2 represents the reaction in the cathodic region in neutral and alkaline aqueous
solution (reduction of oxygen):

2+ 05+ Hy0 +2e” > 20H~ )

Water is the medium (electrolyte) in which electric current is transported by ions [35]. In the reactions
described in Eq. 1 and Eq. 2, iron ions are transported from the anodic to the cathodic regions, while hydroxide
ions are transported in the opposite direction.

Eq. 1 and Eq. 2 are summarized by Eq. 3 as follows:
Fo+5+ 0y + H0 > F2* + 20H" 3)

Iron and hydroxide ions will react and form ferrous hydroxide (F,(OH),) as a corrosion product. The
corresponding chemical reactions in the anodic and cathodic regions described in Eq. 3 are shown in Fig. 12:
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70,

F2* 4+ 20H-

- = H,0
Iron surface Fez+ Fe(o H)2 201 2 Iron surface
—\_/ Cathodic

i region
F 5 Anodic g Fe
region

Fig. 12: Illustration of wet corrosion for steel in a neutral or alkaline aqueous solution. Modified from [36].

It is important to mention that after the formation of (F,(OH),), the corrosion product will probably experience
further reactions depending on factors such as the temperature, pH, and the availability of dissolved oxygen.
Further chemical reactions could be ferric oxide (Fe,O3), magnetite (Fe3O4), ferric hydroxide (Fe(OH)s), and
hydrated iron oxide (Fe,O3:3H,0).

It should also be emphasized that for the conditions described in Eq. 3, the corrosion should be uniform since
anodic and cathodic regions will shift on the steel surface over time.

Regarding hot-dip galvanizing, it is important to point out that Fig. 12 might represent the corrosion process
of zinc as well, releasing two electrons during the dissolution of zinc in the anodic region and the same process
in the cathodic region [37].

2.3.2 Acidic environment

In an acidic environment, the cathodic reaction is governed by the hydrogen evolution reaction described in
Eq. 4 [38].

2H* +2e~ > H, 4)

The oxygen reduction reaction described in Eq. 2 (and other intermediate cathodic reactions) can also occur in
the cathodic region depending on the amount of dissolved oxygen available and the pH of the electrolyte [39].
However, the lower the pH in the medium, the greater the role played by the hydrogen evolution reaction in
the cathodic region. Note that the latter statement is valid for steel and zinc as well.

To put in context the corrosion rate of steel and zinc in acidic environments, Fig. 13 was constructed to
illustrate their corrosion rate as a function of pH.
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Steel
- — =Hot-dip galvanizing

Corrosion rate —>

Fig. 13: Conceptual scheme of the corrosion rate of steel and hot-dip galvanizing as a function of the pH of
the solution. Modified from [40,41].

Fig. 13 is only a conceptual illustration since the curves are the results of different authors studying the
corrosion rate of steel and zinc in different environments. Nevertheless, Fig. 13 exemplifies several
observations described in the literature:

e Zinc is sensitive to acidic and alkaline environments (amphoteric) [42].
Steel is only sensitive to an acidic environment (pH < 4) [43].

o The corrosion rate of steel exposed to a pH environment between four and ten is approximately constant
[36].

e The corrosion rate of zinc exposed to a near-neutral pH environment (low corrosivity level) is
significantly lower than the corrosion rate of steel in the same environment [44].

Fig. 13 shows qualitatively that the hot-dip galvanized protection is poor in acidic environments and performs
even worse than steel in that specific condition.

The durability of the epoxy coating is complex to analyze because there are many variables involved during
its manufacture, transportation and environmental conditions after installation that will affect its performance
once in service. Regarding manufacturing, the type of binder, the type of solvent, the additives, pigments and
fillers used, and the pre-treatments undertaken before the application of the epoxy coating make the
crosslinking density of the epoxy coating unique [45]. It is well known that the epoxy coating is sensitive to
mechanical damage [46], and therefore, careful transportation and installation of rock bolts with the duplex
protection system is critical. Once in service, other variables might influence the durability of the epoxy
coating, such as external elements trying to diffuse through the epoxy coating, making the different
observations difficult to generalize [47]. Nevertheless, laboratory experiments have shown that epoxy coating
is an excellent corrosion protection to carbon steel in an acidic environment [34]. This is probably related to
the fact that the diffusion rate of hydrogen ions through the epoxy coating is low [48].

The environment that a non-degraded cement grout can provide to the steel rock bolt exceeds a pH of 12.6
[42]. On the other hand, when the pH near the steel is above 11, a stable oxide film is formed on the steel
surface by the precipitation of corrosion products on it, limiting the corrosion rate of the steel rock bolt (steel
is passivated) [49]. Thus, the pH environment provided by cement grout is high enough to secure this stable
film on the steel surface. However, the protection by cement grout in acidic groundwater is quite limited due
to the thin annulus grout thickness surrounding the steel rebar. This was illustrated in paper 1 by extrapolating
laboratory results [34]. Moreover, if a fully grouted rock bolt starts to be subjected to loads exerted by the rock
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mass in hard rock tunnels, the grout will preferentially crack as an extension of the rock discontinuity [50], as
shown in Fig. 14. The crack in the cement grout will occur since its tensile capacity is limited. Once created,
the crack in the grout will facilitate the access of aggressive ions conveyed by the groundwater through the
rock discontinuities to the rock bolt. This means that if the cement grout rock bolt is subjected to loads over
time, at some point the grout will crack and its protection will decrease.

Traffic room

Fig. 14: Illustration of a crack in the cement grout surrounding the rock bolt triggered by an underground
wedge about to fall. Modified from [50].

Furthermore, the highest axial stress along the rock bolt will occur exactly at the crack of the cement grout
[51], where the aggressive groundwater will reach the rock bolt.

2.3.2.1 Acidic environment in Norway
In Norway, acidic water with a pH value below four has been measured in tunnels excavated in alum-shale

rock mass [52]. This rock mass contains pyrite (F,S,), a mineral which undergoes oxidation in the presence of
water and oxygen. Eq. 5 describes this reaction [53]:

FoSy+2+ 0y + Hy0 — FZ* + 2507~ + 2H* (5)

As described in Eq. 5, the formation of hydrogen ions will acidify the water (electrolyte) involved in the
reaction.

2.3.3 Saline groundwater

The attack of chloride ions on steel is pitting corrosion, a type of localized corrosion [54]. In general, chlorides
ions have the tendency to be adsorbed by the passive film of metals [55]. Even though a stable oxide film can
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exist on the steel surface, chloride ions present in the electrolyte start to compete with hydroxide ions at the
film-electrolyte interface to form part of the oxide film [54,56]. If the concentration is high enough, chloride
ions can break down the passive layer locally, start the dissolution of the steel, and acidify the anodic region.
Apart from the dissolution of iron ions described in Eq. 1, the reactions described in Eq. 6 and Eq. 7 are also
expected in the anodic region when chloride ions attack the steel [57]:

F2* +2Cl™ - F,Cl, (6)
F,Cl, + 2H,0 - F,(OH), + 2H* + 2Cl~ (7

As described by Eq. 7, chloride ions are not consumed in the reaction which promote further corrosion.
Moreover, the more acidic environment (shown in Eq. 7 with the formation of hydrogen ions) fosters the
hydrogen evolution reaction (Eq. 4) as an additional cathodic reaction. Fig. 15 illustrates the localized
corrosion caused by chloride attack on passivated steel.

0, O a0 o o 0, Mortar
O, OH o a ca
lonr OH a o

oxide film o w i imw -

Cathodic
region

« = <= Original
iron surface

region

nodic  Pit
Fe region Fe

Fig. 15: Schematic representation of chloride-induced corrosion of passivated steel. Modified from [57]

The localized corrosion of chlorides and the rest of the rebar still passivated makes the chloride attack even
more severe [36].

With regard to the attack of chloride ions on zinc, it is important to mention that the critical chloride
concentration to initiate corrosion in zinc has been measured to be at least twice that of steel [42]. In addition,
hot-dip galvanizing provides protection to the steel rebar even if the zinc coating has already disappeared. A
representation of the cathodic protection of zinc to steel is given in Fig. 16.
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Cathode
Fe Fe

Fig. 16: Representation of the cathodic protection of hot-dip galvanizing to the steel rebar in saline
environment. Modified from [58].

Fig. 16 shows that the exposed steel becomes the cathode, a region that consumes the electrons released when
the zinc is dissolved in the anodic region. In saline groundwater, the sodium ions will tend to go to the cathodic
region where negatively charged hydroxide ions are formed. The sodium and hydroxide ions will form sodium
hydroxide (NaOH), which will probably alkalize the cathodic region even more. As shown in Fig. 13, a more
alkaline environment near the steel surface reduces its corrosion rate. On the other hand, chloride ions in the
electrolyte will tend to go towards the anodic region, where positively charged zinc ions are formed.
Nevertheless, unlike steel, zinc chloride does not acidify the anodic region [58]. However, the cathodic
protection of hot-dip galvanizing to an exposed steel surface is limited because zinc will not be able to polarize
a large, exposed steel surface area. The extent of the cathodic protection on steel will depend on the resistivity
of the electrolyte.

Regarding the degradation that the duplex protection system can experience in saline environment, Fig. 17 aims
to harmonize the most widely agreed theories regarding the mechanism developed when a blister is formed
[47,58,59].
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Fig. 17: Schematic diagram of the formation of a blister in the duplex protection system exposed to a saline
environment. a) Defect in the epoxy coating, (b) formation of cathodic and anodic regions at the bottom of the
conductive pathway, (c) blister formation and corrosion of the zinc coating, and (d) cathodic protection of zinc
to exposed steel. Modified from [47,58,59].

It is important to highlight that the origin of the degradation represented in Fig. 17a is not an external damage,
but rather zones in the epoxy coating with higher affinity to water (hydrophilic regions) or regions with lower
cross-linking density where ions can have an easier access to the substrate [47].

Fig. 17b shows that water and oxygen will diffuse through the epoxy coating to the disbonding front underneath
the epoxy layer where the cathodic region occurs with the formation of hydroxide ions (Eq. 2). This is the zone
where loss of adhesion takes place at the periphery of the conductive pathway (cathodic disbonding). The
dissolution of zinc ions (anodic region) takes place at the center of the conductive pathway. Chloride and sodium
ions will reach the substrate through the existing conductive pathway attracted by the formation of ions of
opposite charges.

Fig. 17c shows the formation of a blister due to the hygroscopic property of the corrosion products, bringing
more water underneath the epoxy coating (osmosis) [47]. This figure also shows certain progression of the zinc
corrosion. In principle, the cathodic region occurs at the epoxy coating-zinc interface (disbonding front), while
the anodic region takes place on the zinc surface at the center of the blister, releasing zinc ions to the electrolyte.
However, as shown in Fig. 13, zinc also corrodes at high pH. This creates a second anodic region near the
cathodic disbonding forming corrosion products just behind the disbonding front. It is claimed that this
corrosion product can act as a wedge to the adherence of the epoxy coating and zinc, contributing mechanically
to the disbonding of the epoxy coating [60]. On the other hand, when it comes to the corrosion rate of zinc, the
possibility of two different anodic areas will probably make the corrosion of zinc more uniform, and therefore,
less aggressive [58].
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Finally, Fig. 17d presents further zinc corrosion, exposing a portion of the steel underneath the blister. Two
cathodic areas are represented in this figure by the formation of hydroxide ions. One of these areas is the
disbonding front of the epoxy coating. The other cathodic region is on the steel surface underneath the blister,
which is cathodically protected by the dissolution of zinc. Note that in all the processes described in Fig. 17,
the steel rebar is still uncorroded. Of course, over time the zinc will disappear and the steel rebar will undergo
corrosion as described in Fig. 15.

It is worth noting that the degradation of the duplex system shown in Fig. 17 did not need any mechanical
damage to develop. If external damage occurs during the transportation of rock bolts, and the metal is exposed,
the ingress of ions reaching the substrate will be easier and degradation will be faster.

Fig. 18 shows an example from the field where blisters in the duplex protection system were observed in a rock
bolt plate.

Fig. 18: Blisters observed in a rock bolt plate in the Oslofjord subsea road tunnel after 10 years of exposure

[61].

When it comes to cement grout, its protection to rock bolts in saline environment is limited by the same reasons
as described in the acidic environment. That is to say: a thin annulus grout thickness will be penetrated by
chloride ions, reaching the rock bolt after a short period of time [34], and the low tensile capacity of the cement
grout that will lead it to crack in the event that the rock bolt starts to be subjected to loads.

2.3.3.1 Saline groundwater in Norway:

In Norwegian road tunnels, rock bolts installed in subsea tunnels are exposed to a high content of chlorides.
Chemical analyses of dripping groundwater in these tunnels give chloride concentrations in the order of 19,000
mg/1[62]. Another source of chlorides might come from the traffic room, where sodium chloride is usually used
as de-icing salts in road tunnels during winter.

2.3.4 Flowing groundwater with dissolved oxygen
Fig. 12 and Eq. 3 show the important role of dissolved oxygen in the corrosion of steel. On the other hand, the
motion of the electrolyte can affect the corrosion rate of steel by preventing the deposition of the corrosion

product on the steel surface or eroding the corrosion product [63]. Fig. 19 describes the corrosion rate of small
steel plates, also known as coupons, as a function of dissolved oxygen and flow condition measured in eight
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Australian hard rock underground mines [64]. In these mines, the groundwater was either brackish ( 3,000
mg/l < total dissolved solids < 10,000 mg/1) or saline (total dissolved solids > 10,000 mg/1).
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Fig. 19: Corrosion rate of steel plates measured in Australian underground mines as a function of dissolved
oxygen and flow condition. Modified from [64].

In the case of zinc exposed to the motion of the electrolyte, it is expected that there is a similar behavior as
shown for steel in Fig. 19. In fact, it has been stated that a flow velocity higher than 0.5 m/s on zinc is enough
to prevent the formation of the corrosion product on the zinc surface [65].

With regard to epoxy coating, it has been described that a higher fluid velocity results in a higher flow shear
stress at the contact with the epoxy coating which increases the corrosion rate [66]. Specifically, this reference
states that a higher flow velocity decreases the coating thickness, reduces the electrical resistivity, accelerates
the water uptake and the diffusion of oxygen.

Flowing water can also be a problem for the cement grout, especially during the installation of the rock bolts
when the grout is still in its plastic stage by either increasing the water-cement ratio of the grout or creating
voids [20]. During operation, flowing water percolating the cement grout can promote the decalcification of
the cement grout.

2.3.4.1 Flowing groundwater with dissolved oxygen in Norway

Dripping/flowing groundwater with dissolved oxygen can occur in any tunnel excavated in a permeable rock.
Higher concentrations of dissolved oxygen are found where the water temperature is low [67], which is the
case for groundwater in Nordic countries, with average temperatures below 7° C [68]. In general, the dissolved
oxygen concentration in groundwater decreases at higher depths [69]. Thus, it follows that sections of tunnels
near portals with dripping/flowing water are of particular concern.
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2.4 Degradation Kinetics in rock bolts
2.4.1 Carbon steel rebar

In paper 1 [34], a corrosion level prognosis for 25, 50 and 100 years was obtained for unprotected carbon steel
in Nordic underground structures in specific aggressive environments. These environments were saline
groundwater, acidic groundwater and fresh groundwater with dripping/flowing conditions. Specifically, the
prognosis is given in Fig. 8 of that paper [34]. From this figure, the following results are highlighted:

e For 25 years of exposure, the middle depth of corrosion in unprotected carbon steel would be 1.90 mm.
Assuming a uniform corrosion around a rebar of 20 mm, this is equivalent to approximately 34% of
loss in its cross-sectional area.

e For 50 years of exposure, the middle depth of corrosion in unprotected carbon steel would be 2.70 mm.
Assuming a uniform corrosion around a rebar of 20 mm, this is equivalent to approximately 46% of
loss in its cross-sectional area.

e For 100 years of exposure, the middle depth of corrosion in unprotected carbon steel would be 3.90
mm. Assuming a uniform corrosion around a rebar of 20 mm, this is equivalent to approximately 63%
of loss in its cross-sectional area.

It has been shown in the literature that the loss in cross-sectional area of the rebar due to corrosion is
approximately linear to the loss of tensile capacity [70]. Then, as a first approach, the loss of cross section area
given above can be interpreted as the loss in its tensile capacity.

2.4.2 Cement grout
As already discussed, the cement grout provides protection to the rebar with an alkaline environment which
secure a stable oxide film on the rebar surface. However, as described in Fig. 14, its contribution in case the

rock bolt actually is subjected to loads is limited since it has a low tensile capacity. In this research, the
contribution of cement grout is considered negligible.
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The confidence band proposed for hot-dip galvanizing exposed to saline environments in Fig. 20 comes from
the corrosivity levels C4 and C5 in international standard EN-ISO 9223 &9224:2012 [44,71]. In this standard,
C4 and CS5 corrosivity levels are described as atmospheric environments affected by chlorides, de-icing salts
and polluted industrial areas.

Fig. 20 shows that the dispersion of corrosivity levels undergone by hot-dip galvanizing is high. Some
differences can be explained by the environment where the corrosion depth of hot-dip galvanizing was
measured.

o In the case of Soderled and Kvamholm road tunnels, the main difference is the traffic density, being
much higher in the first one. In general, a higher traffic density leads to a higher pollution and dispersion
of de-icing salts all over the tunnel contour [52].

e A case with corrosion rates exceeding the upper bound C5 occurred in Muskd and Aspé tunnels. Apart
from the saline environment, in these tunnels the rebars were fully grouted with cement (alkaline
environment, see Fig. 13).

e The results in ungrouted galvanized rebars in Musko and Aspo tunnels along with the results in the
Varde tunnel are considered reliable representations of saline groundwater, without any additional
aggressive factor acting simultaneously with this environment.

Based on the confidence band proposed in Fig. 20, for 30 years of exposure in saline groundwater, the middle
depth of corrosion in hot-dip galvanizing would be 85 pum. The latter value is the minimum average thickness
of galvanizing in current Norwegian regulations (see Fig. 10).

It is interesting to highlight that previously in the literature, a lifespan extension of 30 years had already been
described in average for an 85 pm thickness layer of hot-dip galvanizing exposed to a marine atmosphere [72].
Fig 21 shows this result:
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Fig. 21: Useful life extension given by a layer of zinc in marine atmosphere modified from [72]

As discussed in paper 1 [34], in acidic environments, especially with a pH < 4, the contribution of 85 um
thickness of hot-dip galvanizing is negligible.
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2.4.4 Duplex protection system

As discussed in Section 2.3.3, there is a synergy of protection in the steel rebar by an epoxy coating layer on
top of a galvanizing one compared to the case where galvanizing and the epoxy coating layers act independently
and directly on the steel rebar. The two key differences can be synthesized as follows:

e  When zinc corrodes, the zinc corrosion products do not acidify the anodic region in contrast to steel
[58].

e The corrosion of zinc leads to a more uniform zinc corrosion behind the epoxy layer, preventing a more
localized corrosion which is more aggressive.

It is claimed that this synergistic factor is 1.5 for aggressive environments [72]. Considering this synergistic
factor and the 30 years of life extension given by 85 um thickness of hot-dip galvanizing in a saline environment,
it is expected that there will be a useful life extension by the duplex protection system of 45 years on average.
In this time period, the carbon steel rebar is still uncorroded. After this time period, the corrosion rate prognosis
of unprotected steel described in paper 1, Fig. 8 could be considered. By combining all of the above, it is
possible to state that for a rebar of 20 mm, approximately half of the rock bolts with the duplex protection
system in a saline environment will experience a reduction of approximately 34% in their cross-sectional area
in 70 years, and approximately 46% reduction in 95 years.

In an acidic environment, the epoxy coating provides an extremely good protection. Laboratory measurements
in acidic environments give corrosion depth reductions in the order of 90% for epoxy-coated carbon steel
compared to unprotected steel [34]. By using Fig. 8 in paper 1 for 100 years of exposure time, the middle depth
of corrosion in carbon steel would be 3.9 mm. Theoretically, by extrapolating the 90% efficiency given by the
epoxy coating in acidic environment and neglecting the protection of hot-dip galvanizing, the middle depth of
corrosion would be 0.39 mm for a carbon steel rebar with the duplex protection system. Following this
reasoning, it could be stated that for a rebar of 20 mm, about half of the rock bolts with the duplex protection
system in acidic environment would experience a reduction of approximately 8% in cross-sectional area in 100
years.

The corrosion protection figures given by the duplex system exposed to saline and acidic environments are
theoretical approximations to the real problem. Nevertheless, it is clear that the protection performance in acidic
environments is better than in saline environments with the duplex system. However, a mechanical defect in
the epoxy coating will probably cause a higher corrosion rate in an acidic environment.

2.4.5 Summary

Table 2 provides the predicted median values of loss of cross-sectional area for a given exposure time in
different environments for hot-dip galvanizing and the duplex protection system.

Table 2: Predicted median value of loss of cross-sectional area for a steel rebar (¢ =20 mm) as a function of
exposure time and the environment.

Loss of cross-sectional area in %
(exposure time)

Saline groundwater 34% (55 years) 34% (70 years)

Acidic groundwater 34% (25 years) 8% (100 years)

Hot-dip galvanizing Duplex protection system
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2.5 Degradation mechanisms in steel fiber-reinforced shotcrete
2.5.1 Carbonation

Carbonation occurs due to the ingress of atmospheric carbon dioxide (CO») in the pore solution of the cement
paste. Once in solution, CO, reacts with water forming carbonate and hydrogen ions as described in Eq. 8.

CO, + Hy0 - CO3~ + 2H* (8)

The formation of hydrogen ions will reduce the pH of the pore fluid to less than 9 if the concrete is fully
carbonated [73]. On the other hand, the carbonate ions will react with calcium ions to form solid calcite as
shown in Eq. 9.

Ca** + C0%™ - CaC0y )

In Eq. 9, the calcium ions will initially come from the pore solution. However, a gradual depletion of calcium
ions in the pore solution will create a calcium concentration gradient between the hydrated cement paste and
the pore solution that will stimulate the decalcification of the cement paste [74]. Primarily portlandite, but also
calcium-silicate-hydrates, or in short C-S-H, will provide the calcium ions needed to continue the calcite
formation [75]. Apart from calcite formation in the carbonated region, the decalcification of the C-S-H will
form hydrated silica gel.

2.5.2 Leaching

Leaching is the process where ions such as hydroxide and calcium leave the concrete layer [76]. It is
traditionally linked to concrete exposed to poorly ionic water in neutral or acidic environments [74]. This is
probably because in these environments decalcification of concrete is more severe and the leaching process
becomes more evident.

Leaching can also occur because of water permeation through the pores of the cement paste in the concrete. If
the groundwater level is above the tunnel alignment, there will be a hydraulic gradient towards the traffic room
that will promote the percolation of the shotcrete layer [19]. In the process, water might carry alkali-metals
such as potassium and sodium, but also calcium and hydroxide ions that will reduce the calcium concentration
and pH of the pore solution, and therefore, will contribute to further decalcification. In turn, decalcification
leads to increased porosity of the cement paste, facilitating leaching [76]. Fig. 22 illustrates this process.
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Fig. 22: Schematic representation of leaching in shotcrete caused by a unilateral hydraulic pressure triggered
by groundwater. (a) Initial state of non-degraded shotcrete, and (b) leached shotcrete after some time exposed
to a unilateral hydraulic pressure Modified from [76],[19].

In Fig. 22, steel fibers and gel/macro pores are not represented. Fig. 22b represents an increase in capillary
pores, a reduction of alkali-metals and pH along with the decalcification of the cement paste propagating from
the downstream end of the percolated water.

Apart from leaching by water permeation, the shotcrete surface exposed to the traffic room is the starting
location of other degradation mechanisms such as carbonation, which also promotes a reduction in pH and
decalcification. Furthermore, aggressive ions entering the shotcrete layer from its surface exposed to the traffic
room may promote the dissolution of the cement paste. Sulfur-bearing compounds such as sulfur dioxide
emitted by vehicles [77] or sulfates contained in saline groundwater are chemical elements that might
exacerbate the shotcrete decalcification from this shotcrete location [78].

Chlorine present in de-icing salts used during winter or chlorides coming from saline groundwater might also
promote the dissolution of the cement paste [79].

The interaction of the different degradation mechanisms just described is schematically represented in Fig. 23.
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Fig. 23: Schematic representation of different mechanisms promoting leaching in steel fiber-reinforced
shotcrete from the shotcrete surface exposed to the traffic room. Modified from [78].

2.5.3 Sulfate attack

In Norway, high concentrations of sulfate ions have been found in subsea tunnels and in tunnels excavated in
alum-shale rock mass [80]. In groundwater seepage of subsea tunnels, concentration measurements have varied
between 500 and 3,300 mg/l. In the case of tunnels excavated in alum-shale rock mass, the sulfate
concentration measured has varied approximately between 500 and 2,000 mg/l [62]. These ranges overlap
between slightly aggressive and highly aggressive chemical environments for concrete in the international
standard EN 206:2013 [81].

The ingress of sulfur in hardened shotcrete might promote the formation of several minerals within the cement
paste which might cause microstructural and mechanical damage [82]. The formation of gypsum, ettringite
and thaumasite is described in this section along with the role of alkali-free accelerators as an additional source
of sulfur to the cement paste.

2.5.3.1 Gypsum formation

The formation of solid secondary gypsum (CaS0O, - 2H,0) can occur once external sulfate ions have entered
the concrete, reacting with portlandite and water as shown in Eq. 10 [83].

S0Z™ + Ca(OH), + 2H,0 — CaSO0, - 2H,0 + 20H" (10)

There is volume expansion by the gypsum formation, but there are discrepancies in the literature regarding the
destructive capacity of gypsum to the cement paste [82].

2.5.3.2  Ettringite formation
Ettringite formation (3CaO - Al,05 - 3CaS0,, - 32H,0) during the early age of hydration of cement is expected

as gypsum is added to the clinker in order to prevent the fast hydration rate of the C3A phase. However, due
to the depletion of sulfates in the process, most of the ettringite converts to monosulfate (AFm).
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With the formation of secondary gypsum (Eq. 10), ettringite might form again from the AFm phase in the
cement paste and water as shown in Eq. 11 [83]:

2-[CaS0, - 2H,0] + 4Ca0 - Al,05 - SO5 - 12H,0 + 16H,0 — 3Ca0 - Al,05 - 3CaS0, - 32H,0 (11)

As with gypsum, ettringite formation might lead to swelling and possible shotcrete cracking.
2.5.3.3  Thaumasite formation

Sulfur compounds, carbonates and water are needed for thaumasite (CazSi - OHg - CO5 - SO, - 12H,0) to form
which interact with the C-S-H phase in the cement paste [75]. There is no consensus in the literature about the
origin of the thaumasite formation [74]. One possible explanation is that it comes directly from ettringite,
substituting AI** by Si*' in the presence of carbonates. Other researchers postulate that thaumasite is the direct
result of C-S-H reacting with sulfates and carbonates. There is consensus, nevertheless, that thaumasite is more
favorable at low temperatures below 10 °C [82], which is usually the case of groundwater in the Nordic
countries [68].

Once thaumasite is formed, it causes the concrete to crumble, i.e., losing the binding capacity of the cement
[75].

2.5.3.4 Internal sulfate attack: Alkali-free accelerator

Alkali-free accelerators are widely used these days as admixtures in shotcrete to increase its early age hydration
rate. In Norway, the use of alkali-free accelerators in shotcrete started in the 1990s as a technological change
that allowed to spray concrete in thicker layers [19]. Alkali-free accelerators allowed faster tunnel excavations
and the replacement in some cases of cast-in-place concrete linings. In addition, its low pH [84] reduces the
risk of an alkali-silica reaction. When it comes to working safety, an alkali-free accelerator is desired rather
than an alkali-rich accelerator, since the latter is caustic [85].

However, there are durability concerns on shotcrete when using the alkali-free accelerator in sulfate-bearing
environments as its main component is aluminum sulfate [16]. A concrete with alkali-free accelerator is more
susceptible to sulfate attack and has more AFm and ettringite than concrete without an alkali-free accelerator
[86].

2.5.4 Magnesium attack

The presence of magnesium ions in groundwater might lead to brucite (Mg(OH),) and M-S-H formations as a
replacement of portlandite and C-S-H respectively. M-S-H formation might be very aggressive leading to the
total disintegration of the cement paste [74].

2.5.5 Corrosion of steel fibers

Uncoated steel fibers are protected by the alkaline environment given by the cement paste in the shotcrete. The
reduction of the pH in the pore solution of the cement paste is a relevant factor that can foster the corrosion of
the steel fibers [87]. Thus, degradation mechanisms such as carbonation, leaching and any other degradation
that can lead to a pH reduction in the cement paste can promote corrosion.

Alike, chloride ingress into the shotcrete layer either from de-icing salts or saline groundwater might also lead
to the corrosion of steel fibers. If the pH reduction in the pore solution of the cement paste interacts with
chlorides, the corrosion kinetics are exacerbated [88].
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The processes in which these factors affect steel fibers are in principle the same as in the corrosion of steel
rebars used in rock bolts explained in Section 2.3. However, the anodic-cathodic surface area ratio between 3-
4 cm long steel fibers and 4 m long steel rebars exposed to the same aggressive chemical element might be
quite different. That is to say, exposed to an aggressive attack (in the anodic region), the cathodic surface area
in the steel rebar will be significantly larger than that formed in a steel fiber, promoting a higher corrosion
kinetics in the former. Additionally, it is claimed that there is a more homogeneous steel surface and more
homogeneous fiber-matrix interface in the case of steel fibers in comparison with steel rebars [87].

2.6 Degradation kinetics in concrete
2.6.1 Carbonation

Once the carbon dioxide is dissolved in the pore solution of the cement paste, carbon dioxide will have to
travel longer distances to reach the non-carbonated zone as carbonation progresses. Furthermore, to reach the
carbonation front, carbon dioxide in the pore solution must diffuse through the carbonated area where calcite
has already been formed, hindering the access of further carbon dioxide [89]. Thus, it is expected that the
penetration of the carbonation front into the shotcrete layer slows down over time.

Experimental data has demonstrated that the carbonation depth d measured from the concrete surface is
proportional to the square root of time as shown in Eq. (12).

d=K-t (12)

Some relevant variables affecting the proportionality factor Kare:

Total porosity and pore size distribution of the concrete [73]
Relative humidity and wetting and drying cycles [89]
Temperature [89]

Carbon dioxide concentration (higher in road tunnels) [56]

2.6.2 Leaching

The progress of the leaching front is governed by diffusion, suggesting that it is proportional to the square root
of the time [90-92]. Eq. 13 shows this relation as follows:

x=a-t (13)
Where x is the leached depth in mm and t is time in days. Some reference values for the proportionality factor
a are given as follows [90]:

e a=0.14 for a cement paste with a water-to-cement ratio equal to 0.4 exposed to deionized water with
a pH equal to 7.
e a=2.0 for the same cement paste exposed to ammonium nitrate solution at 6 mol/l.
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Chapter 3

3 Field and laboratory results in steel fiber-reinforced shotcrete

This chapter is based on field and laboratory results from this PhD research.

3.1 Carbonation

Carbonation was systematically investigated with the pH indicator thymolphthalein. This pH indicator is
sprayed on a fresh shotcrete surface to see if this surface becomes bluish or not. A bluish color is related to a
pH of the concrete surface greater than 10.5. In turn, a pH value exceeding 10.5 in concrete is an indication of
a non-carbonated zone.

The pH indicator results of different investigated locations exposed to fresh and saline groundwater are given
in Fig. 24 and Fig. 25 respectively.

Before testing After testing

Fig. 24: Carbonation depth measured with pH indicator thymolphthalein in shotcrete exposed to fresh
groundwater. (a) Hitra subsea road tunnel near the north portal, (b) Froya subsea road tunnel near the north
portal, and (c) Honningsvag road tunnel at chainage 0+560.
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Before testing After testing

Fig. 25: Carbonation depth measured with pH indicator thymolphthalein in shotcrete exposed to saline
groundwater. (a) Nordkapp subsea road tunnel at chainage 3+220, (b) Nordkapp subsea road tunnel at
chainage 4+920, and (c) Hitra tunnel near the pump station.

The pH indicator results show that the carbonation depth is only a few mm when shotcrete is exposed to fresh
groundwater, while in a saline environment the carbonation depth in shotcrete exceeds 1 cm. In the specific
case of Fig. 25c¢, it suggests that a shotcrete joint lying close to the shotcrete surface was carbonated. Something
similar was reported in Fig. 7, paper 3, where a shotcrete joint 7 cm away from the shotcrete surface was
carbonated.

XRD analyses systematically found a higher content of calcite in the shotcrete sample exposed to the traffic
room (see Fig. 15 in paper 2 and Fig. 12b and Fig. 13b in paper 3). In addition, the indication of carbonation
by the pH indicator in shotcrete joints was always confirmed by a higher calcite content (see in paper 3, Fig.
12¢ with XRD analysis and Fig. 15b with TGA analysis).

Finally, carbonation was also identified in some cases by a local reduction in suction porosity compared to the
trend values in the same core. See for example Figs. 20-23 in paper 2 [19].

3.2 Leaching

Figs. 26-27 provide real cases from the field of how serious leaching can be for the cement paste in shotcrete
installed in subsea road tunnels. Leaching was observed in the Froya tunnel at chainage 5+590 and in the
Nordkapp tunnel at chainage 4+920.
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In. Figs 26-27, the leached depth is assessed by considering the following observations:

e The portlandite content near the shotcrete surface is significantly reduced.

e The potassium content near the shotcrete surface is evidently lower than the rest of the shotcrete layer.
e There is no further penetration of chloride or sulfur from the shotcrete surface.

e There is an increase in suction porosity towards the traffic room.

Based on Fig. 26, the leaching front in the Froya tunnel at chainage 5+590 lies approximately 90 mm away
from the shotcrete surface after 22 years of exposure. On the other hand, the leaching front in the Nordkapp
tunnel at chainage 4+920 is approximately 35 mm away from the shotcrete surface after 23 years of exposure
(Fig. 27).

This degradation might cause mechanical strength reduction in the shotcrete towards the traffic room after 22-
23 years of exposure. The mechanical strength loss towards the traffic room in the shotcrete installed in the
Nordkapp tunnel shown in Fig. 16, paper 2, and the mechanical strength loss in the shotcrete installed in the
Froya tunnel shown in Fig. 23, paper 3 are repeated in Fig. 28 and Fig. 29 respectively in this thesis.
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Fig. 28: Core 13 from the Nordkapp subsea road tunnel at chainage 4+920 where alkali-free accelerator was
used: (a) Whole shotcrete core, (b) shotcrete density, (c) equivalent UCS test results for a h/D equal to 2.0, (d)

shotcrete sample images after being tested for UCS strength, and (e) stress—strain curve.
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Fig. 29: Core 1 extracted from the Froya subsea road tunnel at chainage 5+590 (approximately in the middle
of the tunnel). (a) Shotcrete core, (b) stress-strain curve during UCS test, (c) equivalent uniaxial compressive
test results for a h/D equal to 2.0 (d) shotcrete density results, and (e) shotcrete sample images after being
tested for UCS strength.
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Figs. 28-29 show evident compressive strength reduction and lower shotcrete density towards the traffic room.
In addition, the stress-strain curves depict a completely different behavior depending on how far the UCS
sample lies from the shotcrete surface. Finally, it is important to highlight that the shotcretes analyzed in Figs.
26-29 used alkali-free accelerators.

3.3 Sulfate attack
3.3.1 Gypsum

Sulfur-enrichment was found in several shotcrete cores extracted by u-XRF mapping. In the specific case of
the shotcrete installed in the Nordkapp tunnel, where alkali-free accelerator was used, p-XRF detected higher
sulfur concentrations near the shotcrete surface (Fig. 10b in paper 2 [19]). SEM/EDS is performed in that
particular zone as an additional investigation technique to identify different chemical elements with a higher
resolution than p-XRF. The instrument used was the Hitachi S-3400 N. The selected sample was polished and
cast in epoxy. Figs. 30-32 present the SEM/EDS results of elemental maps and point analyses in a shotcrete
zone located approximately 2.0 cm away from the shotcrete surface.

100um ! 100um

Fig. 30: Scanning electron microscopy (SEM) images of polished section taken from a shotcrete core extracted
from the Nordkapp tunnel where alkali-free accelerator was used approximately 2 cm away from the shotcrete
surface. (a) fused elemental map for several elements, (b) backscatter electron image, (c) calcium, (d) sulfur,
(e) silicon, and (f) aluminum elemental map. Note that EDS spectra 10 and 11 are indicated in the figures.
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Fig. 31: Back-scattered electron (BSE) image obtained with SEM.
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Fig. 32: Point analysis results in (a) atomic % for spectrum 10, and (b) atomic % for spectrum 11, both
indicated in Fig. 30.

The elemental map of Ca usually represents the cement paste satisfactorily (shown in Fig. 30c). Fig. 30a and
Fig. 30b reveal that the cement paste in the area has cracks all over. Fig. 30d illustrates sulfur-enrichment at
the contact between the cement paste and the aggregates (at the interfacial transition zone, or in short ITZ).

Fig. 32a suggests that spectrum 10 detected gypsum, as the content of calcium and sulfur are similar, and the
rest of the elements are barely present or not present at all. This implies that gypsum was formed at the ITZ.
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Fig. 32b suggests that spectrum 11 detected an intermixing between decalcified C-S-H and thaumasite. It is
very likely that the gypsum formation is responsible for the cracks in the cement paste shown in Fig. 31.

3.3.2 Ettringite formation

In paper 2 [19], ettringite enrichment was identified by p-XRF and XRD analyses at the boundary of two
adjacent shotcrete layers (shotcrete joints). Furthermore, a suction porosity sample containing one of these
shotcrete joints showed macro-cracks after the drying and wetting cycle needed for the execution of the test
(Sample 17 in Fig. 22, paper 2 [19]), suggesting that sulfate attack is latent due to ettringite enrichment.

3.3.3 Thaumasite formation

Thaumasite was found in this research in the Hitra subsea tunnel at the contact between the shotcrete layer and
the rock. All the work performed in the Hitra tunnel has not been published. Fig. 33 shows a set of six shotcrete
cores extracted very close to each other approximately in the middle of the Hitra tunnel (exposed to saline
groundwater).

—20 (a) (d) (e) (43}

Shotcrete

Rock

= Thaumasite Thaumasite

Fig. 33: Set of shotcrete cores of 55 mm in diameter extracted from the Hitra subsea tunnel at chainage 3+090
(approximately in the middle of the tunnel). From left to right: (a) Core 19, (b) core 20, (c) core 21, (d) core
22, (e) core 23, and (f) core 24.
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Note in Fig. 33 that the “white powder” observed at the contact between shotcrete and rock is not seen in all
the cores. Core 19, shown in Fig. 33a, was analyzed by u-XRF. The results are given in Fig. 34.
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Fig. 34: p-XRF results in shotcrete core 19 extracted from the Hitra subsea road tunnel at chainage 3+090. (a)
Chlorine and iron maps along the core, (b) sulfur map along the core, (c) one half of the shotcrete core split
lengthwise, (d) close-up image where 12 points were analyzed with pu-XRF, (e) atomic molar ratio analysis in

points described in Fig. 34d.

Fig. 34b indicates that the white powder observed at the contact with the rock in Fig. 34c is rich in sulfur. In
this zone, point analysis was also performed through pu-XRF. The results shown in Fig. 34e indicate that the
atomic molar ratio between calcium, aluminum and sulfur of this white powder is very close to that of

thaumasite.

XRD analysis was also performed in this white powder. The results obtained from core 21 (see Fig. 33c) are

shown in Fig. 35.
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Fig. 35: XRD results in white powder observed at the contact between shotcrete and rock obtained from core
21 (shown in Fig. 33¢). (Tha = Thaumasite; Ett = Ettringite).
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Fig. 35 indicates that both thaumasite and ettringite are present in this white powder. The latter result does not
contradict Fig.34e, where some point analyses actually contain some aluminum. Nevertheless, it is believed
that thaumasite predominates because of the general absence of aluminum in this white powder as shown in

Fig. 36.

Fig. 36: Aluminum map through p-XRF in core 19 (real image shown in Fig. 34c).

Figs 37 illustrates how serious this thaumasite attack can be for shotcrete.

Shotcrete

Rock

Fig. 37: Core 22 in the Hitra tunnel (also shown in Fig. 33d) split between rock and shotcrete by hand.
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Fig. 37 indicates that when the thaumasite forms at the boundary between shotcrete and rock, the bond strength
between them might become negligible.

Finally, the physical consequences of thaumasite attack are shown in Fig. 38.
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Fig. 38: Physical tests in core 21 where thaumasite attack was found at the contact with the rock extracted
from the Hitra tunnel at chainage 3+090. (a) Core 21 (also shown in Fig. 33¢), (b) shotcrete density, (c) suction
porosity, (d) corresponding sample images. Note that the XRD result of sample 21.0 (shown in Fig. 38d) is
given in Fig. 35.

Out of the 102 suction porosity tests carried in this research in 4 different tunnels, the sample 21.1 (Fig. 38c)
adjacent to thaumasite sulfate attack gave the highest value equal to 30.4%.
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3.4 Magnesium attack

Magnesium enrichment was found in the Nordkapp and Freya subsea tunnels in connection with sulfur
enrichment. However, the sulfur and magnesium enrichments areas do not overlap. In one case, magnesium
was found in the carbonation zone of the shotcrete layer approximately 1 cm away from the shotcrete surface
exposed to the traffic room. This was found in the Nordkapp tunnel and the results are available in paper 2
[19]. In the other case, magnesium enrichment was found in a shotcrete joint in the Froya tunnel. Fig. 39 shows
the three shotcrete cores extracted in the Froya tunnel.

(b)

(a) Traffic room

Fig, 39: Shotcrete cores extracted in the Froya tunnel exposed to saline groundwater at chainage 5+480. (a)
Core 33, (b) core 34, and (c) core 35.

Fig. 39 shows some white stains in the shotcrete layer highlighted with arrows. In core 35, shown in Fig. 39c,
p-XRF analysis was performed. Results are given in Fig. 40.
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Fig. 40: p-XRF results in core 35 extracted from the Froya tunnel at chainage 5+480 exposed to saline
groundwater. (a) One half of the shotcrete core split lengthwise, (b) sulfur map, (¢) magnesium map, and (d)
chloride map.

Fig. 40c clearly shows that the white stains observed in the shotcrete joints in Fig. 40a is rich in magnesium.
Adjacent to this zone, there is a sulfur-rich zone. The severity of these white stains rich in magnesium was
quantified in terms of density and suction porosity. The results are given in Fig. 41.
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Fig. 41: Core 34 obtained from the Froya tunnel at chainage 5+480. (a) Whole shotcrete core (also shown in
Fig. 39b), (b) density of steel fiber-reinforced shotcrete, (c¢) suction porosity results, and (d) picture of samples
holding shotcrete joints at the end of suction porosity test.

As shown in Fig. 41, the magnesium attack is quite serious, with a sudden reduction in shotcrete density and a
significant increase of suction porosity.

3.5 Corrosion of steel fibers
In Fig. 11 of paper 2 [19], it was shown that the corrosion of steel fibers is limited to the carbonation depth. In

the non-carbonated zone of the shotcrete, visible corrosion has not been observed despite of high chloride
content in some shotcrete cores extracted from subsea tunnels.
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Chapter 4

4 Prognosis of degradation kinetics in steel fiber-reinforced shotcrete used
in Norwegian road tunnels

4.1 Carbonation

Fig. 42 presents a summary of the carbonation depth measurements performed in the four tunnels inspected in
this research. The carbonation depth measurements were obtained from the pH indicator results.
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Fig. 42: Carbonation rate prognosis in Norwegian road tunnels

Fig. 42 represents the carbonation rate observed in the middle of subsea tunnels by green circles. These dots
from the Nordkapp and Hitra tunnels present the highest carbonation depths. The corresponding proportionality
factor K; (described in Eq. 12) obtained from the least squares method is 2.92. The average carbonation depth
forecast after 50 years of exposure is 20.6 mm, and after 100 years of exposure is 29.2 mm.

Significantly lower carbonation depths were measured in shotcrete exposed to fresh groundwater in the Froya,
Hitra and Honningsvag tunnels shown in blue rhombuses. This research did not perform long-term atmospheric
measurements in the tunnels. However, the impression of a better visibility available and the fresh air near the
portals compared to the case in the middle of the tunnels strongly suggest a different pollution level between
them. The corresponding proportionality factor K, in this case is 0.43. The average carbonation depth forecast
after 50 years of exposure is 3.0 mm, and for 100 years is 4.3 mm.

With regard to carbonation depth results in the middle of the Froya tunnel, where a waterproof membrane was
installed between the road users and the rock support (see paper 3, Fig 4), the results are dissimilar.
Nevertheless, the two results available are always lower than carbonation depths in other subsea tunnels without
the waterproof membrane. The high relative humidity created by the waterproof membrane in front of the rock
support surface [93] is probably the reason why a faster carbonation rate in the Froya tunnel is prevented.
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Based on the obtained proportionality factors (K; and K,) below 6 mm /,/year for carbonation, the shotcrete
samples studied for carbonation in this research are considered of good quality with a low porosity according
to [56].

4.2 Corrosion of steel fibers

The conclusion in Section 3.5 is that corrosion of steel fibers is limited to the carbonation depth. Thus, it is
inferred that the corrosion of steel fibers will follow the same corrosion kinetics as carbonation.

4.3 Leaching interacting with carbonation, chlorides and sulfur ingress

Based on the observations described in Section 3.2, a prognosis is shown in Fig. 43 for 50 and 100 years of
exposure time in the investigated locations where leaching was identified.
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Fig. 43: Leached depth forecast in the Froya tunnel at chainage 5+590 and in the Nordkapp tunnel at chainage
4+920 based on investigation results after 22 and 23 years respectively.

As depicted from Fig. 43, the equivalent proportionality factor a (described in Eq. 13) for the shotcrete in the
Freya tunnel is 1.0, while for the shotcrete in the Nordkapp tunnel this is 0.4. These proportionality factors
exceed the value mentioned in Section 2.6.2 equal to 0.14 for the cement paste with a low water-cement ratio
(0.4) exposed to deionized water.

The difference in leaching observed between the Froya and the Nordkapp tunnels does not seem obvious. In
principle, these two tunnels had similar shotcrete specifications, the investigated locations in the tunnels had
similar elevations below sea level, and the shotcrete surface from where drilling started was wet in both cases.
One possible explanation could be the traffic density and the pollution involved. The traffic density is ten times
higher in the Froya tunnel than in the Nordkapp tunnel [94]. Another possible difference foreseen is that in the
Froya tunnel, the core drillings were performed just next to a concrete lining stretch where probably a weakness
zone lay nearby. This fact increases the likelihood of a higher hydraulic gradient in the shotcrete layer as
weakness zones facilitates the hydraulic pathway towards the traffic room [95].
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4.4 Sulfate and magnesium attack

Sulfate and magnesium attack was randomly observed in singularities of the shotcrete core. That is to say, at
the boundary of two adjacent shotcrete layers (shotcrete joints) and at the contact with the rock. Even though
a prognosis about the degradation in the future is not performed in these cases, some suggestions are given in
Section 5.7 to control and prevent these degradations from occurring.
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Chapter 5

S5 Discussion

5.1 Sampling for UCS tests in shotcrete used as rock support

In paper 2 [19], the influence of shorter shotcrete samples than the traditional h/D of 2.0 for UCS tests was
discussed. Specifically, the main conclusion from Fig. 25 [19] is that the traditional h/D equal to 2.0 only
averages the UCS results without indicating a different trend in comparison to samples with a h/D equal to 1.0.
On the other hand, samples with a b/D equal to 1.0 provide more sensitive results in case of local degradation
with the possibility of having several UCS samples along the same shotcrete core. In addition, it is important
to emphasize that a sample for a UCS test needs flat surfaces at both ends to be performed. This requirement
wastes shotcrete material at both ends of the shotcrete core, allowing UCS tests to be performed only in thick
shotcrete layers. In summary, with shorter UCS samples, there is more flexibility to perform UCS tests in
shotcrete. In the just-mentioned Fig. 25 (paper 2), the sample diameter was in all cases in the order of 55 mm,
being the shotcrete samples from the Nordkapp and Honningsvég tunnels.

In the specific case of the Froya and Hitra tunnels, some shotcrete cores were obtained from a larger core bit
diameter of 92 mm in order to see if the results were sensitive to a change in diameter. The resulting shotcrete
core diameter was approximately 84 mm. Fig. 44 presents the results of 19 UCS tests, where six of them were
performed with the larger diameter of 84 mm.
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Fig. 44: UCS strength results over density in steel fiber-reinforced shotcrete installed in the Hitra and Froya
tunnels. A distinction is made between cylindrical concrete samples of 55 and 84 mm in diameter.

Fig. 44 indicates that differences in diameter between 55 mm and 84 mm of cylindrical shotcrete samples make
no difference in UCS test results.
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5.2 The role of alkali-free accelerator in shotcrete

In this research, the two subsea tunnels inspected where alkali-free accelerator was used in the shotcrete
(Nordkapp and Freya) showed noticeable leaching in the outermost 3.5-9 cm of the shotcrete layer towards the
traffic room with evident mechanical strength loss (Figs. 26-29).

On the other hand, this research only found minor or no indications of leaching towards the traffic room when
water-glass accelerator was used in shotcrete exposed to saline groundwater. Specifically, 16 shotcrete cores
extracted from the Hitra subsea tunnel and 6 cores extracted from the Nordkapp subsea tunnel showed little or
no leaching levels when water-glass accelerator was used. The results obtained in this research suggest that the
sulfur contained in the alkali-free accelerator may be a factor promoting the leaching.

When alkali-free accelerators are used, it is expected that more ettringite will be present and evenly distributed
in the shotcrete [96]. However, ettringite enrichment was identified at the boundary of two adjacent shotcrete
layers (shotcrete joints). Coincidently or not, this noticeably happened in shotcrete where an alkali-free
accelerator was used.

5.3 Sulfur dioxide emitted by vehicles as an additional source of sulfur

Sulfates in saline groundwater and aluminum sulfates in alkali-free accelerators have already been described
in the literature. Less attention has been paid on the potential role of sulfur dioxide emitted by vehicles.

It is interesting to highlight that most of the cores analyzed in this research through p-XRF near the shotcrete
surface exposed to the traffic room gave some degree of sulfur ingress from the traffic room with a decay in
content further into the shotcrete layer. In subsea tunnels, the sulfur ingress from the traffic room could be
explained by seepage of groundwater that crosses the shotcrete layer through an easier pathway at a high point
in the tunnel. Once on the shotcrete surface, the groundwater runs off by gravity. What is interesting in this
research is the sulfur content in the shotcrete layer was also observed near the traffic room in shotcrete exposed
to fresh groundwater. Fig. 45 gives two examples where the shotcrete was exposed to fresh groundwater and
experienced sulfur ingress from the traffic room.
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Fig. 45: Sulfur ingress in the shotcrete layer from the traffic room in a tunnel location exposed to fresh
groundwater. (a) One half of the shotcrete core split lengthwise in the Froya tunnel near the north portal, (b)
sulfur map through p-XRF related to Fig. 45a, (c) one half of the shotcrete core split lengthwise in the Hitra
tunnel near north-west portal, and (d) sulfur map through pu-XRF related to Fig. 45c.

Fig. 45b and Fig. 45d show a higher intensity of sulfur near the traffic room (at the far left of the sulfur map).
It is evident from these figures that the penetration depth of sulfur is not significant, but the result might be
influenced by the probably low atmospheric pollution near the tunnel portals.

5.4 Corrosion of steel fibers in shotcrete installed in subsea tunnels

With regard to the corrosion of steel fibers in shotcrete, this research reinforces the literature stating that their
corrosion is limited to the carbonation depth.

5.5 AlKkali-silica reaction

Alkali silica reaction was not investigated in this research. This degradation is caused by reactive silica in
aggregates with alkalis in the pore solution of cement paste [97]. This reaction will form an alkali-silica gel that
can swell if water is present, eventually cracking the concrete. Then, the content of alkalis in the cement paste,
the alkalinity of the pore fluid and the relative humidity (availability of water) play an important role in the
long-term risk for alkali silica reaction. Previous field investigations in Norwegian road tunnels concluded that
this degradation mechanism has not been a serious one [62,80]. One possible factor is the systematic use of
silica fume in sprayed concrete for more than 40 years in Norway (see Fig. 11), reducing the pH in the pore
solution, and therefore, reducing the risk of alkali-silica reaction. Another possible explanation is the limited
maximum aggregate size used in shotcrete to prevent blockage of the hose and nozzle during spraying and
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reduce the rebound rate loss after spraying, not exceeding 16 mm in diameter in the 1980’s and 1990s [18,22].
As the expansion of the alkali-silica gel is proportional to the initial volume size of the aggregate, it implies that
the smaller the aggregate, the more restricted is the expansion.

In the only case where SEM/EDS was performed in this research in the Nordkapp tunnel, the aggregates did
not appear to be cracked.

5.6 Durability enhancement in rock bolts

The major tool to extend the lifespan of rock bolts is to prevent water seepage. A list of possible problems
related to the flow of groundwater are, among others, the following:

e Wash-out the cement mortar during its plastic stage, leaving voids once it has hardened.
Bring permanently aggressive ions to the rock bolts.
Remove corrosion products on the steel surface or hot-dip galvanizing surface.
Reduce the epoxy coating thickness

e Reduce the electrical resistivity of the epoxy coating
A water inflow of 300 I/min/km has traditionally been the limit in Norwegian subsea tunnels. This threshold
value aims to minimize the cost of grouting during construction and pumping out the water during operation
[98]. However, to the best of my knowledge the durability of rock support has not been considered in this
assessment. In urban areas, systematic pre-grouting works ahead of the tunnel face have been performed to
achieve water inflows lower than 100 I/min/km [99]. Thus, it seems feasible to further reduce the water inflow
in the tunnels for the sake of rock support durability.

5.7 Durability enhancement in steel fiber-reinforced shotcrete
5.7.1 Prevent shotcrete joints

Shotcrete joints are a weakness zone in the shotcrete layer. Furthermore, they are more susceptible to chemical
attack. Along the different shotcrete cores investigated, the following conditions/degradations were observed
in shotcrete joints:
e  Carbonation (Fig. 7 in paper 3)
Magnesium attack (Fig. 40 in this thesis)
e Ettringite enrichment (Fig. 10b in paper 2 [19], probably causing sulfate attack)
e Highest suction porosity and lowest shotcrete density in the core (Figs. 21-23 in paper 2 [19])
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Even in shotcrete exposed to fresh groundwater, shotcrete joints affect locally the physical properties and
mechanical behavior of the shotcrete layer. Figs. 46-47 show physical and mechanical results from the

Honningsvag tunnel.
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Fig. 46: Core obtained from the Honningsvag road tunnel at chainage 0+560 exposed to fresh groundwater:
(a) Whole shotcrete core, (b) shotcrete density, (¢) equivalent uniaxial compressive test results (height-to-
diameter ratio = 2.0), (d) shotcrete sample images after being tested, and (e) stress-strain curve.
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Fig. 47: Core obtained from the Honningsvag tunnel at chainage 0+560 (neighboring core to the one shown in
Fig. 46): (a) Whole shotcrete core, (b) shotcrete density, (c) suction porosity results, and (d) picture of the
samples with the most extreme porosity values in the core.

Fig. 46 shows a reduction in compressive strength when a shotcrete joint is present in the sample. Fig. 47 shows
an increase in suction porosity and a reduction in shotcrete density for those samples holding a shotcrete joint.

Nevertheless, it is not envisaged serious degradation in shotcrete joints when the shotcrete is exposed to fresh

groundwater.

Whenever possible, spraying shotcrete in consecutive layers should always be prevented. 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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5.7.2 Quality control in shotcrete near the contact with the rock

Regarding the weakness zone of the shotcrete layer at the contact with the rock, it is interesting to highlight Fig.
34, where thaumasite was formed. This mineral needs external sulfates and carbonates entering the shotcrete to
form, and coincidently the suction porosity near the rock in this case was extremely high (Fig. 38c).

In saline groundwater, pu-XRF allows to visualize the eventual chloride ingress in the shotcrete layer from the

rock side. Fig. 48 compares the eventual chloride ingress in the shotcrete layer from the rock side with suction
porosity near the rock.
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Fig. 48: Occurrence of chloride ingress in the shotcrete layer from the rock compared to shotcrete suction
porosity near the rock in seven different locations lying in the three subsea tunnels inspected.

Fig. 48 shows in general that lower suction porosity values near the rock prevent chloride ingress in the
shotcrete layer, while higher suction porosities do not prevent this ingress. However, there is a result from the
shotcrete installed near the pump station in the Hitra tunnel, where the shotcrete suction porosity was relatively
high and there was no chloride ingress. Figs. 49-51 show further results from this location.
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Fig. 49: Physical tests in core extracted near the pump station in the Hitra tunnel. (a) Real image of the Core,
(b) shotcrete density profile, (c) suction porosity profile, and (d) corresponding sample images.

In Fig. 49, the closest sample to the rock (sample 29.1), gave a high local suction porosity and a low shotcrete
density. A closer look at this sample is given in Fig. 50

Fig. 50: Bottom of sample 29.1 shown in Fig. 49 facing to the rock

Fig. 50 shows a porous shotcrete. It is important to highlight that sample 29.1 is a local case of high suction
porosity and low density in the core. A possible explanation for this condition could be that when shotcrete is
sprayed in the tunnel from top to bottom, rebound shotcrete from a higher point in the tunnel might fall onto
exposed rock, turning into debris when shotcrete is sprayed on top [100].

On the other hand, Fig. 51 shows chemical results obtained from p-XRF analysis performed in a neighboring
core to the one shown in Fig. 49.
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Fig. 51: p-XRF results in a core extracted from the pump station in the Hitra tunnel. (a) Real image of the core,
(b) chlorine and iron maps, (c) sulfur map, and (d) potassium map.

Fig. 51b and Fig. 51c show no chlorine and sulfur ingress respectively in the shotcrete layer from the rock side.
Note as well that sulfur or chlorine elements are not visualized coming from rock discontinuities as shown in
Fig. 34 for example. Fig. 51 emphasizes that the permeability of the rock mass can prevent aggressive
groundwater from reaching the shotcrete layer.

Thus, Fig. 48 appears to provide consistent results and the limit for chloride ingress will only occur if the suction
porosity of the shotcrete exceeds approximately 21%.

The back-up results in Fig. 48 from the Nordkapp tunnel are given in paper 2 [19]. The results in the Hitra
tunnel at chainage 3+090 are given in Fig. 34a and Fig. 38c. The rest of the back-up results are given in Figs.
52-56.
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In one of the cores extracted from Hitra tunnel at chainage 3+200, p-XRF analysis was performed. The results
are shown in Fig. 52.
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Fig. 52: p-XRF result in core extracted from the Hitra tunnel at chainage 3+200. (a) Real image, and (b)
chlorine and iron maps.

The interpretation from Fig. 52 is that there is no chloride ingress from the rock side, despite of the attack from
the rock discontinuities. In Fig. 53, a profile of suction porosity and shotcrete density were performed in a core
also extracted from the Hitra tunnel at chainage 3+200.
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Fig. 53: Physical tests in a core extracted from the Hitra tunnel at chainage 3+200. (a) Real image of the core,
(b) shotcrete density profile, (c) suction porosity profile, and (d) some of the sample images.

In the core shown in Fig. 53, the shotcrete suction porosity is general low, and near the rock is 20.6%.

In one of the cores extracted in the Froya tunnel at chainage 5+580, u-XRF analysis was performed. The results
are shown in Fig. 54.

Shotcrete

Fig. 54: p-XRF result in core extracted from the Froya tunnel at chainage 5+580. (a) Real image, and (b)
chlorine and iron maps.
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The interpretation from Fig. 54b is that there is chloride ingress from the rock side in about 6 cm. In Fig. 55, a
profile of suction porosity and shotcrete density were performed in a core next to the one shown in Fig. 54.
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Fig. 55: Physical tests in a core extracted from the Froya tunnel at chainage 5+580. (a) Real image of the Core,
(b) shotcrete density profile, (c) suction porosity profile, and (d) some of the sample images.

Fig. 55 shows that suction porosity near the rock in the Froya tunnel at chainage 5+580 is 21.7%.

In one of the cores extracted in the Froya tunnel at chainage 5+480, p-XRF analysis was performed. The results
are shown in Fig. 56.
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(b)

Rock h Shotcrete

Fig. 56: n-XRF result in core extracted from the Froya tunnel at chainage 5+480. (a) Real image also shown
in Fig. 39a, and (b) chlorine and iron maps.

The interpretation of Fig. 56b, is that chloride is not entering from the rock side, but rather from the traffic
room.

The corresponding shotcrete suction porosity near the rock is given in Fig. 41c. The suction porosity value
near the rock is 19.9%.

5.8 Useful life and tolerable degradation

Since 2016, the useful life of the permanent rock support in Norwegian road tunnel regulations is 100 years
regardless of the environmental conditions [33]. With respect to rock bolts, for a diameter of 20 mm steel rebar
coated with the duplex protection system, the expected reduction in cross-sectional area would be, on average
8% 1n acidic environment (100 years of exposure time) and 46% in saline environment (95 years of exposure
time). The latter value seems high if the model code for service life design in reinforced concrete is considered
[101]. In this reference, allowable loss of cross-sectional area in the rebar due to corrosion varies between 5%
and 25%. By interpreting this reference, a 15% in loss of cross-sectional area seems to be the suggested value
for rock bolts (anchorage zone with confinement). By considering this criterion, an exposure time of 100 years
seems difficult to achieve in subsea tunnels.
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In subsea tunnels, the degradation of steel fiber-reinforced shotcrete observed in the field has been evident in
some cases after 22-23 years. Fig. 57 shows the comparison between suction porosity and shotcrete density
tests performed in the Hitra and Freya tunnels (70 dataset).
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Fig. 57: Correlation between suction porosity and shotcrete density in the Hitra and Froya tunnels.

The highest suction porosities in Fig. 57 correspond to chemical attack in singularities of the shotcrete layer.
In particular, the suction porosity value of 30.4% is related to thaumasite sulfate attack in the Hitra tunnel
(shown in Fig.38c), while the suction porosity value of 29% is related to magnesium attack in the Froya tunnel
(shown in Fig. 41c¢).

In paper 2 [19], Fig. 24b, the same comparison is given for cores extracted in the Nordkapp tunnel. In that
case, the data set is 22, and the high suction porosity values of 28% and 28.6% in the Nordkapp tunnel (where
alkali-free accelerator was used) are related to shotcrete joints with ettringite enrichment.

Other suction porosity values exceeding 25.5% are not found in the remaining 88 samples obtained from the
Froya, Hitra and Nordkapp subsea tunnels, The equivalent density for 25.5% suction porosity in the Hitra and
Freya tunnels based on Fig. 57 would be approximately 2170 kg/m?, while in the Nordkapp tunnel based on
Fig. 24b in paper 2 [19], would be a density in the order of 2140 kg/m>.

In turn, this equivalent density could be converted into an equivalent compressive strength. Fig. 58 shows the
comparison between shotcrete density and uniaxial compressive strength results in the Hitra and Froya tunnels.

A Froya tunnel (13 samples) O  Hitra tunnel (6 samples)

- - - - Linear regression dataset (19)

70 1 -

60 y=0.2592-x - 544 ‘ -

R2=10.68 ,‘6

50 1 ﬁ A
-8

40 4 A’D -“ A

0 _AK A

Equivalent UCS h/D =2.0
(MPa)
W

2100 2200 2300 2400
Saturated density of fiber-reinforced shotcrete (kg/m?)

Fig. 58: Correlation between UCS test results and shotcrete density in the Froya and Hitra tunnels.
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If the equivalent density of 2170 kg/m* (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/m® 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 Froya 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:

e 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).

e 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.

e 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 Fraya 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.

68



In the two subsea tunnels where an alkali-free accelerator was used in the shotcrete (Nordkapp and Froya),
evident leaching towards the traffic room was observed near the shotcrete surface. The sulfates from the saline
groundwater, the sulfur dioxide from the traffic room and the aluminum sulfate in the alkali-free accelerator
seem to be responsible in the dissolution process observed of the cement paste. This is probably interacting
with leaching caused by the hydraulic pressure gradient towards the traffic room, and carbon dioxide and
chloride ingress. In practice, this degradation observed in both tunnels led to a compressive strength reduction
in the outermost 10 cm of the shotcrete layer between 36% and 69% in comparison to the strength in the same
core near the rock. On the other hand, shotcrete leaching towards the traffic room was not noticeably observed
when the water-glass accelerator was used.

In fresh groundwater, it is foreseen that both rock bolts and shotcrete should experience only very limited
degradation. However, in case of improper handling during construction, it is envisaged that rock bolts are
more sensitive than shotcrete.

In Norwegian subsea road tunnels constructed in the 1990s, it is predicted that the condition of shotcrete could
become worse than in rock bolts. In this regard, the estimated lifespan extension of a rock bolt coated with the
duplex protection system installed in subsea tunnels is, on average, 45 years. In principle, during this time
period, the steel rebar will still be uncorroded. In contrast, in half that time, the condition of the shotcrete
investigated in this research has in several cases become seriously degraded.
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7 Further work

This research only provides a probability distribution for carbon steel in Nordic underground structures. The
probability distribution of the corrosivity level when the rock bolt is coated with the duplex protection system
is another relevant input that is not addressed in this research. Investigations performed in rock bolts during
the rehabilitation of road tunnels could provide a substantial amount of information as long as the blasting of
rock mass near the tunnel contour is significant. If this is the case, the information could be processed
statistically. Without causing large interventions in existing subsea road tunnels, the corrosivity level behind
blisters observed in rock bolt plates coated with the duplex system could also be investigated statistically. In
addition, overcoring of rock bolts should be performed in areas where rock mass displacement has occurred to
see if the grout has cracked and investigate the corrosivity level undergone.

Apart from subsea tunnels, in Norway tunnels excavated in alum-shale rock mass could also provide a sulfur-
rich environment for the shotcrete where it could undergo severe degradation. The condition of the shotcrete
layer, including its contact with the rock, the contact between consecutive shotcrete layers and the level of
leaching experienced towards the traffic room should be investigated. Particular interest would be to determine
the role of the alkali-free accelerator in this environment.

Pre-grouting works ahead of the tunnel face have traditionally been executed to control the water inflow during
tunnel construction in Norway. Further investigations regarding the optimum pre-grouting efforts, including
the durability of rock support and other elements needed in the tunnel, should be explored.
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Appendix A Laboratory research planning of shotcrete cores

Nordkapp and Honningsvag tunnels — October 2020

Nordkapp tunnel - saline groundwater - PK 3+220 (shotcrete with water-glass accelerator)

diameter

Core mm UCS p-XRF  XRD Suction porosity Thymolphthalein
1 55
2 55 1
3 55 1
4 55 1 1
5 55 1 1
6 55 1

Nordkapp tunnel - saline groundwater - PK 4+920 (shotcrete with alkali-free accelerator)

Core dii;nriter ucs u-XRF XRD sgg;?tr; Thymolphthalein
7 55 6
8 55 3 1
9 55 2 1
10 55 1 2
11 55 2
12 55 8
13 55 3 1
14 55 Tip towards rock in parallel to core 2

Tip towards traffic room in parallel to core 3

Honningsvag tunnel - fresh groundwater - PK 0+560

Core dla;Tr::lter UCS p-XRF XRD Suction porosity Thymolphthalein

15 55 8
16 55 3
17 55 2 1
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Hitra and Freya tunnels — August/September 2021

Freya tunnel - fresh groundwater - PK 8+070

Core diameter ucs pu-XRF XRD Suctlgn Thymolphthalein
mm porosity
4 55 Run in parallel to (Shotcrete joint)
core 12 (Tip towards shotcrete surface)
5 84 12
hD=2.0
6 84 hWD=15 !
7 84 6
h/D=1.0
88 WD = 1.0
Froeya tunnel - saline groundwater - PK: 5+590
Core diameter ucs u-XRF XRD Sucthn Thymolphthalein
mm porosity
1 55 hWD=15 (2) (tip towards shotcrete surface
hWD=15 and adjacent to it)
2 55 Run in parallel to core 12 1
3 55 No test performed
9 84 1 7
D=1 .
10 84 WD =1 Tip towards shotcrete surface
Froya tunnel - saline groundwater - PK: 5+580
Core dlammeter ucs p-XRF XRD Suction porosity Thymolphthalein
11 55 9
12 55 Run in parallel to cores 2,4 6
-~ . In shotcrete
36 55 4)h/D=1 Tip towards rock with crack 1
37 55 No test performed
38 84 1 7
39 84 No test performed
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Freya tunnel - saline groundwater - PK: 5+480

Core UCS p-XRF XRD Suction porosity Thymolphthalein

33 84 1 2
34 55 2
35 55 1

Hitra tunnel - saline Groundwater PK: 3+200

Core dle;;n;ter ucs u-XRF XRD Suction porosity Thymolphthalein
13 55 2

14 55 ()hD=1
15 55 ()wb=1

16 55 Run in parallel to core 19 4
17 55
18 55 5

Hitra tunnel - saline groundwater PK: 3+090

Core dlirﬁ;ter ucs u-XRF XRD s::(:;ir; Thymolphthalein
19 55 Run in parallel to core 16 4
20 55 4
21 55 4
2 55 /D=1 (T@p towards rock)
/D=1 (Tip towards shotcrete surface)
23 55 Run in parallel to core 30
24 55 2

Hitra tunnel - saline groundwater Pump station

Core diameter ucs u-XRF XRD Sucthn Thymolphthalein
mm porosity
29 55 5
30 55 Run in parallel to core 23
31 55 h/D=1 Tip towards shotcrete surface
55 bD-I 1

h/D=1




Hitra tunnel - fresh groundwater PK: 5+200

Suction

Core diameter mm UCS p-XRF XRD .. Thymolphthalein
porosity
25 55 1
26 55 1
27 55 1

28 55 1




Appendix B Shotcrete density and uniaxial compressive strength results

Nordkapp tunnel - saline groundwater - PK 3+220 (shotcrete with water-glass accelerator)

Diameter WD UCS I}f/%siQ;.](\)] Shotcrete density
Core Label mm - MPa MPa kg/m?
4 ucs 12 55 1.0 628 553 2250
5 ucs_1 55 10 560 474 2237
6 UCS 2 55 1.0 679 58.0 2312

Nordkapp tunnel - saline groundwater - PK 4+920 (shotcrete with alkali-free accelerator)

Diameter /D UCS [hj/%siQ; Ig Shotcrete density
Core Label mm - MPa MPa kg/m?
8 UCS_ 13 55 1.0 397 34.8 2199
8 UCS_14 55 093 333 279 2200
8 UCs_15 55 1.0 307 27.0 2172
9 Ed 1 55 20 311 31.1 2202
9 Ed 2 55 2.0 309 309 2182
10 Ed 3 55 20 255 25.5 2163
11 Ed 4 55 2.0 15.1 15.1 2156
11 Ed 5 55 20 289 28.9 2213
13 UCS 3 55 1.0 46.7 40.4 2247
13 UCs 4 55 1.0 238 20.2 2123
13 UCs 5 55 1.0 1438 12.6 2082

Honningsvag tunnel - fresh groundwater - PK 0+560

R UCSEkquiv .
Diameter WD UCS WD = 2.0 Shotcrete density
Core Label mm - MPa MPa kg/m?
16 UCS 16 55 1.0 375 329 2185
16 ucs_17 55 1.0 564 49.2 2279
16 UCS 18 55 1.0 398 34.6 2207

Freya tunnel - fresh groundwater - PK 8+070

UCSkgquiv

Diameter /D UCS WD =2.0 Shotcrete density
Core  Label mm - MPa MPa kg/m?
6 6.1 84 1.5 63.7 60.9 2287
6 6.2 84 20 572 57.2 2287
8 8.1 84 1.0 634 55.3 2284
8 8.2 84 1.0 653 56.7 2284




Freya tunnel - saline groundwater - PK: 5+590

Diameter h/D UCS Ilf/%siQ; .1(\)/ Shotcrete density
Core  Label mm - MPa MPa kg/m?
1 1.1 55 1.5 537 51.1 2303
1 1.2 55 1.5 235 22.5 2200
10 10.1 84 1.0 56.6 49.3 2321
10 10.2 84 1.0 364 31.7 2222
Froya tunnel - saline groundwater - PK: 5+580
Diameter WD UCS E/%Sio; .I(\)/ Shotcrete density
Core  Label mm - MPa MPa kg/m?
36 36.1 55 1.0 362 31.5 2242
36 36.2 55 1.0 285 24.8 2202
36 36.3 55 1.0 443 38.5 2262
36 36.4 55 1.0 677 57.8 2286
Hitra tunnel - saline Groundwater PK: 3+200
Diameter /D UCS ;J/%SiQ; .I(\)] Shotcrete density
Core  Label mm - MPa MPa kg/m?
14 14.1 55 1.0  60.1 51.8 2312
15 15.1 55 1.0 538 46.4 2287
Hitra tunnel - saline groundwater PK: 3+090
Diameter WD UCS l}f/%Sinu I(\)/ Shotcrete density
Core  Label mm - MPa MPa kg/m?
22 22.1 55 091 42,0 349 2255
22 22.2 55 093 535 45.0 2312
Hitra tunnel - saline groundwater - Pump station
Diameter /D UCS I}f/%sinU .1(\)/ Shotcrete density
Core  Label mm - MPa MPa kg/m?
31 31.1 55 1.0 450 38.8 2228
32 32.1 55 1.0 49.8 434 2269
32 322 55 1.0 447 39.0 2238
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Appendix C Shotcrete density and suction porosity results

Nordkapp tunnel - saline groundwater -
PK 3+220 (shotcrete with water-glass accelerator)

Core Label Shotcrete density Suction porosity
kg/m? %
1 1 2250 20.9 %
1 2 2254 21.5%
1 3 2217 222 %
1 33 2243 214 %
2 5 2263 20.1 %
2 6 2285 19.7 %
2 7 2244 21.7%
2 8 2247 19.6 %
Nordkapp tunnel - saline groundwater -
PK 4+920 (shotcrete with alkali-free accelerator)
Core Label Shotcrete density Suction porosity
kg/m? %

7 8 2246 21.0 %
7 9 2222 224 %
7 10 2264 19.9 %
7 11 2217 23.7 %
7 12 2191 241 %
7 13 2219 222 %
12 14 2206 23.5%
12 15 2266 19.0 %
12 16 2225 19.8 %
12 17 2112 28.0 %
12 18 2220 222 %
12 19 2189 232 %
12 20 2019 28.6 %
12 21 2183 224 %
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Honningsvag tunnel - fresh groundwater

- PK 0+560
Core Label Shotcrete density Suction porosity
kg/m? o,
15 25 2214 229 %
15 26 2259 21.4%
15 27 2152 252 %
15 28 2292 19.8 %
15 29 2292 19.4 %
15 30 2211 242 %
15 31 2199 24.5%
15 32 2239 22.8%
17 34 2232 22.7%
17 35 2184 24.6 %
Freya tunnel - fresh groundwater - PK 8+070
Core  Label Shotcrete density Suction porosity
kg/m? %
5 5.1 2284 19.2%
5 52 2257 20.2 %
5 5.3 2319 17.9 %
5 5.4 2305 17.9 %
5 5.5 2275 19.0 %
5 5.6 2308 17.0 %
5 5.7 2274 19.5%
5 5.8 2291 18.6 %
5 5.9 2284 18.8 %
5 5.1 2303 18.4 %
5 5.11 2284 20.0 %
5 5.12 2251 21.7 %
7 7.1 2239 20.7 %
7 7.2 2258 20.4 %
7 7.3 2283 20.1 %
7 7.4 2316 18.7 %
7 7.5 2308 18.8 %
7 7.6 2273 21.0%
Froya tunnel - saline groundwater - PK: 5+590
Core  Label Shotcrete density Suction porosity
kg/m? %
9 9.1 2290 19.4 %
9 9.2 2281 20.1 %
9 9.3 2295 19.3%
9 9.4 2265 21.5%
9 9.5 2214 22.8%
9 9.6 2237 224 %
9 9.7 2242 22.7 %
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Froya tunnel - saline groundwater - PK: 5+580

Core  Label Shotcrete density Suction porosity
kg/m? %
11 11.1 2278 21.7%
11 11.2 2228 23.6 %
11 11.3 2217 23.6 %
11 114 2256 21.9%
11 11.5 2244 22.4 %
11 11.6 2263 223 %
11 11.7 2278 21.3%
11 11.8 2248 22.5%
11 11.9 2270 20.6 %
36 36.1 2296 21.4 %
38 38.1 2237 222 %
38 382 2229 222 %
38 383 2242 21.1%
38 384 2280 19.5 %
38 38.5 2235 21.7%
38 38.6 2309 17.3 %
38 38.7 2244 20.8 %
Froya tunnel - saline groundwater - PK: 5+480
Core  Label Shotcrete density Suction porosity
kg/m? %
33 33.1 2213 23.8 %
33 332 2237 232 %
34 34.1 2309 19.9 %
34 34.2 2112 29.0 %
Hitra tunnel - saline Groundwater PK: 3+200
Core  Label Shotcrete density Suction porosity
kg/m? %
13 13.1 2281 20.4 %
13 132 2267 19.7 %
18 18.1 2309 20.6 %
18 18.2 2271 20.3 %
18 18.3 2332 15.8%
18 18.4 2262 20.3 %
18 18.5 2353 17.0 %
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Hitra tunnel - saline groundwater PK: 3+090

Core  Label Shotcrete density Suction porosity
kg/m? %
20 20.1 2352 18.9 %
20 20.2 2355 17.9 %
20 20.3 2336 19.1 %
20 20.4 2296 18.4 %
21 21.1 2131 30.4 %
21 21.2 2224 24.4 %
21 21.3 2276 213 %
21 21.4 2242 20.1 %
24 24.1 2218 22.4%
24 24.2 2288 21.7%
Hitra tunnel - fresh groundwater - PK: 5+200
Core  Label Shotcrete density Suction porosity
kg/m? %
25 25.1 2254 212 %
27 27.1 2235 21.9%
Hitra tunnel - saline groundwater - Pump station
Core  Label Shotcrete density Suction porosity
kg/m? %
29 29.1 2169 23.9%
29 29.2 2263 19.5 %
29 293 2265 20.4 %
29 29.4 2240 20.9 %
29 29.5 2318 16.5 %
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Abstract

For road tunnels in most Nordic countries, temporary rock support installed during tunnel excavation usually becomes a
part of the permanent rock support. Rock bolts are the most common rock support measure in road tunnels excavated in
hard rock, and their conditions over the period of tunnel operation play a significant role in the safety of these tunnels. The
rock bolt types and aggressive environmental conditions considered in this research are focused on those used and observed
in Norwegian and Swedish road tunnels. Findings elsewhere in similar environments are included to highlight the different
kinetics of degradation. Based on the collected data, the corrosion levels in these road tunnels are comparable to those in the
most polluted industrial areas. Aggressive groundwater conditions for rock bolts include a groundwater pH below four (which
can be caused by sulfuric acid formation due to the oxidation of the mineral pyrite in the rock), marine groundwater, and
flowing groundwater with a high concentration of dissolved oxygen. Furthermore, chloride-bearing deicing salts commonly
used on roads located in cold climate regions during winter can promote corrosion in rock bolts from the tunnel room. For
these environments, this research proposes a lognormal probability function to quantify the expected steel corrosion level for
25, 50, and 100 years of exposure time. The corrosion protection given by cement grouting, hot-dip galvanizing and epoxy
coating are also addressed to explore their contributions to the lifespan extension of rock bolts in acidic and chloride-rich
environments.

Keywords Rock bolt - Rock support tunnel - Durability - Corrosion - Probability of failure

List of Symbols D,y (t.T,ey)  Apparent coefficient of chloride diffusion

b Empirical constant related to the penetration through the grout mortar after elapsed times
rate of an acidic solution in cement grout tand T, (m?/s)
(mm/year’) Dy 28 Theoretical coefficient of chloride diffusion

b, Environmental transfer, which considers the after 28 days
influence of T, on the apparent diffusion Dpaine Years of protection by direct application of
coefficient (K) the epoxy coating on carbon steel

C (xf, t) Chloride content in grout mortar by weight inc Years of protection by hot-dip galvanizing
of cement at depth x,. and elapsed time ¢ on carbon steel
(wt% cement) i Ranking position of an observed value once

C, Initial chloride loading concentration at the the set sample has been sorted from the low-
rock—grout interface (Wt% cement) est to the highest values

d Degradation depth in the grout mortar by K Synergistic factor for carbon steel protection
acidic solution attack (mm) by the duplex protection system of hot-dip

galvanizing and epoxy coating
k Corrosion rate of metals in the first year
P4 Cristobal Javier Manquehual (pm/year). .
cristobal j.manquehual @ntnu.no n Metal-environment time exponent param-
eter for corrosion rate
! Department of Civil and Environmental Engineering, N Samp]e size of random observations

Norwegian University of Science and Technology,
Hggskoleringen 7A, 7034 Trondheim, Norway
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N (p; 0) Normal distribution with mean p and stand-
ard deviation 6

t Time elapsed (year)

t, Reference time for the known value of the
apparent coefficient of chloride diffusion;
as the reference chloride diffusion is taken
after 28 days, #,is 0.077 (year)

Treal Representative long-term cement grout
temperature (°C)

wic Water-cement ratio in grout mortar

X, Distance from the borehole contour to the
rock bolt surface (annulus grout thickness)
(mm)

a Aging exponent of the apparent chloride

diffusion coefficient

1 Introduction

Rock bolts can be used in underground structures as rock
support for several purposes. In hard rock with low to mod-
erate in situ stresses, rock bolts hold loose blocks and con-
tribute to increasing the rock mass stiffness (Bobet 2009). In
hard rock with high in situ stresses, rock bolts prevent failed

lim

Allowable corrosion
depth distribution

Failure region

Action effect, S(tl)

Actual corrosion
depth distribution

rock from disintegrating if they are able to absorb the kinetic
energy of the ejected rock (Li 2017a). In highly stressed soft
rock, rock bolts deform with the rock mass until an equilib-
rium is reached and deformation ceases (Li 2017a). Regard-
less of the reason for utilizing rock bolts in underground
structures, they are usually made of carbon steel and are
therefore susceptible to corrosion. This chemical process
causes steel to lose its cross-sectional area and form corro-
sion products on its surface due to interactions with the envi-
ronment. Consequently, corrosion can reduce the strength
capacity of rock bolts and diminish the bond strength with
the surrounding material over time (Xia et al. 2013; Dorion
and Hadjigeorgiou 2014). The rate at which this rock bolt
corrosion proceeds depends on the chemical composition of
the steel, the type of anchorage system, the type of corro-
sion protection, the quality control during installation, the
environmental conditions where they are exposed and any
increase in stress demand caused by the rock mass over time
(Hadjigeorgiou et al. 2020).

The consequence of corrosion on rock bolts with a higher
probability of failure over time can be visualized in Fig. 1.
This figure shows the general principles of the probabilistic
limit-state approach for the durability design of structures
according to the standard ISO 13823 2008. In this approach,

lim

lim

time

Fig. 1 Probabilistic limit-state approach for predicting the useful life applied to rock bolt corrosion. Modified from standard ISO 13823 (2008)
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an appropriate probability distribution is assigned to both the
allowable corrosion depth Sj;,, and the action effect S for a
specific exposure time. In this context, corrosion increases
the probability of failure once the probability distribution
curve of the action effect increases to such a level that it
starts to overlap with the allowable corrosion depth curve.
This failure region, highlighted as the shaded area in Fig. 1,
is related to the probability of failure. For simplicity, Fig. 1
does not show changes in the allowable depth distribu-
tion over time. However, time-dependent geohazards, such
as swelling or squeezing, aggravate the situation with an
increasing load exerted by the rock mass over time (Stille
and Palmstrom 2018).

The role of rock bolts as rock support in road tunnels is
critical in not only Norway, but also Sweden, Finland, Ice-
land and the Faroe Islands. These tunnels, in comparison to
those in many other countries, do not consider in principle
a thick inner lining of cast-in-place concrete. If water and
frost protection are needed, an inner lining detached from
the rock support is installed. This slender inner lining is held
by fixation bolts anchored directly to the rock mass (Broch
et al. 2002). Figure 2 aims to show this layout solution with
an inner lining of precast concrete segments typically used
in Norwegian road tunnels with high traffic volume. In addi-
tion, some environmental parameters are indicated in the
same figure.

Figure 2 shows the key role of temporary (and permanent)
rock support in the safety of road tunnels with this layout. It
also describes some atmospheric and aqueous environmen-
tal parameters that may affect the longevity of rock bolts.
In current Norwegian regulations, the useful life of perma-
nent rock support must be 100 years regardless of the actual

Rock bolts as|

C rock support

Fixation

bolts /

V/V\\‘rok contour c/ 3
/ 7 / |

Fig.2 Pre-accepted solution in Norwegian road tunnels with an inner
lining modified from NPRA (2016a). The following atmospheric
parameters are also included: temperature (T), relative humidity (RH)
and nitrogen dioxide (NO,). In groundwater: pH, chloride content
(CI") and dissolved oxygen concentration (DO)

environmental conditions (NPRA 2016a). As a comparison,

in Sweden, the Swedish Transport Administration (2016)
stipulates a useful life requirement of 120 years for rock
support systems.

The determination of the useful life of rock bolts by a
probabilistic modeling requires a probability distribution for
the action effect S, a probability distribution for the allow-
able corrosion depth Sj; . and a target probability of failure.
The basis of the structural design in the European stand-
ard EN 1990:2002 differentiates the structures by reliabil-
ity classes according to the consequences of failure. In this
ranking, the consequences classes CC1, CC2 and CC3 rep-
resent low, medium, and high failure consequences respec-
tively and are linked to the reliability classes RC1, RC2 and
RC3. Later, the model code for service life design (fib 2006)
specified reference values of the probability of failure for the
different reliability classes. In particular, for the ultimate
limit state in reliability class RC2, a failure probability value
on the order of 10~ is recommended, while for reliability
class RC3, a failure probability value on the order of 107° is
recommended. More recently, Stille and Palmstrom (2018)
suggested placing low to medium traffic tunnels within
consequence class CC2, and heavy traffic tunnels in conse-
quence class CC3. Then, it is possible to say that the avail-
able literature provides target failure probabilities.

In regard to modeling the action effect of corrosion in
rock bolts, the situation is different. Although there has been
research presented on rock bolt conditions in the field and
the kinetics of degradation studies in the laboratory, there
has been insufficient progress in the literature to systematize
the different findings and quantitatively improve the long-
term design of rock bolts.

Classification systems aiming to rank the corrosion
level of rock bolts in underground structures by identify-
ing key environmental parameters have been proposed (Li
2000; Roy et al. 2016). However, there is no link between
these classification systems and expected useful lives of
various types of rock bolts.

On the other hand, reference values of the useful lives
of different types of rock bolts have been given in the liter-
ature (Helfrich 1989; Pells and Bertuzzi 1999). However,
the characterization of the environment in which these use-
ful lives can be achieved is not specified.

This paper first describes the aggressive environments
observed in Nordic road tunnels and synthesizes the cor-
rosion level of carbon steel in these environments. There-
after, the resulting description of the kinetics of steel
corrosion is compared with international standards to con-
textualize the corrosion observed. In addition, this paper
aims to derive a probabilistic distribution for the action
effect S caused by corrosion on rock bolts in aggressive
environments based on the observed kinetics. Finally, an
assessment is performed for the corrosion protection of
rock bolts given by cement grouting, hot-dip galvanizing,
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and epoxy coating in different aggressive environments to
elucidate their contribution.

1.1 Evolution of Specifications Aimed at Improving
the Durability of Rock Bolts in Norway

Cement grouted rebar bolts were introduced before the
1970s in road tunnels (Grimstad and Pedersen 1986). Prac-
titioners in the early 1970s already agreed that rock bolts
should be embedded in cement mortar (see Fig. 3a) to be
considered part of the permanent rock support (KFF 1973).
At that time, the rebars used were uncoated, and generally,
they were installed far behind the tunnel face and not ten-
sioned. This means that they were passive rock bolts, being
the working load immediately after installation negligible.
Thus, their full-strength capacity was available for long-term
support.

Galvanized bolts have been used for corrosion protec-
tion in Norway since 1970 (Martinussen 2008). In the first
Standard Code of Process (NPRA 1981), each rebar bolt was
required to be fully grouted and galvanized (80 pm thick-
ness). However, concerns about the eventual corrosion of

()

Cement grout

Uncoated rebar

(©)

Cement grout

Grout
injection

Fig.3 Some rock bolts used as permanent rock supports in Norwe-
gian road tunnels. a Uncoated rebar cement grouted in the Haukeli
road tunnel constructed between 1968 and 1969. The rebar is 20
mm in diameter and 2.4 m long (Pedersen and Hafsaas 1991). b
Pipe bolt used in Byfjord and Mastrafjord subsea road tunnels con-
structed between 1989 and 1992. The 3-m-long rock bolt, steel pipe
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zinc under the alkaline environment provided by cement
mortar motivated further changes in technical specifications.
The recommendations by the Norwegian road authority in
the northern region to the first national handbook stated that
fully grouted bolts with hot-dip galvanized coatings can be
used as permanent supports as long as either the mortar held
soluble chromates or bolts were passivated with chromate
compounds (NPRA Northland 1990). However, some years
later, the Norwegian Labor Inspection Authority set require-
ments for a low content of soluble chromates to reduce aller-
gies of workers (NPRA 1999).

The duplex protection system of hot-dip galvanizing and
the epoxy coating was added as a requirement in 1992 for all
rock bolts installed in very corrosive environments (NPRA
1992). Today, its use has been extended to all rock bolts
installed in road tunnels, regardless of the actual environ-
mental conditions. Notably, in recent years, the minimum
average thickness of epoxy coatings has increased. Between
2012 and 2018, the thickness specifications of epoxy coat-
ings increased from 60 pm to 85 pm (NPRA 2012, 2018). In
addition, quality control measures have been introduced in
the current regulations, where no single measurement shall

()

Steel pipe hot-dip galvanized
and epoxy coated

Cement grout

Rebar hot-dip galvanized
~__and epoxy coated

‘ »@\\\\\g\_\‘ ‘

W—

and accessories are hot-dip galvanized and epoxy coated (Espedal and
Nearum 1992). ¢ CT-Bolt used in the Frgya subsea road tunnel con-
structed between 1998 and 2000. The 3-m-long rock bolt, rebar and
accessories are hot-dip galvanized and epoxy coated (Holmgy et al.
2009)
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be thinner than 20 pm (NPRA 2018). Figure 3b, ¢ show two
types of rock bolts with a duplex protection system. These
rock bolts are used as temporary and permanent rock sup-
ports. They are usually installed close to the tunnel face and
tensioned to 30-50 kN with the expansion shell placed at the
distal end of the rock bolt (NPRA 1999). At a later stage,
they are postgrouted. Taking into account that the ultimate
tensile strength of pipe bolts (Fig. 3b) is on the order of
130 kN, while that for a CT bolt (Fig. 3c) is 150 kN, the
initial working stresses in these rock bolts are in the range
of 20-40% with respect to their ultimate tensile strength.
Furthermore, these rock bolts will undergo additional loads
if installed near the tunnel face due to the remaining stresses
in the rock mass that are not released until the tunnel face
has advanced further ahead. Thus, the pre-tensioning and
the installation near the tunnel face make pipe and CT rock
bolts lose a fraction of their long-term strength capacity. In
turn, this loss limits the allowable corrosion that they can
undergo.

2 Aggressive Environmental Conditions

Several approaches have been proposed in the literature
regarding the selection of relevant environmental parameters
to explain the corrosion level in metals, such as the German
standard DIN 50 929 part 3 (1985). There are also specific
efforts to identify key environmental parameters affecting
the corrosion of rock bolts (Li 2000; Roy et al. 2016). These
three references coincide in the following water properties
as relevant:

e pH

e Salinity (according to either the CI~ and SO,*~ content,
electrical resistivity, or total dissolved solids in ground-
water)

e Concentration of dissolved oxygen

Regarding the pH in groundwater, the three just-men-
tioned references agree that a pH of water below four is an
important water property to promote corrosion. In Norway,
such a low pH level has been measured in tunnels excavated
in alum shale rock (NPRA 2016b). This rock contains the
mineral pyrite (FeS,), which under the presence of oxygen
and water, it oxidizes creating sulfuric acid. Water samples
in tunnels excavated in alum shale have measured pH val-
ues between two and three, and sulfate ion concentrations
between 300 and 3000 mg/1 (Hagelia 2018).

A high chloride content has been identified in the ground-
water of subsea tunnels. The results of 40 water samples
from different subsea tunnels indicate that the chloride con-
centration range is between 1000 mg/1 and 50,200 mg/1, with
an average close to 19,000 mg/l (Hagelia 2008). With this

concentration level, subsea tunnels fall into the highest salin-
ity level in all the rankings mentioned.

The occurrence of high concentrations of dissolved oxy-
gen is expected in Nordic underground structures due to a
general low groundwater temperature (< 7 °C) (Klgve et al.
2017). Although dissolved oxygen content in groundwater
generally decreases with depth, high concentrations can be
found at deep depths if the aquifer is permeable and con-
nected to a brook (Seither et al. 2012). Thus, Nordic under-
ground structures with permeable rock and low overburden
are susceptible to have groundwater with high concentra-
tions of dissolved oxygen.

2.1 Specific Atmospheric Environmental Conditions
in Road Tunnels

Chlorides contained in deicing salts for roads are usually
used in cold climate regions. The effect of traffic volume
on chloride dispersion in road tunnels has been described
in durability studies of sprayed concrete used for rock sup-
port. Studies on the measurement of salt deposition on the
outer surface of sprayed concrete layers show that high salt
concentrations have been systematically found on tunnel
walls within the first ~2 m from the road level (Davik 1997).
Above 2 m, chloride ion deposition remains high only in
road tunnels with high traffic volume (Hagelia 2018).

With regard to relative humidity, Knudsen (2015) high-
lights the humid environment observed in Norwegian road
tunnels, especially behind water and frost protection linings,
where it can be close to 100%.

High concentrations of pollutants, particularly emitted
by vehicles, exist in road tunnels (NILU 1990; Indrehus and
Vassbotn 2001). NO, gas has been described as a moder-
ate atmospheric corrosive agent for steel (iron) and zinc
(Castaiio et al. 2007; Leygraf et al. 2016). Research in road
tunnels in Sweden has downgraded the influence of NO,
gas on corrosion (Andersson and Sandberg 2003). This is
because pollutants are ubiquitous in the air, yet significant
differences in corrosion rate have been observed in the sides
of flat metal sheets along the roads; the corrosion rate is
much higher for the metal sheets facing the traffic.

Figure 4 shows the case of a rock bolt whose accessories
and the protruding end of the rebar are corroded.

3 Probability Distribution of the Actual
Corrosion Depth in Steel

Both uniform and localized (pitting) corrosion have been
described in rock bolts installed in underground structures.
Figure 5 summarizes the highest corrosion levels of carbon
steel reported in nine underground structures in Nordic coun-
tries. Further details about these underground structures are
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described in Table 1. Figure 5 shows 11 corrosion observations
because in two underground structures, corrosion measure-
ments took place in two different years. The collected data
come from mainly rebars with grout defects and rock bolt ends
protruding from the tunnel contour. Apart from examples from
Norwegian and Swedish road tunnels, some other corrosion
data from underground structures are given to complement the
scarce long-term exposure data found in road tunnels.
International standards NS-EN ISO 9224 (2012) and NS-
EN-IS0-9223 (2012) provide guiding values for the uniform
corrosivity level that metals can undergo depending on the

Fig.4 Fully grouted uncoated rebar with unprotected steel accesso-
ries in the Hamregjgl tunnel after 47 years in service (Ongstad 2012)

6000

Haukeli road tunnel - Norway
5000 Vadheim road tunnel - Norway
Vind6 road tunnel - Sweden
Musko road tunnel - Sweden
Vietas tunnel - Sweden
Vihanti mine - Finland
Renstrom mine - Sweden
Aspb research tunnel - Sweden

4000

PEEOOOOOOSO

3000

2000

Cumulative corrosion depth [pm]

1000

Ellingsey & Valdergy subsea road tunnels - Norway

atmosphere to which they are exposed. In these international
standards, the highest corrosivity category is the so-called
extreme corrosivity level CX, which is related to the most pol-
luted industrial areas. Eq. 1 provides the general corrosion rate
prognosis in metals given in international standards as follows:

D=k-¢" (um). (1)

In particular, for carbon steel exposed to the extreme cor-
rosivity level CX, the parameter k varies between 200 and
700 pm/year. The parameter n, which is usually less than 1,
may be related to the inhibition of substrate corrosion by
the growing oxide film on the surface over time. For car-
bon steel, the average value of parameter n is 0.52. The use
of these values in Eq. (1) are plotted in Fig. 5 to represent
the most severe corrosivity category given in international
standards as a comparison to the corrosion observed in Nor-
dic underground structures.

The kinetics of pitting corrosion has been described in
steel buried in soils by Romanoff (1957) and Melchers and
Petersen (2018) via Eq. (1). For pitting corrosion, while the
parameter n varies between 0.44 and 0.58, the parameter k
varies between 732 and 843 pm/year.

Based on these reference values, the time-exponent
parameter n between uniform and localized corrosion is
similar. With regard to the first-year corrosion rate k, pit-
ting corrosion provides values similar to the upper bound
of the extreme corrosivity level CX. The similarity in mag-
nitude between uniform and localized corrosion has also
been reported by Andersson and Sandberg (2003) during the

Reference: Uniform atmospheric corrosion range of carbon steel in extreme corrosivity level CX. NS-EN ISO 9223 & 9224:2012
- - - - Boundary curves within the extreme corrosivity level CX for carbon steel

Upper bound
75 - 100%

Time elapsed [years]

Fig.5 Long-term collection of corrosion progression on carbon steel
in different underground structures. Blue and light blue dots reflect
dripping/flowing water as the presumably predominant corrosion

@ Springer

environment. Green dots represent chloride-rich groundwater. Red
dot reflects a sulfide-rich environment with presumably low pH
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refurbishment of the Swedish road tunnel Vind6. This indi-
cates a general blunt metal-loss defect in carbon steel over
time, allowing uniform and localized corrosion observations
to be plotted in a single chart.

Figure 5 shows that 10 out of the 11 long-term corrosion
observations on carbon steel are within the range established
for the extreme corrosivity level CX. This is equivalent to
an approximately 91% confidence level for the corrosion
observations shown in Fig. 5. This trend arises in observa-
tions from different aggressive environments, underground
structures, and exposure times. Thus, this research will use
this band as the expected corrosion depth range on carbon
steel for longer exposure times in underground structures.
Then, it is assumed that the corrosion kinetics of the car-
bon steel given in Eq. (1) will persist in the long-term. In
addition, a confidence level of 91% will be extrapolated for
longer exposure times (this corresponds to a 9% significance
level for longer exposure times).

The following step is to find a suitable probability distribu-
tion. In this regard, Fig. 5 shows that most of the observations
are closer to the lower bound of the extreme corrosivity level
CX. To quantify this observation, three subdivisions are intro-
duced for this corrosivity level. These subdivisions are evenly
spaced for a given exposure time. The aim is to create a histo-
gram based on the intervals shown on the right-hand side of
Fig. 5 to reflect the distribution of the corrosion observations.
Figure 6 shows the resulting histogram, where zero represents
the lower bound and one represents the upper bound defined
in Fig. 5.

Figure 6 includes the 10 corrosion observations within the
extreme corrosivity level CX. The results show a higher den-
sity towards the lower bound, where seven out of the 10 obser-
vations lie below the median or 50th percentile. This suggests
that a lognormal probability function might fit the corrosion
observations classified for the different intervals of the extreme
corrosivity level CX. In fact, the international standard NS-
EN-IS0-9223 (2012) states that the corrosion rates of metals
usually follow a lognormal distribution.

= Actual frecuency
- = =Curve fitting lognormal ~N(-1.12; 0.58)

Actual frequency

Fig.6 Frequency distribution for the different intervals defined in
Fig. 5. In addition, a fitting curve following a lognormal distribution
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The random variable to be statistically analyzed is the
relative position of the cumulative corrosion depth (occurred
for a certain time period) in relation to the lower and upper
bounds given in Fig. 5 for the same period. The dataset varies
between 0.03 and 0.79, where zero is the lower bound and one
is the upper bound. One can verify whether a set of random
observations x;, x,, ... , Xy is lognormally distributed through a
quantile—quantile plot. Once the data set has been sorted from
lowest to highest, the quantile f(x;) value for a given obser-
vation x; corresponds to the fraction of observations in a data
set whose values are below x;. One method to calculate the
corresponding quantile for each observation is through Eq. (2):

@i-0.5)

S @

Then, the lognormal quantile—quantile plot compares the
inverse of the standard normal cumulative distribution of
f (x,-) on the horizontal axis with the natural logarithm of
the corrosion observed In(x;) on the vertical axis. A straight
trendline between these two data sets indicates a good rep-
resentation of the lognormal distribution over the random
observations. If this is the case, the slope of the straight
trendline is the standard deviation of the lognormal distri-
bution, while the intersection of the straight trendline with
the vertical axis is the mean of the lognormal distribution.
The results of the quantile—quantile plots are given in Fig. 7.

Since the sample size N is 10 in Fig. 7a, each value along
the horizontal axis becomes the inverse of the standard
normal cumulative distributions of ten percentiles from 5
to 95% evenly spaced every 10%. Figure 7a considers the
whole data set, and the statistical parameters obtained from
the straight trendline can be used. However, for design pur-
poses, it is convenient to prioritize a better calibration with
the highest data values, since the latter values will control
the design, as shown in Fig. 1. The principle behind this
is that rock bolts with a higher corrosion rate will reach
the allowable corrosion depth earlier. Therefore, Fig. 7b is
introduced, and the resulting trendline gives a lognormal
distribution of ~N (— 1.12, 0.58). The comparison of this
probability distribution with the original data set is shown
in Fig. 6.

The last step to define a probability distribution for a
given exposure time is to set how the 9% significance level
is spread between the probability to get values above the
upper bound and below the lower bound in Fig. 5. In this
regard, the lognormal curve fitting shown in Fig. 6 gives a
probability of 3% that the values will exceed one (where one
represents the upper bound in Fig. 5); therefore, the result-
ing probability of obtaining values below the lower bound is
6%. These probability distributions above the upper bound
and below the lower bound will be extrapolated to longer
exposure times. The prognosis of actual corrosion depth in
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steel at different exposure times in the described aggressive
environments are given in Fig. 8.

The three exposure time curves given in Fig. 8 comply
with a confidence level equal to 91% for the extreme cor-
rosivity level CX band and the probability of exceeding its
upper bound is 3%.

4 Useful Life Extension

Based on the aggressive environments identified in Sect. 2,
particular emphasis is placed on the lifespan extension that
cement grouting, hot-dip galvanizing, and epoxy coating can
provide to rock bolts in chloride-rich and acidic groundwa-
ters. The case of dissolved oxygen content is addressed in
the discussion chapter.

4.1 Useful Life Extension by Cement Grouting

It is well known that carbon steel embedded in cement/mor-
tar/concrete has long-term protection. One of the reasons is
the high pH environment, which strongly reduces the corro-
sion rate of steel (establishing a stable oxide film on the steel
surface). Another important factor is that cement becomes
a physical barrier for corrosion-promoting agents such as
oxygen, water and the aggressive ions and biota it may hold.

Passivated carbon steel at a pH value of approximately
13 gives a corrosion rate < 1 pm/year (Chitty et al. 2005).
This is, of course, under ideal conditions with steel rebar
embedded in nondegraded cement mortar and the absence
of aggressive ions that can dissolve the oxide film on the
steel surface. However, corrosive groundwater may promote
a much faster corrosion rate.

Inverse of standard normal cumulative distribution
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4.1.1 Chloride Resistance of Cement Mortar

Based on Fick’s 2nd law of diffusion described by the Inter-
national Federation for Structural Concrete (fib) (2006),
which is given in Eq. (3), it is possible to roughly estimate
the elapsed time until the onset of depassivation occurs at
the bolt—grout interface due to chloride penetration in the
cement mortar installed in chloride-rich groundwater.

Xe

C(x.1) = C|1—erf )
2X 4/ Dy (1, Trea) Xt

real

A chloride concentration threshold value of 0.4% (wt%
cement) is adopted for the start of depassivation at the bolt-
grout interface following typical design values in the US and
Europe for reinforced concrete (Angst et al. 2009). A C,value
equal to 2.9% (wt% cement) is adopted from measured chlo-
ride profiles in uncracked sprayed concrete used for rock
support in Norwegian subsea road tunnels (Hagelia 2018).

Considering a bolt borehole diameter of 45 mm and a
rebar of 20 mm, the x,. value is fixed to 12.5 mm.

The apparent coefficient of chloride diffusion through the
grout mortar is given in Eq. (4) as follows:

t a

Dapp(t’ Treal) = Dapp,28(7o) - €Xp (be<le3 - 273 -I]- Trsal >>
“

The water cement (w/c) ratio for expandable cement
mortar varies by supplier and user. Today, the w/c ratio
for expandable mortar in rock bolts is restricted to 0.44
(NPRA 2018). In this regard, it is assumed that the chlo-
ride diffusion coefficient at 28 days for this kind of mor-
tar is well represented by CEM I Portland cement with
a w/c ratio between 0.4 and 0.45 following the normal

Inverse of standard normal cumulative distribution
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Fig.7 Lognormal quantile—quantile plot: a shows the trendline for the 10 observations plotted in Fig. 6, b shows a trendline for the highest 8

observed values
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Fig. 8 Probability distributions for the actual corrosion depth expected in carbon steel exposed to the aggressive environments described in this

research for 25, 50, and 100 years

distributions of N (8.9 x 1072 m?%/s; 1.78 x 107'2 m%s)
and (10 x 10712 m?%s; 2 x 10712 m%s) respectively, follow-
ing fib (2006).

An a value equal to 0.3 is adopted according to fib (2006)
for CEM I. The environmental transfer variable b, usually
varies between 3300 and 5500 K. A value of 4800 K is
adopted, as suggested by fib (2006). The temperature T,
of cement mortar varies with geographical location, tun-
nel length, ventilation type, traffic volume, frost protection
applied, etc. Based on a random selection of Norwegian lit-
erature about the temperature conditions in tunnels (Luke
2013; Holter and Geving 2016) a temperature T, equal to
7 °C was chosen. The results are given in Fig. 9.

In Fig. 9, the circles represent the predicted time for cor-
rosion initiation. The range shown for each w/c ratio cor-
responds to one standard deviation from the mean of the
expected chloride diffusivity value

Based on this figure, the expected useful life extension of
mortar in chloride-rich groundwater is less than one year,
even for a w/c ratio of 0.4. After this period, the steel starts
to corrode. Then, for practical purposes, the corrosion pro-
tection of cement grout against chloride penetration is con-
sidered negligible.

4.1.2 Sulfuric Acid Resistance of Cement Mortar
The pore solution in mortar has a high pH, protecting
the bolt rebar. However, under acid attack, the low pH

front inside the mortar will reach the bolt surface at some
stage. The degraded zone in the mortar also undergoes a

@ Springer

decalcification process (Grandclerc et al. 2018). The evo-
lution of the dissolved calcium content in hardened cement
paste was studied in samples immersed in a sulfuric acid
solution. Pavlik (1994) suggests Eq. (5) for the kinetics of
concrete degradation for a given concentration of an acid:

d=b-\t

A comparison of the degradation kinetics of ordinary
Portland cement (OPC) mortar/concrete samples under
sulfuric acid attack measured in the laboratory exposed to
stagnant water (samples submerged in sulfuric acid) and
flowing water (circulating acidic water in the laboratory) is
given in Fig. 10.

In stagnant water, the degradation kinetics are propor-
tional to the square root of time, as described in Eq. (5), and
the degradation kinetics in flowing water are approximately
linear with time. It is important to highlight as well that the
sulfuric acid concentration in both cases is quite high, result-
ing in extremely acidic solutions (pH 1). In the same type
of mortar shown in Fig. 10, Kawai et al. (2005) observed
negligible degradation kinetics after 90 days with a lower
sulfuric acid concentration (0.06 mol/l) and a less acidic
solution (pH 2). By considering an annulus grout thickness
x, equal to 12.5 mm, Fig. 10 indicates that the grout thick-
ness may protect the rebar under flowing groundwater for
only 3-5 months. In the case of stagnant acidic water, the
projected lifespan extension is more than 13 years.

®
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Fig.9 Time elapsed before a critical chloride concentration reaches
the grout/steel interface

4.2 Useful Life Extension by Hot-Dip Galvanizing

In the literature, several benefits of using hot-dip galvanizing
for steel corrosion protection are described. A summary is
given as follows:

e The zinc coating acts as a barrier to oxygen and moisture,
which are reactants needed for steel corrosion (Darwin
et al. 2009).

e Zinc provides cathodic protection. Zinc has a lower elec-
trochemical potential than carbon steel in the galvanic

series; therefore, zinc is more active, working as a sacri-
ficial anode (Darwin et al. 2009).

e Zinc undergoes a lower corrosion rate than iron for the
same environmental condition in an approximate ratio of
1-10, respectively (NS-EN ISO 9223 2012).

e Zinc has a higher average critical chloride content for the
onset of depassivation by galvanic coating in comparison
to unprotected steel (Darwin et al. 2009; Pernicova et al.
2017).

The standard NS-EN ISO 9224 (2012) describes long-
term uniform corrosion of zinc with Eq. (1). However, the
statistical parameter n is 0.813, which is close to 1. Hence,
all the corrosion rate results for zinc found in the literature
will be analyzed by considering a linear behavior with time.

4.2.1 Chloride Resistance Provided by Hot-Dip Galvanizing

Table 2 shows the results of several corrosion rate studies
of hot-dip galvanized steel. Measurements were collected in
the following areas:

e Flat sheet specimens made of hot-dip galvanized steel
located along tunnel walls near the road level (the
Soderled & Kvarnholm tunnels, Sweden)

e Hot-dip galvanized rebars left in predrilled boreholes (the
Musko and Aspo tunnels in Sweden and the Vardg tunnel
in Norway)

- Extrapolation

---- Pavlik (1994); OPC; w/c = 0.4; sulfuric acid = 0.05 mol/l; stagnant water; pH = 1
m  Kawai et al. (2005); OPC; w/c = 0.50; Sulfuric acid = 0.09 mol/l; flowing water; pH = 1
A Kawai et al. (2005); OPC; w/c = 0.35; sulfuric acid = 0.09 mol/l; flowing water; pH = 1
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Fig. 10 Kinetics of degradation in hardened cement paste triggered by sulfuric acid (Pavlik 1994; Kawai et al. 2005). Extrapolation dots repre-

sent deterioration depth projections not given by the original source
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In addition, one case of hot-dip galvanized rebar sub-
merged in oxygenated sea water in the laboratory is included.

The exposure to chloride given in Table 2 is due to either
deicing salts, chloride-rich groundwater or sea water in the
laboratory. The results in the Muskd and Aspé tunnels with
chloride-rich groundwaters are provided twice. In one case,
the results are related to ungrouted end rebar samples pro-
truding from the rock contour, that is, exposed to atmos-
pheric corrosion. Under these conditions, the corrosivity
level of the rebar lies between the medium (C3) and high
(C4). In the second case, the results come from the central
stretch of the rebars that were grouted with cement mortar.
In these conditions, the corrosivity level in both cases turned
out to be extreme (CX). This is very likely due to the high
pH environment triggered by the cement mortar with a very
low w/c ratio of approximately 0.3. Then, the corrosion rate
from the latter case should be considered with caution since
the w/c ratio of the cement grout is not usually that low. As
a lower bound, 9 years seems to be a more reasonable value
for the lifespan extension given by hot-dip galvanizing in
chloride-rich groundwater. As a reference, the average of the
useful life extensions given in Table 2 is 35 years.

4.2.2 Sulfuric Acid Resistance Provided by Hot-Dip
Galvanizing

The comprehensive work carried out by Denison and
Romanoff (1952) included the study of galvanized steel
corrosion in samples buried in organic reducing acid soils.
At one test site, the soil had a pH of 2.6. The exposure time
of different samples in that soil varied between 2 and 13
years. Based on the weight loss of the galvanized steel, the
equivalent corrosion rates exceeded 67 pm/year in all cases.

More recently, Satola and Aromaa (2004) reported corro-
sion rates of galvanized steel strands in pyritic rock masses.
The reported groundwater pH was 2.6. The corrosion rate
was on the order of 1000 pm/year. These results indicate
that the contribution of hot-dip galvanizing to the lifespan
extension of rock bolts is negligible in acidic environments.

4.3 Useful Life Extension by Duplex Protection
System

In the duplex protection system, an epoxy coating is used as
a topcoat after the steel is hot-dip galvanized. Organic coat-
ings restrict the interaction of zinc with the environment. In
turn, the zinc coating provides cathodic protection for the
steel rebar.

Epoxy powder coating provides a good barrier against
ions (Knudsen and Forsgren 2017). However, these coat-
ings are not impermeable to oxygen and water (Sangaj and
Malshe 2004). In addition, epoxy coatings are vulnerable to

@ Springer

disbonding i.e., adhesion loss to the substrate, and aggres-
sive ions can be transported under the disbonded coating.
The exact mechanism behind the protection barrier provided
by the epoxy coating to the metals is not fully understood
(Sangaj and Malshe 2004). Organic coatings are a complex
combination of binder, pigments, solvents, and other addi-
tives, which defines a unique epoxy resin network (Mgller
et al. 2017). Additionally, the epoxy coating can also
undergo chemical degradation, changing its properties as a
physical barrier against aggressive ions. Nevertheless, there
are empirical proposals and observations that provide some
insights into the corrosion protection given by epoxy coat-
ings in chloride-rich and acidic environments.

4.3.1 Chloride Resistance by the Duplex Protection System

Eijnsbergen (1994) has proposed Eq. (6) to estimate the use-
ful life of the duplex system protection in years of outdoor
exposure, considering a limit state of 5% rust on the carbon
steel substrate as follows:

Dduplcx =KX (Dzinc + Dpaim)' (6)

For a hot-dip galvanized coating with an average thick-
ness of 85 pm, Eijnsbergen (1994) indicates that D, is
approximately 30 years in the marine atmosphere. This is
approximately the same as the average lifespan extension
given in Table 2 for the same zinc thickness. However,
a lower bound of 9 years, as discussed in Sect. 4.2.1, is
possible.

With regard to D,y in Eq. (6), an epoxy coating thick-
ness of 85 pm provides a protection of 3 years in a marine
atmosphere. The factor K varies between 1.5 and 2.3, and
the lower bound is the proper value for the most aggressive
environments.

Notably, the corresponding limit state in Eq. (6) cor-
responds to 5% rust on the carbon steel. This is equivalent
to a corrosion depth of 500 pm around a rebar 20 mm in
diameter. This corrosion depth in carbon steel may happen
in 18 years, considering the duplex protection system with
85-pum-thick coating layers, and a synergistic factor K equal
to 1.5.

Figure 5 indicates that a corrosion depth of 500 pm in
uncoated carbon steel can be achieved after approximately
4 years of exposure in marine environments. Hence, a rough
estimate of the minimum lifespan extension by the duplex
protection system is 14 years. This is considered the lower
bound of lifespan extension by the duplex protection system.
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4.3.2 Acid Resistance Provided by the Duplex Protection
System

If the organic coating is damaged in an acidic environment,
the zinc coating is exposed, and there will not be any addi-
tional protection for the surrounding epoxy coating (Knud-
sen and Forsgren 2017). Nevertheless, it has been reported
that undamaged organic coatings can provide excellent
resistance against acids (Mgller et al. 2017). Khodair et al.
(2019) measured the corrosion rate of mild steel with and
without epoxy coating in acidic and saline environments as
shown in Fig. 11.

Figure 11 clearly shows the contribution of the epoxy
coating to the reduction in the corrosion rate in acidic envi-
ronments. The high corrosion level observed, particularly
for those measurements with exposed steel, is related to the
short exposure time of only 5 h, during which time the oxide
film starts to form. The performance of the epoxy-coated
steel in saline and acidic solutions is also shown in Fig. 11.
While the corrosion rate reduction of the epoxy-coated steel
in the acidic environments is approximately 96% on average,
the efficiency of the epoxy-coated steel in saline solutions
is only 62%.

Popovié et al. (2005) tested the corrosion behavior of
mild steel with and without epoxy coating using electro-
chemical impedance spectroscopy (EIS) in 0.1 mol/l sul-
furic acid solution. Based on the corrosion current density
determined in each sample, the equivalent corrosion rate is
1150 pm/year for the exposed steel, while 149 pm/year is the
equivalent corrosion rate for the epoxy-coated steel after 500
h of exposure. That is, an 87% improvement in corrosion rate
reduction was achieved with the epoxy coating. This result
is consistent with Fig. 11 for epoxy coating protection in
acidic environments.

4.3.3 Some Experience with the Duplex Protection System

Blistering of the epoxy coating in bolt accessories has been
reported in subsea tunnels (Ongstad 2012). An illustration
is given in Fig. 12. In some cases, steel corrosion was found
behind the powder coating.

Fig. 11 Corrosion rates of mild
steel immersed in different
aqueous solutions for five hours
at 30 °C with and without epoxy
coating (Khodair et al. 2019)

2% Salt concentration with CI-
3% Salt concentration with Cl-
acidic water pH =3

acidic water pH =2
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It is well known that epoxy coatings are is very sensitive
to damage during handling and transportation (Manning
1996; Sagiiés et al. 2010). A report described the setup of
bolt corrosion research in the Oslofjord tunnel (Klemetsrud
2016), which considered painted galvanized steel bolts,
observed unintended scratches and impurities in the epoxy
coating after normal handling and before the test started.
Research in the Musko and Aspé tunnels also included the
follow-up of epoxy-coated and hot-dip galvanized bolts.
Intentional damage to the coating triggered adhesion loss
of the epoxy coating after 8 years in some samples (Seder-
holm and Pahverk 2019). Nevertheless, duplex system coat-
ings without preexisting damage to the rebars showed no
deterioration after the same time period in the context of a
chloride-rich environment.

5 Discussion

The parameter flowing groundwater conditions appears to be
more relevant than previously considered in the classifica-
tion of aqueous corrosive environments. Remarkable exam-
ples are Vietas, Haukeli, and Renstrom tunnels in Fig. 5,
where corrosion rates meet the extreme corrosivity level CX
without the groundwater having a low pH or a high salinity.
In these tunnels, the steel was exposed to dripping ground-
water. In this regard, the uniform corrosion rates on steel
caused by flowing groundwater in some Australian mines
studied by Villaescusa et al. (2007) gives corrosion rates
that can be categorized as extreme corrosivity level CX. The
requirement to reach this corrosivity level in these mines
is flowing groundwater with a dissolved oxygen content
exceeding 3 mg/l. It is important to highlight as well that the
fastest kinetics of degradation in mortar immersed in sulfu-
ric acid shown in Fig. 10 is related to flowing water. In hot-
dip galvanizing, it is claimed that only 0.5 m/s is enough to
remove the oxide film deposited on the zinc surface (Thomas
1978). Running water can also cause grout defects by dam-
aging the cement grout in its plastic stage (NPRA 1999).
Thus, the parameter flowing groundwater conditions is a key
variable that should explicitly be mentioned in any proposed

mwith epoxy coating

without any coating
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2294
2500

1500 2000

1000
[um/year]
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Fig. 12 Blisters observed in the rock bolt plate in the Oslofjord sub-
sea road tunnel after 10 years of exposure (Ongstad 2012)

classification system regarding the corrosivity level of rock
bolts. Nevertheless, it is important to highlight that the vari-
ability of flowing groundwater can be restricted with pre-
grouting works ahead of the tunnel face.

For a given exposure time, Fig. 8 gives a probability dis-
tribution for the expected corrosion depth in steel exposed
to aggressive environments. From a design point of view, an
important inquiry to be addressed is how often these grout
defects will coincide with the peak working stresses in the
rock bolt. In wet tunnel stretches with aggressive ground-
water and rock mass deformation, corrosion will very likely
take place where the highest axial stresses are induced along
the rock bolt, for the following reasons:

e In hard rock, groundwater flows through mainly discon-
tinuities (Coli and Pinzani 2014).

e In hard rock, deformation is controlled by the rock mass
discontinuities, which might eventually crack the cement
grout as an extension of the discontinuity (Sandberg and
Lagerblad 2002).

e In fully grouted rock bolts, the peak axial stress occurs
in the grout defects (Li 2017b).

Hence, it is considered adequate to use the probability dis-
tributions given in Fig. 8 for cement grouted rebars installed
in aggressive environments if rock mass deformation is
expected. One can extend the use of Fig. 8 if grout defects
by other means are foreseen in aggressive environments.
Finally, Fig. 8 can also be applied for uncoated steel rebars
fully grouted with cement in chloride-rich environments,

even without grout defects, since the protection provided
by cement mortar for the steel rebar is negligible in this
environment.

For the rock bolts used today (with the duplex protection
system and postgrouted), to derive a probability distribution
for the long-term corrosion depth in the steel rebar or steel
tube is more challenging. There is a complex interaction
between the different protection elements, the steel and the
different environments. In addition, the field experience is
more limited than the case of cement grouted rebars. Nev-
ertheless, the collected experiences in Sect. 4 indicate that
epoxy coating and cement grouting protect better the steel
rebar in acidic than in chloride-rich environments. On the
other hand, hot-dip galvanizing provides higher protection
in chloride-rich than in acidic environments. However, for
the zinc thickness of 85 pm considered, it is inferred that the
joint performance of the epoxy coating, hot-dip galvanizing,
and cement grouting is better in acidic than in chloride-rich
environments. Thus, a ranking from the most to the least
unfavorable condition can be established for the rock bolts
used today:

Chloride-rich environment with grout defects.
Chloride-rich environment without grout defects.
Acidic environment with grout defects.

Acidic environment without grout defects.

Bl e

Apart from creating grout defects, deformable rock mass
increases the risk of failure by inducing loads to the rock
bolts. Considering that the type of rock bolts used these
days are usually pretensioned and installed near the tunnel
face, the extra load exerted by the rock mass limits further
the allowable corrosion depth in these rock bolts. Overall,
the rock bolts used today installed in subsea tunnels with
expected deformation of the rock mass are of particular
concern.

6 Conclusions

For rock bolts, the aggressive groundwater conditions identi-
fied in Nordic road tunnels are as follows:

1. Subsea tunnels with marine groundwater.

2. Groundwater with a pH below four (because of sulfuric
acid formation due to the oxidation of the pyrite mineral
in the rock).

3. Flowing groundwater conditions with a high concentra-
tion of dissolved oxygen.

In addition, deicing salts provide aggressive atmos-
pheric conditions within the tunnel room. Any of these
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environments might lead to the highest corrosivity level
established in international standards, which is comparable
to the most polluted industrial areas. Regarding the con-
ditions described, the parameter representing the flowing
groundwater conditions has not been consistently described
in the literature properly and has even been overlooked in
some references.

For 25, 50, and 100 years of exposure time, a probability
distribution is derived for the stochastic corrosivity level of
exposed steel in the described aggressive environments, tak-
ing advantage of the good fit between the corrosion observed
in underground structures and the extreme corrosivity level
CX described in international standards. This is considered
a valuable input for the durability design of rock bolts.

The analysis on corrosion protection given by the duplex
protection system and cement grouting for the rock bolts
used these days indicates that those installed in subsea tun-
nels with deformable rock mass are of particular concern to
achieve a useful life of 100 years.
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ARTICLE INFO ABSTRACT

Keywords: The in-service condition of steel fiber-reinforced shotcrete installed more than 20 years ago as single-shell rock
XRD support lining in the Nordkapp subsea road tunnel was investigated. The novelty of this study is the comparison
W-XRF of shotcrete with water—glass and alkali-free activators in a saline groundwater environment. The lowest shot-
:Ef;:fd concrete crete density was obtained at joints between two adjacent shotcrete layers. In the case of alkali-free accelerator,
Leaching ettringite enrichment was observed in these joints. Leaching appeared to be the main degradation mechanism in
Chloride the outermost 10-15 cm towards the traffic room.

1. Introduction

Shotcrete is the standard method for permanent rock support in hard
rock tunnels in Norway in combination of rock bolts [1]. The durability
of shotcrete as a rock support element in these tunnels is crucial, as an
inner lining of cast-in-place concrete is not usually installed, unless the
geological conditions are extremely poor. A similar approach has been
adopted in road tunnels constructed in Sweden and Finland [2].

The wet-mix shotcrete method was introduced for the first time in
Norway in the early 1970s, but it took around a decade to be extensively
used after it underwent several technological improvements. Among its
innovations in the 1970s, one can highlight the shotcrete application
using robots, the introduction of steel fibers in replacement of tradi-
tional wire meshes, the use of silica fume as an additive and the intro-
duction of plasticizers in the mix [3]. Since the mid-1980 s, the steel
fiber reinforced micro-silica wet-mix shotcrete method has completely
dominated the shotcrete consumption in underground works in Norway
[4]. Nowadays, the wet-mix spraying is the dominant method world-
wide when it comes to spraying concrete [5].

A set accelerating agent is added to shotcrete in order to increase the
hydration rate of the cement, achieving a higher early strength in the

* Corresponding author.
E-mail address: cristobal.j.manquehual@ntnu.no (C. Javier Manquehual).

https://doi.org/10.1016/j.conbuildmat.2022.127090

concrete sprayed and shortening its setting time [6]. Until mid-1990s,
water soluble sodium silicate, also known as water-glass, was the
most common accelerator in wet-mix shotcrete in Norway [7]. The fast
hardening reaction of this accelerator is achieved by its content of silica
reacting with the dissolved calcium ions (Ca*?) in the fresh concrete,
resulting in precipitation of calcium silicate hydrate compounds [8].

A non-alkaline shotcrete set accelerating admixture is defined ac-
cording to NS-EN 934-5:2007 [9] by an alkali content (measured as
NayO equivalent) less than 1% by mass of the admixture. Aluminum
sulfate in liquid form is commonly used as the main component in alkali-
free accelerators [6,10]. Ettringite is the main reaction product formed
once the alkali-free accelerator is added [6].

In Norwegian subsea road tunnels, alkali-free accelerators were for
the first time used in the Nordkapp tunnel. The Nordkapp tunnel was
part of the Fatima project, a road connection between the island of
Magergya and the mainland of Norway. The location of the Nordkapp
tunnel is shown in Fig. 1.

Nordkapp is a single-tube tunnel with two lanes, one in each direc-
tion. It has a total length of 6.8 km and a cross section of 44 m? [11]. The
average daily traffic is 454 vehicles [12]. The tunnel construction star-
ted in May 1995 from its both ends. From the mainland side, it was
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Fig. 1. Location of the Nordkapp tunnel and niches investigated in this study.
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Fig. 2. Longitudinal profile of the Nordkapp tunnel with the final rock support distribution over chainage. (Modified from an unpublished as-built geological report
prepared by the Norwegian Public Roads Administration).
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Fig. 3. Comparison of steel fiber-reinforced shotcrete consumption as rock support per tunnel meter (TM) in the Nordkapp tunnel with all the previous subsea road

tunnels commissioned in Norway. Modified from [13].



C. Javier Manquehual et al.

Table 1
Wet-mix design in shotcrete with alkali-free accelerator used in the Nordkapp
tunnel [11].

Aggregate 0-8 mm 1450 kg/m®
Cement CEM I RR 520 kg/m*
Silica fume 26 kg/m®
Alkali-free liquid accelerator 33 kg/m*
Plasticizer 5 kg/m®
Superplasticizer 5 kg/m*>
Stabilisator 2.5 kg/m®
Internal curing kg/m*®
Steel fibers 40 kg/m®
w/c 0.45

experienced good rock mass conditions for almost 3400 m. Shotcrete
with water-glass based accelerator was used in thicknesses between 5
and 10 cm in the first 3050 m and between 5 and 15 cm in the following
350 m (See Fig. 2). On the other hand, the excavation from the island
side presented geological difficulties from the very beginning which
required systematic cast-in-place concrete lining at the tunnel face [11].
These different geological conditions encountered from each tunnel face
led to different excavation progresses. In September 1996, the excava-
tion progress from the mainland had reached 3400 m, while that from
the island side had only achieved 600 m. Since the mainland side started
to cope with the same geological difficulties as the island side, cast-in-
place concrete lining started to be used from both sides at the tunnel
face. This prompted the search for alternatives in order to speed up the
excavation rate. Several in-situ investigations trying to find the optimal
composition of wet-mix shotcrete with alkali-free accelerator discovered
that it was possible to spray concrete in thick layers thanks to the high

Construction and Building Materials 328 (2022) 127090

early strength development achieved. Full scale application of alkali-
free accelerator started in June 1997 from both sides, where the tun-
nel face from the mainland side had progressed 4050 m and the one from
the island side had achieved 1200 m. This technological change in the
shotcrete led to prevent the use of cast-in-place concrete lining in many
stretches of poor rock mass conditions for the remaining 1550 m to be
excavated [11]. The tunnel breakthrough occurred in January 1998, 4.5
km away from the mainland side. Fig. 2 shows the final rock support
installed over chainage for the Nordkapp tunnel.

In Fig. 2, the tunnel stretch between 3.4 and 3.42 km also shows the
application of shotcrete with alkali-free accelerator. This was probably
an extra shotcrete layer applied after the tunnel breakthrough to rein-
force the transition between cast-in-place concrete lining and shotcrete.

Fig. 3 compares the consumption of shotcrete in the Nordkapp tunnel
with the consumption of other Norwegian subsea road tunnels previ-
ously commissioned.

A shotcrete mix design used in the Nordkapp tunnel is given in
Table 1.

The wet-mix design of the shotcrete with the water—glass accelerator
was probably the same as Table 1, except for the accelerator type. This
statement is based on other Norwegian subsea road tunnels constructed
in those years for the same owner as the Nordkapp tunnel [14]. How-
ever, an accelerator dose of 33 kg/m? (approximately 6.3% by weight of
cement) per cubic meter of shotcrete seems a bit high for the common
Norwegian practice in those years with the water-glass accelerator. For
instance, the dose of water-glass accelerator in the shotcrete used in the
Freifjord subsea tunnel, completed in 1992, was 5.2% by weight of
cement. In the case of the Byfjord and Mastrafjord subsea tunnels,
finished during the same year, the dose was 4.7% by weight of cement in

|Gr0undwater conditions: Cl;; SO, HCO;3%, Mg?*, pH

|shotcrete

" [Steel fiber-reinforced

( in tunnel room

</ Temperature & relative humidity

|De-icing salts (Cl; Mg evenmally)‘ ‘." I

Fig. 4. Potential sources of aggressive elements for steel fiber-reinforced shotcrete installed in road tunnels without any inner lining.
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Table 2
Extent of field work in each niche and some key features of their shotcrete and
environmental conditions.

Zone 1 2

Tunnel Nordkapp Nordkapp

Chainage 3+ 220 44920

Shotcrete core label 1-6 7-14

Total shotcrete thickness 9-11 25-32
(cm)

Number of shotcrete 2 3or4
layers

alkali-free
2 cores (No. 8 and 9) broke at
the contact with the rock. 2

Type of accelerator
Comments during drilling

Water glass
1 core (No. 4) broke
at the contact with

the rock. cores (No. 7 and 10)
5 cores recovered broke at shotcrete joints. 4
rock. cores
(No. 11-14) recovered rock
Groundwater pH"® 7.3 7.8
Electrical conductivity of ~ 47.3 48
groundwater EC (mS/ (saline) (saline)
cm) DB
Estimated [CI'] (mg/1)® 15,460 15,688

@ Dripping groundwater coming from the tunnel roof was collected after
percolating the shotcrete layer.

@ The measurement of pH was carried out by Laquatwin pH33, Horiba.

® The measurement of groundwater conductivity was carried out by Laquatwin-
EC-33, Horiba.

(4) Estimation of the chloride concentration [Cl'] (mmol/1) = 9.22-EC (mS/cm)
[32].

both cases [14].

Steel fiber-reinforced shotcrete installed in tunnels as rock support is
in direct contact with groundwater as long as the groundwater level is
above the tunnel alignment [15]. Groundwater might percolate the
shotcrete layer if there is a hydraulic gradient available from its contact
with the rock to the traffic room. The magnitude of this gradient be-
tween both ends of the shotcrete layer in subsea tunnels depends on the
height difference between the sea water level and the depth of the
specific place in the tunnel, the permeability of the rock mass, the tunnel
lining design and the atmospheric conditions in the traffic room. This
gradient might be a relevant driving force for the movement of ions
towards the traffic room in the shotcrete under study [16,17]. Then,
shotcrete is susceptible to leaching [18], triggering eventually a reduc-
tion of mechanical strength, an increase in porosity [19] and a reduction
of alkali metals (such as potassium) [20]. Leaching might be accentu-
ated in tunnels which do not include an inner lining attached to the rock
support, leaving the shotcrete layer alone to restrain percolation.

If groundwater holds sulfate ions, as may be the case in marine
groundwater, it can trigger sulfate attack of the cement paste in the
concrete. This attack promotes the formation of ettringite, gypsum and
thaumasite [19]. In the latter compound, carbonate ions are needed in
addition to sulfate ions for its formation. While the degradation mech-
anism of ettringite is related to expansion caused by the formation of
voluminous water-rich ettringite crystals, the chemical deterioration
causing the formation of thaumasite is related to a general disintegration
of the cement paste due to the replacement of calcium-silicate-hydrate
or in short C-S-H with thaumasite which has very poor cementing
properties [19]. The formation of gypsum may lead to expansion and
cracking in the cement paste [18]. Potentially, sulfate attack could also
come from the constituents in the wet-mix. This might be the case for the
aluminium sulfate compound in alkali-free accelerators, becoming
shotcrete susceptible to internal sulphate attack [8,21]. Recent in-
vestigations in concrete have described the interaction between sulfate
attack and leaching, indicating that the dissolution of hydrated cement
phases caused by leaching facilitates the formation of secondary
expansive minerals under an external source of sulfate [18,22]. More-
over, magnesium ions also available in seawater, might be aggressive for

Construction and Building Materials 328 (2022) 127090

Fig. 5. Core drilling in: (a) Zone 1 located in the Nordkapp tunnel at chainage
3 + 220, and (b) zone 2 placed in the Nordkapp tunnel at chainage 4 + 920.

Table 3

Operating parameters for the p-XRF surface mapping.
Parameter Value
Step width 50 pm
Time per pixel 2 ms
Beam voltage 50 kV
Tube current 600 pA
Dead time 20%

chamber pressure
Elemental filter

Vacuum, 20 mbar
No filter

the concrete. As a result of magnesium attack, portlandite and C-S-H can
be replaced by respectively brucite and M—S—H, which have inferior
cementing properties [19].

Marine groundwater might also have chloride ions, which can attack
the steel fibers. In ordinary Portland cement, free chlorides entering into
the pore solution of the concrete can either react with hydration prod-
ucts, forming Friedel’s salt for example, can be physically adsorbed on C-
S-H hydrated cement due to its large surface area or remain as free
chlorides in the pore solution [23,24].
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Fig. 6. Example of shotcrete samples for suction porosity test after the core has been sliced obtained from core 12 (zone 2 in Table 2).(a) Top view, and (b) in

perspective.
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Fig. 7. Correction factor adopted for UCS test samples with a height-to diam-
eter ratio lower than two, following Norwegian standard NS 3420:1986 [41].

Another consequence related to the absence of an inner lining in a
tunnel is the exposure of shotcrete to the traffic environment. Carbon
dioxide available in the air reacts through solution with the calcium rich
phases such as portlandite and C-S-H, and results in the precipitation of
calcite and alkali rich silica gel. This leads to a reduction in the pH of the
pore solution [19]. The reduction of the pH favors the corrosion of steel
fibers. Alike, the lack of an inner lining leaves the shotcrete layer
exposed to de-icing salts, such as NaCl, MgCl, or CaCly, commonly used
in roads located in cold winter climates. Its chloride content might also
promote the corrosion of steel fibers.

Fig. 4 shows some environmental factors that might affect the
durability of shotcrete installed in road tunnels.

The goal of the test program in the Nordkapp tunnel is to compare
the in-service condition of shotcrete where water—glass and alkali-free
accelerators were used in different stretches of this tunnel. Unlike the
comparison of concrete with different accelerators in the laboratory
[6,25,26], the comparison of shotcrete in the field incorporates con-
struction variables such as the condition of joints between two adjacent
shotcrete layers and the boundary between shotcrete and rock. More-
over, the environment of comparison is unique, combining the pollution
of road tunnels with the saline groundwater of subsea tunnels. Finally,
few other projects in the world provide the possibility to study shotcrete
with alkali-free based accelerator installed more than 20 years ago.

After the introduction of alkali-free accelerators in shotcrete in the
mid-1990s, its use has become widespread, and not only in Norway.
Apart from the possibility to apply shotcrete in thicker layers, the
literature highlights its low pH, reducing the risk of alkali-silica reaction
in concrete [27]. In general, accelerators tend to reduce the long-term
strength in comparison to concrete without this additive. In this

regard, it is reported that concrete strength loss is minimal when alkali-
free accelerator is used. In contrast, water-glass accelerator can reduce
the long-term compressive strength between 20% and 50% [21,28,29].
Moreover, safer conditions for workers are claimed when using alkali-
free accelerator instead of water-glass accelerator since the latter is
highly caustic [10,27]. However, some authors have warned of the
inconvenience of using alkali-free accelerators in concrete exposed to
sulfur-rich environments [8,30,31].

In the tunnel under study, leaching was investigated by creating
profiles along the cores of suction porosity, shotcrete density, Uniaxial
Compressive Strength (UCS) and potassium content by Micro-x-ray
fluorescence (p-XRF). Eventual sulfur, chlorine and magnesium enrich-
ments in specific areas of the different cores were also investigated by
p-XRF. The identification of deleterious minerals was undertaken by
powder X-ray diffraction (XRD). In addition to concrete density, suction
porosity and XRD tests, carbonation was investigated with Thymolph-
thalein pH indicator. Finally, iron mapping along the cores were un-
dertaken through the p-XRF technique to facilitate the identification of
corroded and uncorroded steel fibers in the real images.

2. Experimental procedures in the field and laboratory

Since the tunnel was in operation when it was inspected, the cores
were extracted from niches (emergency lay-bys in the tunnel). The in-
spection occurred on October 28, 2020. In the field, 14 shotcrete cores
were drilled in total.

2.1. In the field

In order to apply different investigation techniques to the cores, the
chosen places for core extraction are areas where a thick shotcrete layer
was expected. Shotcrete where water—glass based accelerator was used
in thicknesses larger than 10 cm is only found in the Nordkapp tunnel
between chainages 3+050 and 3+400 (See Fig. 2). Then, one of the core
drilling locations is at chainage 3+220 in the Nordkapp tunnel (see
Figs. 1-2), called zone 1 in Table 2. The shotcrete surface on this zone
appeared dry with dripping water nearby (See Fig. 5a).

The second niche chosen in the Nordkapp tunnel is at chainage 4 +
920. In this niche, alkali-free accelerator was used in the concrete
sprayed. The shotcrete surface where the drillings occurred was wet and
there was dripping water nearby (See Fig. 5b). This is zone 2 in Table 2.

The core drill machine used in both niches is the Hakken SPJ-122Hi
with a diamond core bit of 62 mm as external diameter. The resulting
shotcrete core diameter is 55.8 + 0.2 mm. Table 2 summarizes the main
characteristics of the shotcrete core extracted and the exposure
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After testing

Fig. 8. Extent of carbonation in shotcrete samples exposed to the traffic room estimated by pH indicator Thymolphthalein: (a) core 5 (zone 1), and (b) core 9

(zone 2).

environment.

The electrical conductivity (EC) measured in Table 2 confirms the
presence of saline groundwater in the two spots under study [33]. The
estimated chloride concentrations, based on EC results, are coherent
with water samples from other subsea tunnels in Norway [34]. In this
reference, detail chemical analyses were undertaken in several Norwe-
gian road tunnels. In particular, saline groundwater from subsea tunnels
with similar chloride concentrations had sulfate ion content varying
between 410 and 2,740 mg/1, magnesium ion content between 158 and
1420 mg/1 and bicarbonates between 23 and 161 mg/1. According to the
standard NS-EN 206:2013 [35], these ranges lie between slightly and
moderately aggressive chemical environments for concrete.

At approximately 3:00 pm on the day of the inspection, the tem-
perature and relative humidity in the tunnel at chainage 4+920 were 5°
C and 69% respectively. As a reference, outside the tunnel, the tem-
perature and relative humidity were —3° C and 90%. These atmospheric
parameters were recorded with the instrument Reed R6020.

In the field, after core extraction, samples were marked, photo-
graphed, wrapped with stretch plastic film to prevent corrosion of steel
fibers and further carbonation. On top of the plastic film, bubble wrap is
used for transportation. The marking includes the number assigned to
the core (see shotcrete core label in Table 2) and the orientation, being
(T) the far-end towards the traffic room, and (R) the opposite end to-
wards the rock.

2.2. In the laboratory

The procedures implemented for the different laboratory tests are
described as follows.

2.2.1. pH indicator

Thymolphthalein was used to study the extent of the carbonation
depth at the outermost part of the shotcrete cores exposed to the traffic
room. This pH indicator sprayed on fresh surfaces of concrete gives a
blueish color when the pH of the pore solution exceeds 10.5 [36].
Otherwise, it is colorless. This colorless area is related to the carbonation

zone. In this research, the fresh shotcrete surface was achieved by
splitting longitudinally the cores in halves with water-cooled saw just
before spraying the pH indicator. The solution sprayed on the shotcrete
surface consists of 1 g of Thymolphthalein dissolved in 30 ml of deion-
ized water and 70 ml of ethanol.

The shotcrete cores 5 (zone 1) and 9 (zone 2) are analyzed with this
pH indicator. The results are presented with images from the sprayed
cores.

2.2.2. p-XRF scanning

The 2D spatial distribution of sulfur, magnesium and chlorine along a
shotcrete core is determined using p-XRF analysis. The instrument used
was an M4 Tornado from Bruker. The maps show the X-ray intensity
related to the chosen chemical measured in counts per second (CPS)
[37]. All maps are normalized individually to the highest intensity
within the picture. This implies that this technique allows direct com-
parison in terms of intensities (element content) of two or more samples
if scanned together. As no calibration was performed, the analysis does
not provide absolute concentrations of a specific element.

Cores 2, 3 and 14 are fully split lengthwise in two halves to obtain a
fresh, flat surfaces. They have a length of approx. 9 cm, 11 cm and 27 cm
respectively. Therefore, the shotcrete samples for p-XRF scanning are
rectangles of 55.8 mm wide (diameter of the shotcrete core) by the
length of the shotcrete core. Prior to the p-XRF scanning, the relevant
surface is dried by an air compressor. No polishing is undertaken on the
flat surface to be scanned. Thereafter, the whole sample is inserted in the
chamber of the M4 Tornado. However, the scanning area of the instru-
ment is only a rectangle of 160 mm x 190 mm. This size allows to
compare two different shotcrete samples put in parallel. However,
longitudinally the scanning of core 14 is trimmed to the scan range of the
instrument.

Apart from detecting the distribution of potential aggressive ele-
ments along the shotcrete cores, iron is also mapped along the cores to
facilitate the identification of steel fibers, with or without signs of
corrosion.

Finally, leaching was also studied with the M4 Tornado. A decrease
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Fig. 9. p-XRF analysis in core 3 (See Table 2): (a) One half of the shotcrete core
split lengthwise, (b) sulfur mapping along the core, (c) magnesium mapping
along the core, (d) chlorine mapping along the core and (e) profile of potassium
content along the core in mass percent of cement.

in potassium content in the pore solution towards the traffic room is an
indication of this deterioration process. The M4 Tornado software allows
distinguishing different phases (e.g., aggregate and cement paste) by
dividing the whole scanned area into smaller areas of similar chemical
composition. Once a phase is defined, it is possible to retrieve its spectra.
In particular, calcium is adopted to obtain the cement paste phase in a
concrete sample [20]. By choosing this element to distinguish the
cement paste from the aggregates, the potassium content in the cement
paste is determined semi-quantitatively with the software. A profile of
potassium content present in the cement paste is achieved after a dis-
cretization of the whole surface area of the shotcrete sample into smaller
mapping areas, retrieving in each of these areas the corresponding
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spectra of the cement paste. From these spectra, averaged potassium
content is obtained for each smaller mapping area [38]. From the same
spectra, relative concentrations of chlorine by mass of cement are also
given.

The M4 Tornado is equipped with a silver X-ray tube and two SDD
detectors. The X-ray beam is focused by polycapillary lenses to a spot
size of 20 pm. The operating parameters used for surface mapping are
given in Table 3:

In the case of mapping smaller areas for spectra extraction, the
operating parameters are the same except from the step width of 25 pm
and the time per pixel of 5 ms to increase the signal statistics.

2.2.3. XRD

X-ray powder diffraction analysis was used qualitatively to identify
the different minerals present in some shotcrete samples. Mineral phases
were identified with the PDF-4 + 2021 database from the International
Centre for Diffraction data. In addition, phase quantification via Riet-
veld analysis was performed with the software Topas from Bruker.
Among the minerals to be searched are calcite as an indication of
carbonation, thaumasite, gypsum and ettringite as an indication of sul-
fate attack, along with brucite as an indication of magnesium attack. The
instrument used is the D8 Advance from Bruker. After slicing the core to
obtain bulk shotcrete samples for XRD test, the samples are crushed in a
fly press rock crusher to about 2 mm. At this stage, samples are split in
groups of about 25 g. The crushing continues in a disc mill to reach a
particle size of about 50 pm. Samples are then crushed in a McCrone
micronizing mill to about 10 pm in ethanol. The following operating
parameters are used: step size 0.01°, time per step 0.6 s, rotation 60 rpm,
radiation 1.79 A (Co-Ka) with a generator voltage and current of 40 kV
and 40 mA respectively.

2.2.4. Suction porosity
According to the SINTEF procedure KS 70110 [39], suction porosity
in a concrete sample is estimated as follows:.

1. Drying at 105 °C until constant weight loss (0.01% within an hour).

2. Cooling for two hours at room temperature before measuring the
weight (W1).

3. Immersion in water for seven days.

4. Measuring the weight of the sample (W>).

5. Measuring the apparent weight of the sample immersed in water
W)).

The samples for this test are disc-shaped, where the sample diameter
coincides with the core diameter. When it comes to disc thickness, the
shotcrete cores used for suction porosity analysis were sliced each 20
mm in the longitudinal direction following [39]. The sample size
exception is for the ones exposed to the traffic room with an uneven
surface on one side. These latter samples have in all cases a larger vol-
ume than the disc-shaped ones.

Eq. (1) describes the determination of suction porosity p; as follows:.

W W

3 e )

Ps

The balance used in the lab is the Mettler PC4400 with a fine
weighing range of 400 g and a readability of 0.01 g.

In total, 22 suction porosity tests are executed from the cores 1 and 2
(zone 1), and cores 7 and 12 (zone 2). One has to bear in mind that, in
the longitudinal direction, approximately 5 mm of sample material are
lost each time the core is sliced (thickness of the saw blade).

Fig. 6 shows samples 14-21 in core 12 before being tested.

2.2.5. Uniaxial compressive strength with axial strain measurements
In total, 14 UCS tests are executed in the Triaxial Testing Systems
GCTS RTRX-140CL9. In order to get a profile of UCS test results in a
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Fig. 10. p-XRF analysis in core 14: (a) One half of the shotcrete core split lengthwise, (b) sulfur mapping along the core, (c) magnesium mapping along the core, (d)
chlorine mapping along the core and (e) profile of potassium content along the core in mass percent of cement.

single shotcrete core, shorter samples were adopted. While five sample
tests are undertaken for a height-to-diameter ratio (h/D) of two, ful-
filling standard NS-EN 12390-1:2012 [40], the remaining nine samples
have a nominal height-to-diameter ratio of one. In order to homologate
all the UCS test results, a correction factor was applied for those shorter
samples as shown in Fig. 7:

The diameter of the samples for the UCS test is fixed by the drilled
core diameter. Vertical strain measurements are included in the

execution of the UCS tests to visualize eventually differences in the post-
peak behavior between different samples. For this reason, the loading
procedure chosen is strain controlled instead of the usual constant load
rate. According to standard NS-EN 12390-3:2019 [42], the latter rate
for the compressive strength of hardened concrete should be 0.6 + 0.2
MPa/s. By an adjustable strain rate applied for each sample calibrated
with low magnitude stress cycles, most of the tests are within the load
rate range stated in standard [42] before the samples reach the peak
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Fig. 11. Closeup for cores 3 and 14 near the traffic room. (a) Core 3 image near the traffic room, (b) chlorine and iron mappings in core 3, (c) core 14 image near the
traffic room, (d) chlorine and iron mappings in core 14, and (e) profiles of Cl concentration near the shotcrete surface in both cores.

load. The type of sensor used for the vertical strain measurement is the
LVDT SR-DF-C375-100 with a theoretical accuracy of 0.001 mm. Any
correction factor was applied to the stress-strain curve results.

The shotcrete samples were sliced, ground and immersed in water for
seven days before testing.

2.2.6. Shotcrete density
The bulk density of shotcrete samples described in this research is

connected to the weight gained by the samples after they have been
immersed in water for at least seven days (W), following the SINTEF
procedure [39]. The balance used for the weight measurement is the
same as in the suction porosity test.

In the case of samples used for the suction porosity test, their volume
is determined by the buoyancy method as described in Eq. (2).
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Fig. 12. p-XRF analysis in cores 2 (on the left) and 14 (on the right) scanned in the same run: (a, b) Real image of one half of the shotcrete core split lengthwise, (c, d)

sulfur mapping, (e, f) magnesium mapping, and (g, h) chlorine-iron mapping.

A
P
Where p,, is the density of water considered to be 1000 kg/1 m>. On the
other hand, the volume of the cylindrical samples used for the UCS test is
determined by a digital caliper following the standards suggested by the
ISRM [43]. Eq. (3) shows the formula used:.

2)

% g2
V:ﬂd*
4

3)

Where d and L are the averaged diameter and length dimensions
respectively of a shotcrete sample after it has been sliced and ground.

3. Results
3.1. pH indicator

Shotcrete samples from two different cores were tested with the pH
indicator Thymolphthalein. The samples chosen for this test belong to
the core-end exposed to the traffic room. Fig. 8 shows shotcrete samples
from cores 5 and 9 before and after Thymolphthalein is sprayed on them.

Fig. 8 shows that the carbonation depth in zone 1 is slightly higher
than in zone 2, exceeding two cm in the first case after approximately 23
years of exposure. It is important to highlight that Fig. 8 suggests that
there is no need to spray a pH indicator to determine the carbonation
zone since this area stands out for a brownish color, contrasting the gray

10

color of the cement paste. Finally, thanks to the blueish background
given by the thymolphthalein in Fig. 8a on the right, some steel fibers
can be identified without any sign of corrosion in the uncarbonated
zone.

3.2. pu-XRF scanning

Figs. 9-10 show the results of p-XRF analysis in core 3 (extracted
from zone 1) and core 14 (extracted from zone 2) respectively. In the
latter case, the p-XRF scanning is trimmed since the length of the core
exceeds the scan range of the machine. The scan length adopted is
approximately 16 cm, long enough to include all the shotcrete joints of
this core. The rest of core 14 is shown in Fig. 12. Figs. 9-10 are com-
parable since they were scanned in the same run.

Fig. 9b and Fig. 10b show a higher sulfur content in the cement paste
near the traffic room, suggesting that the main source of sulfur comes
from the traffic room. However, it is important to highlight that there is
a sudden drop in sulfur compounds at the carbonation zone in both
cases. Fig. 10b also illustrates sulfur enrichment in shotcrete joints. To a
minor extent, Fig. 9b shows sulfur enrichment as well in the shotcrete
joint.

With regard to magnesium content along the cores, Fig. 10c does not
give any indication of magnesium attack. On the other hand, Fig. 9c
shows magnesium enrichment in the cement paste at the far-end of core
3 near the traffic room. If Fig. 9c and Fig. 9d are analyzed together, one
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Fig. 13. XRD analyses in shotcrete joints belonging to core 10 from the Nordkapp tunnel where alkali-free accelerator was used. (a) whole shotcrete core, (b) bulk
shotcrete joint sample, and (c) XRD results with the square root of the counts in Y-axis.
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Fig. 14. XRD analysis in bulk shotcrete near the rock obtained from core 13 in
the Nordkapp tunnel where alkali-free accelerator was used.

can see that chlorine and magnesium do not overlap.

Regarding the origin of chlorine, Fig. 9d indicates that it comes from
the traffic room. This is not surprising due to the use of de-icing salts on
the route where the Nordkapp tunnel lies. However, Fig. 10d shows very
limited chloride ingress in core 14 from the traffic room.

Fig. 11 focuses on the condition of the steel fibers in the shotcrete
layer near the traffic room in cores 3 and 14. Apart from the real images
near the traffic room in both cores, the iron mapping through p-XRF is
included in this figure to identify corroded and uncorroded steel fibers
along with the corresponding chlorine concentration.

Fig. 8 has already described the link between the brownish color near
the traffic room and the carbonation zone affected by a lower pH. The
additional information provided by Fig. 11 is the connection between
some dark reddish spots in the carbonation zone (Fig. 11a and Fig. 11c)
and their iron content (Fig. 11b and Fig. 11d respectively). All of the
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Fig. 15. XRD analyses in shotcrete samples exposed to the traffic room in: (a)
Core 4 (zone 1), and (b) core 8 (zone 2).
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Fig. 16. Core 13 from Nordkapp subsea road tunnel where alkali-free accelerator was used: (a) Whole shotcrete core, (b) density of steel fiber-reinforced shotcrete,
(c) equivalent uniaxial compressive test results after applying the correction factors given in Fig. 7, (d) shotcrete sample images after being tested for UCS strength,

and (e) stress-strain curve during UCS test with axial deformation.

above strongly suggests that the dark reddish stains are iron oxides, a
common corrosion product of steel. Furthermore, note that these dark
reddish spots are only identified in the carbonation zone. On the other
hand, in the uncarbonated zone steel fibers do not show any sign of
corrosion product.

Fig. 9e and Fig. 10e show a similar trend with a reduction in po-
tassium content towards the tunnel room, indicating that alkali-metals
in the pore solution are being leached out from the shotcrete layer
following the flow direction driven by the hydraulic gradient.

Fig. 12 shows the comparison between the opposite end of core 14
(towards the rock) and core 2.

Alike Fig. 9d, Fig. 12g also illustrates chlorine ingress from the traffic
room. These two figures belong to zone 1. What is interesting in both
figures is the lower chlorine content in the cement paste near the rock
compared to the rest of the shotcrete layer, which suggests that there is
no chloride ingress from the rock side. On the other hand, core 14 shows
chlorine ingress from the rock (Fig. 12h).

Regarding sulfur intensities comparison between the cores 2, 3 and
14 analyzed through p-XRF, it is important to mention that the shotcrete
joint between the first and second layer in core 14 was mapped twice.
The first mapping of this joint was shown in Fig. 10b, which was un-
dertaken in parallel to core 3. The second mapping is shown in Fig. 12d
which was simultaneously mapped with core 2. The color difference for
the same shotcrete joint in Fig. 10b and Fig. 12d is due to the highest

intensity found when mapped. In the first mapping, the highest intensity
occurred near the shotcrete surface in core 14 (see Fig. 9b and Fig. 10b
as a whole), while in the second mapping similar intensities were found
in both the shotcrete joint itself and in core 2 near the shotcrete surface
(Fig. 12d and Fig. 12¢). Thus, taking as reference this shotcrete joint, it is
concluded that the highest sulfur intensity between cores 2, 3 and 14
happened in core 14 (zone 2) near the shotcrete surface adjacent to the
carbonation zone.

3.3. XRD

XRD analyses were executed in 12 samples. Emphasis was placed on
the core-end towards the traffic room and shotcrete joints. Fig. 13 shows
two shotcrete joints belonging to a core extracted from zone 2 where the
shotcrete holds alkali-free accelerator.

It is important to highlight that the bulk samples shown in Fig. 13b
include aggregates and cement paste. The main peaks with high in-
tensities from the aggregates generally overshadow the intensities of the
cement paste. That is why the range of the x-axis in Fig. 13c is only
between 10° and 25° and the square root of the intensities were plotted
in the Y-axis. The XRD results shown in Fig. 13c detected ettringite in
these shotcrete joints. This agrees with Fig. 10b and 12d, where sulfur
enrichment was detected in shotcrete joints from a core in the same
tunnel zone (zone 2) using p-XRF.

12
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Fig. 17. Core 11 obtained from zone 2 where alkali-free accelerator was used: (a) Whole shotcrete core, (b) density of steel fiber-reinforced shotcrete, (c) uniaxial
compressive test results, (d) shotcrete sample images after being tested for UCS strength, and (e) stress—strain curve during UCS test with axial deformation.

When alkali-free accelerator is used, ettringite is expected to be
found evenly distributed in the core, and not only in shotcrete joints. An
example of a XRD pattern from bulk shotcrete near the rock in the same
tunnel zone is showed in Fig. 14. The specimen was obtained from a
sample that previously had been used for a UCS test (UCS_3 shown in
Fig. 16).

In comparison to the XRD diffraction patterns in Fig. 13, Fig. 14
shows a lower intensity peak for ettringite. In fact, Rietveld analysis
performed with the software Topas normalized to 100% crystalline
content yields 0.58 % for ettringite in the sample shown in Fig. 14. Asa
comparison, the Rietveld analyses for the quantification of ettringite in
Fig. 13 give 1.66% in sample XRD_10 and 1.08% in sample XRD_9. These
results are consistent with the sulfur enrichment detected with p-XRF
and indicate that ettringite enrichment occurs in shotcrete joints where
alkali-free accelerator was used.

Friedel’s salt mineral was detected between the second and third
shotcrete layer of core 10 shown in Fig. 13 (sample XRD_10). Since this

13

shotcrete joint is close to the shotcrete surface, the chlorine element in
this mineral came very likely from de-icing salts. In the other shotcrete
joint analyzed in this core (sample XRD_9), Friedel’s salt was not iden-
tified. This second shotcrete joint is approximately in the middle of the
total shotcrete layer and probably chloride ingress has not yet reached
that far (See Fig. 12h, which is a core located approximately 25 cm apart
from core 10 with the absence of chlorine between the first and second
shotcrete layer).

Fig. 15 shows a comparison of XRD results in shotcrete samples
exposed to the traffic room.

Fig. 15 shows that calcite has formed in the shotcrete exposed to the
traffic room. More in detail, Fig. 16b shows that XRD analysis in core 8
(zone 2) still detects portlandite minerals near the shotcrete surface
exposed to the traffic room, while the XRD result in core 4 (zone 1)
represented in Fig. 16a does not identify portlandite. On the other hand,
the latter figure shows a higher intensity for calcite in comparison to
Fig. 16b.
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Ettringite is only stable when the pH is greater than 10.7 [44]. Then, carbonation area has a pH below 10.5, as demonstrated by the pH in-

it is not surprising that the carbonated shotcrete samples exposed to the dicator. In agreement with this observation, Fig. 9b and 10b show a
traffic room shown in Fig. 15 did not detect ettringite, since the sudden reduction in sulfur content in the carbonation zone.

14
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Fig. 20. Core 1 obtained from the Nordkapp tunnel where water-glass accelerator was used: (a) Whole shotcrete core, (b) density of steel fiber-reinforced shotcrete,

(c) suction porosity results.

At the carbonation zone, it is reported that Friedel’s salt dissolves
[24]. Fig. 15 supports this statement where Friedel’s salt was not iden-
tified in any of the two spectra.

3.4. UCS and density

Since shotcrete samples were weighed before the execution of the
UCS tests, it is possible to visualize the relation between the UCS test and
shotcrete density results along the cores. Fig. 16 shows the results in core
13 (zone 2 in Table 2).

Fig. 16 clearly shows a decay of.UCS strength towards the traffic
room. As a reference, the valid regulations for subsea tunnels in 1996 in
Norway required a minimum characteristic compressive strength of a
15 cm cube at 28 days equal to 45 MPa or C45 [45] following the Eu-
ropean standards. For strength class C45, the Norwegian guidelines for
shotcrete at that time suggested a minimum in-situ strength from
extracted core cylinders after 28 days of 28.8 MPa [46]. Then, it is
possible to say that sample UCS_3 in Fig. 16 still complies with the
original regulations. On the other hand, the strength of sample UCS_5
shows a reduction to approximately 40% of the original compressive
strength required.

Fig. 16 also shows that shotcrete density diminishes towards the
traffic room in approximately the same proportion as the compressive
strength. The stress-strain curve shown in Fig. 16e also indicates a
change from a strain-softening behavior near the rock to an elastic—
plastic behavior near the traffic room. In other words, it shows a gradual
reduction in the difference between peak and residual values towards
the traffic room.

The arrows in Fig. 16a indicate the boundary between two consec-
utive shotcrete layers. The middle and upper shotcrete samples in Fig. 16
(samples UCS_4 and UCS_5) hold one of these shotcrete joints. Specif-
ically in sample UCS_4, the image after the execution of this UCS test
indicates that the shotcrete joint had an influence on the failure mode
undergone in this sample. In the case of sample UCS_5, a more extensive
degradation is observed which involves the whole sample.
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The UCS test results from a core in the same zone (Core 11) is shown
in Fig. 17.

Unlike the shotcrete samples shown in Fig. 16, the samples in Fig. 17
have a height-to-diameter ratio equal to two, allowing to determine the
UCS strength result without any correction factor. Despite this differ-
ence, Fig. 17 shows the same trend as described in Fig. 16 for the UCS
test and shotcrete density results.

Due to the thinner total shotcrete thickness in zone 1, a profile of UCS
test results along a core in this tunnel zone is not possible to be elabo-
rated. Nevertheless, results of UCS tests from three different cores are
shown in Fig. 18.

Fig. 18 shows high shotcrete density values and high UCS strength
results in zone 1. This is also the case for sample UCS_12 which held a
shotcrete joint. In addition, stress—strain curves show evident differences
between peak and residual values. Finally, a statistical comparison of
UCS test results between zones 1 and 2 is given in Fig. 19.

Fig. 19a shows that zone 1 has no indication of degradation since it
shows high UCS strength values with little scattering. On the other hand,
zone 2 shows lower UCS strength values with high scattering.

Fig. 19b incorporates shotcrete density results measured just before
the execution of the 14 shotcrete samples tested for UCS strength. This
figure clearly illustrates that the highest two UCS test and shotcrete
density results correspond to zone 1 and the lowest ten UCS test and
shotcrete density results belong to zone 2. It is also important to high-
light the good correlation between UCS and shotcrete density test results
shown in Fig. 19b, even for extreme values. This is remarkable consid-
ering that only some of these samples are shotcrete-joint free and
different failure modes took place along with different stress rate applied
during testing (strain controlled tests).

3.5. Suction porosity and density

Figs. 20-21 show the results of suction porosity and density along
two shotcrete cores extracted in zone 1.
In Fig. 20, samples 2-3 contain shotcrete joints. In Fig. 21, only
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Fig. 21. Core 2 obtained from the Nordkapp tunnel where water-glass accelerator was used: (a) Whole shotcrete core, (b) density of steel fiber-reinforced shotcrete,

(c¢) suction porosity of steel fiber-reinforced shotcrete.

sample 7 holds a shotcrete joint. Figs. 20 and 21 show that shotcrete
samples holding shotcrete joints have the highest suction porosity and
the lowest shotcrete density in the core.

Fig. 20 shows a slight trend of higher suction porosity towards the
traffic room. The exception is the last sample exposed to the traffic room
with a sudden decay in suction porosity. This latter observation is
probably associated with the formation of calcite in the carbonation
zone.

Fig. 22 shows the results of suction porosity and shotcrete density in
core 12 (Zone 2).

Fig. 22 shows a clear trend of higher suction porosity and lower
shotcrete density towards the traffic room. Alike Figs. 20-21, the sam-
ples holding shotcrete joints in Fig. 22 (samples 17 and 20) have the
highest suction porosity and lowest density values in the core. In addi-
tion, Fig. 22 also indicates carbonation at the far end of the core exposed
to the traffic room with a drop in suction porosity.

Fig. 23 shows the results of core 7 located in zone 2 as well.

Fig. 23 shows that the core broke at a shotcrete joint, despite the
machine continued drilling for about 10 cm more. In addition, the core
in Fig. 23 also gives the highest suction porosity and the lowest density
values in the shotcrete joint. The trend in suction porosity and shotcrete
density towards the traffic room are similar to Fig. 23. The only
exception is sample 10 in Fig. 23 with a local higher density and lower
suction porosity.

Finally, a statistical overview of suction porosity results and their
relation to shotcrete density are given in Fig. 24 for both tunnel zones.

In comparison to zone 1 in Fig. 24a, zone 2 presents a higher average
suction porosity value and a higher dispersion of the results. Both ob-
servations indicate that the level of degradation is higher in zone 2.
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It is important to point out as well in Fig. 24b the good correlation
between suction porosity and shotcrete density test results, even for the
extreme values.

4. Discussion
4.1. Sampling and investigation methods

With regard to sample height for UCS tests, traditional concrete
testing recommends a nominal h/D of 2 for cylinders [40]. This is a
challenging requirement when it comes to shotcrete testing. First of all,
the contact between the rock and shotcrete is uneven. The same happens
on the shotcrete surface exposed to the traffic room. Then, to get a
cylinder of shotcrete with flat surfaces on both ends, the core extracted
from the field should have a clearance in length of several cm on top of
the required height. In addition, about 5 mm is lost each time the sample
is sliced (thickness of diamond saw). This is why, shorter samples with a
h/D of 1 were executed in addition to some samples with a h/D of 2. As
shown in Fig. 7, the ultimate axial stress obtained with these shorter
samples is, in average, 15% higher than those longer ones with a h/D of
2. Alike Fig. 19b, Fig. 25 plots UCS strength results over shotcrete
density. However, Fig. 25 groups the samples by h/D instead of the zone
where they were extracted.

Fig. 25 illustrates that taller samples (h/D = 2.0) tend to average the
results, but all the samples can be linked to the same trend line. When it
comes to the analysis of degradation, a test which is more sensitive is
valuable, and that is what a shorter sample can give in addition to the
creation of profiles along the cores.
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4.2. Results

The zones investigated in the Nordkapp tunnel indicate that the in-
situ condition of shotcrete with water—glass accelerator (zone 1) is
better than the shotcrete installed in zone 2, where alkali-free acceler-
ator was used. This is supported by higher UCS and shotcrete density
results along with lower suction porosity values with limited scattering
in all the just-mentioned parameters in zone 1.

The observation that the shotcrete with water-glass based acceler-
ator results in a higher long-term strength compared to the one using
alkali-free accelerator might be considered in contradiction with several
studies reported in the literature. In some studies, however, the com-
parison of concrete strength with different accelerator types are judged
to be unfair, using the highest accelerator dosages in concrete samples
containing the water—glass accelerator [29,47]. In these two references,
the doses of water-glass accelerator were 10% and 12% respectively,
well above the Norwegian practice 25 years ago.

Other studies conclude that alkali-free accelerators are able to reach
higher long-term mechanical strength for the shotcrete and reduce the
susceptibility to sulfate attack in comparison to alkaline activators
[6,25,26,48]. However, in these references, the alkaline accelerators are
only represented by sodium aluminate solutions, not sodium silicates
(water-glass). In particular, it is concluded that the aluminates are
responsible for a higher amount of different aluminate hydrates, among
others, monosulfoaluminate. The higher amount of monosulfoaluminate
in this type of accelerator makes the concrete more susceptible to form
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ettringite under an external source of sulfate and inhibits further hy-
dration of the alite at early stages of hydration.

A historic review of shotcrete as rock support in Norway in the mid-
1990 s, where water-glass was the dominant accelerator type,
concluded that a compressive strength close to 50 MPa from drilled
cores after 28 days of curing was normal [49]. Furthermore, another
research undertaken in Norway some years later between shotcrete
using water-glass and alkali-free accelerators obtained no significant
differences in UCS values after 28 days of curing, exceeding the samples
50 MPa regardless of the accelerator type [50]. The main finding of this
research is not the satisfactory condition of the shotcrete with water-
—glass accelerator, but rather the physical and mechanical changes
observed in the shotcrete layer where alkali-free accelerator was used.

The leaching severity in zone 2 is observed by:.

e A noticeable decay of density towards the traffic room shown in
Figs. 16, 17 and 22

o A significant increase of suction porosity towards the traffic room in
Figs. 22-23

o A clear reduction of UCS strength towards the traffic room shown in
Figs. 16 and 17

Ettringite enrichment in shotcrete joints is also observed in the
shotcrete where the alkali-free accelerator was used. The high suction
porosity values measured in these shotcrete joints suggest that there
might be a link between the ettringite formation in these joints and the
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eventual increase of suction porosity due to the expansion capacity of
ettringite. In this regard, it is important to highlight that sample 17 in
Fig. 22, cracked after a drying and wetting cycle for the suction porosity
test. This was observed only in this sample out of 22 suction porosity

samples. In agreement with these observations, Table 2

the only two cores which broke at shotcrete joints occurred in cores

belonging to zone 2.

indicates that
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The shotcrete condition in zone 2 is poor with a shotcrete joint near
the shotcrete surface. In the area of the shotcrete layer just next to the
carbonation zone, apart from a higher suction porosity and lower
shotcrete density detected, the highest sulfur concentration was
observed. Within the carbonation zone, high sulfur concentrations are
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not expected since several sulfur containing minerals in the cement
paste are not stable when the Ph less than 10.7 [44].

Regarding the distribution of sulfur concentration, it is important to
mention that to a minor extent zone 1 also contained higher sulfur in-
tensities near the shotcrete surface adjoining the carbonation zone (see
Fig. 9b and Fig. 12c). This observation identified in both tunnel zones
suggests that there is an extra source of sulfur coming from the traffic
room. Thus, the shotcrete with alkali-free based accelerator installed in a
subsea road tunnel has three potential sources of sulfur. From the
accelerator itself, from the marine groundwater and from the traffic
room. With regard to the latter case, air pollution analysis in traffic
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tunnels describes sulfur dioxide SO, as a common gas emitted by vehi-
cles [51,52], which is soluble in water. This is the probable explanation
for what was observed near the traffic room in the three cores where
p-XRF analysis was executed.

The sources of sulfur combined with a hydraulic gradient that might
promote leaching can create an aggressive interaction for the shotcrete.
The availability of Ca, Al and Si ions in the pore solution generated by
the leaching of hydrated cement phases facilitate the formation of sec-
ondary expansive minerals under an external source of sulfate [18,22].
On the other hand, the higher is the porosity in the concrete caused by
leaching, the easier is for aggressive ions to penetrate farther into the
concrete. In turn, the cracking generated by sulfate attack can also
promote further ingress of aggressive ions in the concrete and promote
leaching.

Considering that a higher water-cement ratio leads to a higher suc-
tion porosity [53], there is an indication that during construction the
water conditions between zones 1 and 2 were different based on the
local suction porosity measured near the rock in these two zones. While
suction porosity results near the rock in zone 1 were 20.1% and 20.9%
(samples 1 and 5 in Figs. 20-21 respectively), the suction porosity
measurement near the rock in zone 2 gave 23.5% (sample 14 in Fig. 22).
In connection with these findings, there was no sulfur and chlorine
ingress from the rock in zone 1 (Fig. 9b and Fig. 12c¢ for sulfur and Fig. 9d
and Fig. 12g for chlorine), while there was sulfur and chlorine ingress in
zone 2 (Fig. 12d for sulfur and Fig. 12h for chlorine).

Magnesium was identified by p-XRF analysis near the shotcrete
surface exposed to the traffic room in cores 3 and 2 extracted from zone
1 (Fig. 9¢c and Fig. 12e respectively). None of the XRD analyses in the
area identified brucite. The origin of the magnesium content coming
from the traffic room is unknown. A possible source of magnesium could
be MgCl, used as dicing salts. However, there is no evidence from the

(a) (b) (©)
cO l l L l l MgCl, in the first
2 lllllllillliill years of operation?
I (A
Carbonation I 7 }
Zone Calcite } NaCl used today
Shotcrete
Shotcrete — layer
ot 3| Buingie e
. . Chlorine ingress only if local
Slﬂf}lr Ingress 01{1}’ {f local suction porosity is high
suction porosity is high Eventually \
Rock mass cr f tt Rock mass

Suction

porosity

Low

Fig. 26. Summary of observations in the Nordkapp subsea road tunnel. (a) Sulfur ingress and distribution along the core, (b) suction porosity distribution along the

core, and (c) chlorine and magnesium ingresses.
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road authorities in this regard and today only NaCl is being used for
winter maintenance of the roads. The source could also come from saline
groundwater running down the shotcrete surface, but this second hy-
pothesis does not explain the lack of magnesium in zone 2 (Fig. 10c),
where the shotcrete surface is wet.

In the cores extracted from the Nordkapp subsea road tunnel, a
summary of what was observed is given in Fig. 26:

Fig. 26a mainly represents the shotcrete where alkali-free accelerator
was used. Nevertheless, sulfur ingress from the traffic room and less
evident sulfur enrichment in shotcrete joints are also observed in shot-
crete where water-glass accelerator was used. Fig. 26b fairly represents
all the shotcrete analyzed. Finally, Fig. 26¢ shows the ingress of chloride
and magnesium ions in the cement paste coming from the traffic room,
which was mainly observed in the shotcrete where water-glass was
used.

In the carbonation area of the different shotcrete samples, corrosion
of steel fibers is expected as the pH decreases and steel fibers depassi-
vate. In addition, there is also chloride attack from the traffic room
generated by de-icing salts which are dispersed all over the tunnel lining
by the vehicles [54]. In the non-carbonated part, steel fibers are not
visible corroded (Fig. 11). A possible explanation is that there is no
macro-cell corrosion taking place in the fibers (no huge area difference
between localized attack and the rest of the steel passivated) as it hap-
pens in rebars or rock bolts under a localized attack. Moreover, a recent
experimental study concludes that the critical chloride concentration is
higher in steel fiber than in steel rebar, being both embedded in concrete
[55].

In the Nordkapp tunnel, there is no risk of frost deterioration since it
has anti-freezing doors at both ends of the tunnel. These doors only open
during winter when a vehicle approaches the tunnel.

5. Conclusions

The Nordkapp subsea road tunnel was investigated in order to
explore the in-service condition of steel fiber-reinforced shotcrete used
as permanent rock support without any inner lining after more than 20
years of operation. The inspection of this tunnel offers the opportunity to
compare the shotcrete applied with both water-glass and alkali-free
accelerator types exposed to saline groundwater. This tunnel is of
particular interest because it was the first time alkali-free accelerator
was used in Norwegian road tunnels.

Two phenomena are observed in the shotcrete analyzed regardless of
the core location:.

Ju

. Carbonation occurs at the shotcrete surface exposed to the traffic
room detected by calcite deposition in XRD test, lower pH of the pore
solution determined by the thymolphthalein pH indicator and a
relative reduction in suction porosity. The carbonation depth ex-
ceeds 20 mm in specific spots of the Nordkapp tunnel after 23 years
in service.

2. The highest suction porosity and the lowest shotcrete density was

observed at the boundary of two consecutive layers (shotcrete joints)

in a core. This research highlights these areas as weakness zones
within the shotcrete core.

In the specific case of shotcrete with alkali-free based accelerator,
indications of leaching was observed by:.

1. A significant increase in suction porosity accompanied by a reduc-
tion in shotcrete density towards the traffic room.

2. Noticeable strength reduction along the cores towards the traffic
room shown by UCS test results down to 40% of the original strength
required in one case in the last 10 cm.

Coincidently with these leaching indications, the highest sulfur
concentration detected with p-XRF occurred near the shotcrete surface,
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adjoining the carbonation zone, where the suction porosity is high.

Furthermore, in this shotcrete with alkali-free accelerator, in-
dications of leaching and sulfate attack were also observed in shotcrete
joints by:.

1. Ettringite enrichment found by XRD analyses and sulfur mapping
with p-XRF.

2. How weak these shotcrete joints showed to be during core extraction,
being two cores broken (out of eight cores) in these joints, despite the
fact that the drilling continued for approximately 10 more cm.

3. Visible cracks in a sample containing a shotcrete joint used for the
suction porosity test after the drying and wetting cycle.

To a minor extent, slightly higher sulfur concentration and suction
porosity values were also observed in the shotcrete with water—glass
based activator near the shotcrete surface just next to the carbonation
zone. Nevertheless, no detrimental mechanical consequences for the
shotcrete were found.

Regardless of the accelerator type, a reduction in potassium content
was observed in the cement paste towards the traffic room, indicating
that alkali-metals are being leached out from the shotcrete layer.
However, these profiles did not accurately fit with density and suction
porosity profiles along the cores.

Corrosion of steel fibers was only observed within the carbonation
area. In the uncarbonated area, steel fibers did not show visible signs of
corrosion.

The results obtained from the field in this research highlight the need
to study together the susceptibly of sulfate attack and leaching, i.e., to
perform laboratory tests on shotcrete samples exposed to sulfate bearing
solutions under a unilateral pressure. This research also emphasizes the
need to monitor the concentration of different gases in road tunnels as
environmental factors which influence the durability of materials. In
shotcrete, particular emphasis should be placed on sulfur dioxide.
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ABSTRACT: In Norway, there are currently more than 30 subsea road tunnels in operation. The Varde Tunnel was the first one, finalized in
1983. In general, road tunnels require rock support for its stabilization along with other materials, equipment, consumptions and activities
that affect the cost during their Operation and Maintenance (O&M). These resources aim to fulfil requirements related to water and frost
protection, fire protection system, drainage system, ventilation system, lighting, air purification systems, etc. A subsea tunnel incorporates
additional and unique features such as marine water leakages, a restricted access for maintenance of tunnels and a considerable elevation
difference between their portals and the deepest point. The estimated annual O&M costs for existing subsea road tunnels in Norway analysed
herein show that Traffic volume by AADT is alone a good predictor for such costs per tunnel meter with limited scattering.

KEYWORDS: Road tunnels, Subsea tunnels, Operation and Maintenance, Costs, Norway

1. INTRODUCTION

Data and experience obtained from operation, maintenance,
rehabilitation and eventually upgrading of tunnels can be a source of
data for Life Cycle Cost (LCC) estimations (Moretti, L.,
Cantisani,G., Di Mascio P., 2016). A thorough comprehension of
LCC in road infrastructure may then lead to improve the use of
limited resources by assessing new projects for their whole lifespan.

This research will focus on the costs for the Operation and
Maintenance (O&M) of subsea road tunnels in Norway. The
analysis of their costs may provide indications of the conditions of
tunnels if they are analyzed over time. Moreover, it may provide
feedbacks about the financial consequences of new standard
regulations (Norwegian Public Roads Administration, 2012b).
Finally, the thorough understanding of activities and equipment
during O&M of subsea road tunnels may be the basis for their
environmental footprint assessment (Huang, Bohne, Bruland,
Jakobsen, & Lohne, 2015).

In Norway, there are currently 33 subsea road tunnels under
operation (Table 1) and several more under construction.

The European standard NS-EN 13306:2017 (Standard Norge,
2017) defines operation as a combination of all technical,
administrative and managerial actions, other than maintenance
actions, that results in the item being in use. In turn, it defines
Maintenance as: “the combination of all technical, administrative
and managerial actions during the life cycle of an item intended to
retain it in, or restore it to, a state in which it can perform the
required function”.

In this analysis, maintenance activities may involve the
replacement of clements and equipment, but a distinction in
comparison with rehabilitation and/or upgrading (which are not
covered in this research) is made. In the first case, the replacement is
done according to the original standards (when the tunnel was
constructed) while in the former two cases, the replacement is done
according to current regulations.

Operation and maintenance shall ensure that the level of safety in
the tunnel is upheld by maintaining the assumed functional
requirements and safety (Norwegian Public Roads Administration,
2004).

The O&M of roads in Norway are tendered to different
contractors where the country is split in packages. These contracts
usually last for three to five years. Within these packages, the
contractor may have a set of tunnels to be operated and maintained
(Norwegian Public Roads Administration, 2018a).

The Norwegian Public Roads Administration aims to monitor
their policies and standard regulations in order to ensure that life
cycle of tunnels and their equipments are in accordance with their
strategies and the experience gained after commissioning is

registered and applied in new projects (Norwegian Public Roads
Administration, 2012b).

The O&M costs presented herein are derived from MOTIV. This
is a program belonging to the Norwegian Public Roads
Administration which yields cost estimates for the O&M of each
tunnel. The model was created in order to properly allocate budget
annually for the O&M of road traffic. These estimates are based on
the different elements and their corresponding quantities that each
tunnel has according to the Norwegian road database “Nasjonal
vegdatabank NVDB” (Norwegian Public Road Administration,
2018b). On the other hand, unit prices given by Contractors during
the bidding process for the different tasks and activities to be
undertaken during O&M are inferred in the model from actual
operating contracts. In this regard, it is important to mention that the
degree of details and tasks assigned vary between contracts and
therefore unit prices for each task are not directly obtained from
such contracts.

Figure 1 describes the distribution of estimated annual O&M
costs in road tunnels (not only subsea tunnels) belonging to the
national network (Norwegian Public Roads Administration, 2012b).

Ventilation
system
3%

Others

Electricity
Consumption
22 %

Safety
equipment
8%

Maintainance
of Pavement
10%

Structural
Requirements
19 %

Power Supply -
Common Facilities
10 %

Figure 1: Annual O&M Cost distribution of National Road
Tunnels in Norway — 2011, where 620 km were analyzed
(Norwegian Public Roads Administration, 2012b)
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As shown in Figure 1, the electricity consumption is the highest
expense accounting for 22%. This cost represents the aggregate
electricity consumption from lighting (during day, twilight and
night), jet fans, pumps and some other needs and facilities in
tunnels.

Structural Requirement costs, which accounts for 19% in Figure
1, represent the costs related to the inspection and eventual repair for
rock support such as bolts, sprayed concrete, sprayed concrete ribs,
cast concrete lining, etc., and removal of loose rock blocks (scaling)
(Norwegian Public Roads Administration, 2013). In addition, this
cost encompasses the inspection and eventual repair for water and
frost protection elements (Norwegian Public Roads Administration,
2012¢).

The solutions that have been applied for water and frost protection
in existing Norwegian subsea road tunnels are (Norwegian Public
Roads  Administration, 2006); (Norwegian Public Road
Administration 2018b):

o Corrugated steel plate in walls and roof.

e Tunnel Sealing, consisting of a waterproof membrane in
walls and roof.

o A Polyethilene PE foam sheet covered by a layer of sprayed
concrete with Polypropylene PP fibers in walls and roof.

e Pre-cast concrete elements (in walls or walls & roof)
protected by an Extruded Polystyrene foam XPS sheet and
a waterproof membrane. In case this solution is only
applied on walls, the most common solution for the roof to
create a thermal insulation vault is with a PE foam sheet
covered by sprayed concrete with PP.

e Cast in place concrete lining with a waterproof membrane.

The third highest expense are cleaning costs. It encompasses not
only the cleaning of the main tunnel’s roof and walls, but also
escape routes, niches, equipment, traffic signs, railings, etc. Tunnel
cleaning shall secure the function and lifetime of the tunnel
equipment, secure clean air in the tunnel (less dust whirled up by
traffic) and contribute to a positive experience for road users by
ensuring an aesthetically pleasing and safe tunnel.

Power supply and common facilities include the O&M of
transformers, Power distribution board, earthing system, cable
bridges, UPS (Uninterruptable Power Supply) etc. The activities
include their cleaning, functional testing, visual inspection and
thermography.

Maintenance of Pavement includes the resurface of pavement and
to a lesser extent, the inspection of its smoothness, surface friction
control, de-icing salt consumption, etc.

Safety equipments costs include the right O&M of fire-fighting
extinguishers, emergency telephones, air quality monitoring
equipments, etc.

The O&M of tunnel lighting includes the light fittings,
conventional lightning equipment for entry zone and for the night,
evacuation light fittings, replacement of fluorescent lamps, etc.

Ventilation system costs consider the O&M of jet fans in tunnels
and shafts and the corresponding control system to ensure pollutant
concentration under control at all times and managing the smoke
under a fire.

Within the concept of “others” costs, it is included the O&M of
pump, air cleaning system, drainage system, railings and cushions,
curbs, dehumidification plant, event detection, etc. Except pumps,
drainage system and curbs, most of these objects are only present in
few tunnels.

2. METHODOLOGY FOR ANALYSIS

The variables to be analyzed in this research, which may influence
the annual O&M cost of subsea road tunnels in Norway are:

e Tunnel Length
o Traffic volume AADT
o Traffic layout (Number of tubes & driving lanes)

Table 2 describes shortly these variables.

Table 2: Description of variables considered in this study

Variable Short Description
Tunnel Length ~ Longer tunnel means more infrastructure to be
operated and maintained.
Traffic Volume  The traffic volume is quantified by the Annual
AADT Average Daily Traffic AADT. This variable

corresponds to the total annual traffic in a
tunnel in both directions divided by 365. As
shown in Figure 2, the traffic volume
quantified as AADT is a key variable in
defining tunnel categories, which in turn define
safety measures and safety equipment in
tunnels (longer than 500 m).

The number of tubes and driving lanes have
consequences regarding safety issues such as
layout of emergency lay-bys and turning niches
as shown in Table 3. In addition, it is
interrelated with traffic volume and the
longitudinal slope (eventual extra overtaking
lane for steep longitudinal slope stretches).

Traffic Layout

As already mentioned, tunnel categories determine the
requirements for safety measures and safety equipment in tunnels
longer than 500 m. This applies, for example, to the number of
tunnel tubes and their corresponding cross section area, the need for
emergency lay-bys, turning niches and emergency exits. (Norwegian
Public Roads Administration, 2016).

Figure 2 shows the different tunnel categories according to
current regulations.
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Figure 2: Tunnel categories based on current regulations
(Norwegian Public Roads Administration, 2016).

There are two more tunnel categories not mentioned in Figure 2.
One is class A for AADT < 300 AADT and the other one is class F
for AADT > 50,000. In both cases, the stated boundaries of traffic
volume are not dependent on tunnel length. In the same regulations,
it states that tunnel category E and F shall have two tubes.

As an example, Table 3 gives the interval for emergency lay-bys
and turning niches as a function of tunnel categories.
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Table 3: Normal distance for emergency lay-bys and turning niches
according to current regulations (Norwegian Public Roads
Administration, 2016).

Tunnel Normal Normal Comments
Category  distance for distance for
emergency turning point
lay-bys [m]
[m]

Meeting Points in
single lane tunnels

A N ° used by traffic in
both directions.
Turning points for

B 500 2000 tunnels longer
than 4 km.
Turning points for

C 375 1500 tunnels longer
than 3 km.
Turning points for

D 250 1000 tunnels longer
than 2 km.
The specified
distance applied

E 300 . for each tunnel
tube (Twin tubes).
The specified

F 250 ) distance applied

for each tunnel
tube (Twin tubes).

3. RESULTS
3.1  Tunnel Length

Table 1 shows the estimated annual O&M costs for the 33 subsea
road tunnels under operation in Norway. These values are plotted in
Figure 3 as a function of tunnel length. This chart also gives the
O&M costs “per tube”, as the variable “tunnel length” in twin tube
tunnels does not take into consideration the roughly double cost in
comparison to a single tube tunnel for the same tunnel length.

2500
2000 OPer tunnel
y=0.176x .
5 1500 ¢ Per tube Rz=0_43| .‘_,E
> PRl
3 o o PRI
@ 1000 2] P
= o et
oy . = @
g s00 o+ Qﬁf{g s @
- 2 =@ y=0.171x
e+ d' R =052
0 -
0 2000 4000 6000 8000
Tunnel Length [m]
Tube Length [m]

Figure 3: Estimated annual (2018) O&M Costs for Subsea Road
Tunnels as a function of length.

When the tunnel has only one tube, the O&M cost “per tunnel
length” and “per tube length” coincides as shown in Figure 3. In
only four cases this match did not occur, three of them because they
are twin tube tunnels (Tromseysund, Knappe, and Bjervika). The
remaining case (Karmoy), has a branch approximately perpendicular
to the main tunnel, i.e. the tunnel has three portals.

As expected, the linear regression for the O&M cost “per tube
length” provides less scattering than “per tunnel length”. This can be
identified visually since empty squares are farther in relation to their

trend line in contrast to the red diamonds in Figure 3, which are
closer to its fitting line.

As shown by Figure 3, the O&M cost of subsea road tunnels in
Norway increases with their lengths, but also the scattering is higher
for longer tunnels.

3.2 Traffic Volume AADT

Figure 4 shows the 33 subsea tunnels studied in this research
clustered by traffic volume AADT. The range for each cluster was
selected taking into account the current regulations depicted in
Figure 2.
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Figure 4: Distribution of subsea road tunnels in Norway (33) by
traffic volume - 2018

As depicted in Figure 4, the majority of subsea road tunnels in
Norway have been constructed for low traffic volumes (AADT <
4,000). It suggests that most of subsea tunnels would be class B if
the current regulations were applied (Figure 2).

It is important to mention as well from Figure 4 that there is one
tunnel with one tube and two driving lanes in the traffic volume
range between 8,000 and 50,000 AADT. This is the Skansen tunnel,
the shortest subsea road tunnel in Norway located in an urban area
(City of Trondheim).

If the estimated annual O&M costs “per tunnel” displayed in
Figure 3 is broken down by traffic volume AADT, different straight
trend lines can be drawn for each cluster as shown in Figure 5:
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Figure 5: Estimated annual (2018) O&M costs for subsea road
tunnels grouped by similar traffic volume as a function of tunnel
length.

From Figure 5 it is possible to get an average O&M cost per
traffic volume range. Table 4 summarizes the results:

Table 4: Estimated annual O&M cost in subsea road tunnels in
Norway per traffic volume range.

Traffic O&M costs Number of Correlation

Volume range USD /year/ TM data coefficient
AADT <4000 113 19 0.80
4000 - 8000 183 5 0.94
8000 - 50000 300 8 091
AADT > 50000 1100 1 1.00
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Figure 5 also indicates that there is a directly proportional
relation between the annual O&M cost per tunnel meter and traffic
volume. One could then conclude that the higher is the traffic
volume, the higher is the annual O&M cost per tunnel meter.
However, if the analysis incorporates the variable unit of traffic
volume into the same cost per tunnel meter, the conclusion is the
opposite, being those tunnels with heavier traffic cheaper than those
with lower traffic as shown in Figure 6.

9.0
3
o 80 d ® | Tube - 2 Lanes
2 70 + 1 Tube - 3 Lanes
-4
z B2 Tubes - 2 Lanes cach
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Figure 6: Estimated annual (2018) O&M Cost for subsea road
tunnels per tunnel meter and per unit of traffic volume over traffic
volume.

It is important to highlight in Figure 6 that the ratio between the
annual O&M cost per tunnel meter and per unit of traffic volume for
a traffic volume range between 500 AADT and 5000 AADT is
roughly 8 times, while the ratio between tunnels conveying 5000
AADT and 50000 AADT is only 2 times.

To conclude on traffic volume, Figure 7 shows the correlation
coefficient for both: Annual O&M cost per tunnel meter over traffic
volume and annual O&M cost per tube meter over traffic volume.
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Figure 7: Estimated annual (2018) O&M Costs per tunnel meter

/tube meter for subsea road tunnels as a function of traffic volume.

Figure 3 shows that there is a better correlation between O&M
cost per tube over tube length than the same cost for each tunnel
over tunnel length. However, Figure 7 exhibits less scattering
between O&M cost per tunnel meter than per tube meter when they
are both plotted over traffic volume. The difference in correlation
coefficient in Figure 7 is not very large, since the results are
influenced by all the tunnels with single tubes (where annual O&M
cost per tunnel meter and per tunnel tube are the same).

3.3  Traffic layout

Figure 7 gives an indication about the influence of traffic layout on
annual O&M cost. There is a very high correlation between annual
O&M cost per tunnel meter over traffic volume without having
broken down the tunnels by traffic layout. The next chart (Figure 8)
gives the same figures disaggregated by traffic layout.
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Figure 8: Estimated annual (2018) O&M costs for subsea road
tunnels over traffic volume broken down by traffic layout.

It is important to note from Figure 8 the strong relation between
traffic layout and traffic volume.

Figure 9 aims to show the simultaneous interaction between
tunnel layout and traffic volume over annual O&M cost per tunnel
meter.

USD / year / TM

Figure 9: Average of estimated annual (2018) O&M Cost of
subsea road tunnels for the respective traffic volume and traffic
layout. (The grid is empty when there is no subsea tunnel in Norway
with the specified traffic volume and traffic layout).

In Figure 9, it is important to mention that the representation of
subsea tunnels is unequal. Figure 4 gives the actual number of
subsea tunnels for each traffic layout-traffic volume combination.
While sixteen subsea tunnels can be categorized as “l1 Tube — 2
Lanes” with a traffic volume AADT < 4,000, only one tunnel is
available for the grid “2 Tubes — 3 Lanes” and “AADT > 50,000”.
Leaving this uneven representation aside, which may trigger bias in
the conclusion, Figure 9 shows an unambiguous increase relation
between traffic volume (AADT) and the annual O&M cost per
tunnel meter. The same cannot be stated for traffic layout, where a
larger number of driving lanes/tubes does not imply necessarily a
higher O&M cost per tunnel meter.
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4. DISCUSSION

All the estimated O&M costs shown in Table 1 come from the
program MOTIV calculated for the year 2018. Some sources of
errors and shortcomings are important to be mentioned:

e The consolidation of the raw data related to the bill of
materials collected by the Norwegian road database
(Norwegian Public Road Administration, 2018b) is still
evolving. Besides, rehabilitation and upgrading of tunnels
are constantly taking place. Then, quantities of equipment
and new technology updates may not be registered or
wrongly registered.

e Some cost features are not covered by the level of detail
implemented in the model.

e The cost model is based on the presumption that the tunnels
are built according to the regulations with no faults.

The above-mentioned limitations may influence the sensitivity of
the annual O&M cost results. Nevertheless, they do not affect
significantly the overall view of O&M costs per year since the
program MOTIV has developed for more than one decade.

It is very likely that more detail information for each subsea
tunnel may increase the annual O&M cost dispersion as particular
issues not identified by idealization of cost items will appear, but on
the other hand, the continuous upgrading of tunnels to a similar level
of comfort and safety should dampen the scattering generated by
this extra information.

As traffic volume AADT variable is explicitly stated in
Norwegian regulations, it is not surprising its good correlation with
the annual O&M cost per tunnel meter. Some other factors may
intensify this good correlation such as existing guidelines for O&M
Contracts in Norway (Norwegian Public Roads Administration,
2018a) and the upgrading of several subsea tunnels to a similar level
of safety and comfort.

As shown in Figure 7, a better correlation is obtained with traffic
volume when the O&M cost per unit length is classified per tunnel
instead of per tube. This is not intuitive, as an analysis per tunnel
does not reflect the roughly double cost of a twin tube tunnel
compared to a single tube tunnel with the same tunnel length.
Nevertheless, an extra tube entails a higher traffic volume, trading
off the extra cost. In addition, the fact that the tubes in a twin tube
tunnel do not have the same cost triggers more scattering in the
analysis per tube.

The maximum depth below sea water level gives an idea of the
maximum elevation difference within a tunnel as long as their
portals are near the seashore, which is normally the case. O&M
costs that may be linked to this variable are electricity consumption
for pumping out water and removal of air pollutants. In subsea
tunnels, one could expect a certain correlation between the deepest
point measured from seawater surface and the tunnel length, as there
are practical restrictions on the longitudinal slope. The longitudinal
slope for road tunnels in Norway today is restricted to 5%. Some
older subsea tunnels, however, have overcome a gradient of 10%
and even more. (Norwegian Public Roads Administration, 2012a).
Figure 10 shows the maximum depth below seawater over tunnel
length for the 33 tunnels analysed.
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Figure 10: Relation between maximum depth below sea level and
tunnel length in Norwegian subsea road tunnels (33).

An expectation from Figure 10 could be an increasing cost per
tunnel meter for longer subsea tunnels if the variable “maximum
depth below sea water” was relevant for the O&M costs. However,
Figure 5 indicates that they are constant per unit length for each
traffic volume range and therefore one may conclude that maximum
depth below sea water is not relevant. This latter statement may be
misleading, as inherent shortcomings from the model already
mentioned may be affecting the sensitivity of the results.
Nevertheless, it is a fact the systematic reduction of water leakage
after commissioning in most of the subsea tunnels. (Norwegian
Public Roads Administration, 2002). This may indicate that there is
a certain self-sealing capacity of the rock mass. One possible
explanation may be the filling of sediment in rock mass
discontinuities washed out from the sea bottom (Nilsen, B., 2014).

In general, frost is an issue in road Norwegian tunnels near portal
areas (Norwegian Public Roads Administration, 2004).
Nevertheless, winter maintenance routines, which ensure a proper
road surface at the entrance and approach zone, represent a very
small part of total O&M costs in tunnels. Furthermore, subsea road
tunnels in Norway are located near the coastline and therefore they
are exposed to a mild cold climate compared to the rest of the
country. Table 1 gives the amount of frost Fio estimated for each
tunnel, where in most of the cases this variable is less than 8000
h°C. The latter threshold value is the upper boundary for not
protecting tunnels against frost according to current Norwegian
regulations (Norwegian Public Roads Administration, 2016).

The long-term degradation of materials such as corrosion in bolts
(Norwegian ~ Public ~ Roads  Administration, 2015)  and
biodeterioration in concrete (Karacic, Wilen, Suarez, Hagelia, &
Persson, 2018) are not visualized in these costs. Nevertheless,
analysis on rehabilitation/upgrading costs in tunnels may provide
findings regarding the costs related to these degradation
mechanisms.

S. CONCLUSION

The 33 subsea road tunnels currently under operation in Norway
were analyzed herein. The estimated O&M costs studied in this
research come from the program MOTIV for the year 2018. The
available results indicate that the influencing variables on the annual
O&M cost of subsea road tunnels in Norway are:

o Tunnel Length
o Traffic volume
Traffic volume by AADT has shown to explain alone the annual
O&M costs per tunnel meter with limited scattering (Figure 8).

From Figure 8, a straight trend line between O&M cost per tunnel
meter in subsea road tunnels and Traffic volume is proposed:

USD/year/TM = 0.014*AADT + 108 (R2=96%) (1)
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The good correlation between the estimated annual O&M costs of
subsea road tunnels in Norway per tunnel meter and traffic volume
is not coincidental as several requirements related to comfort and
safety for road users are explicitly related to tunnel categories,
which in turn depend on traffic volume.

The available O&M costs belong to subsea road tunnels, which
have different ages (between 1983 and 2018) and therefore relate to
different regulations and specifications during construction.
Nevertheless, if O&M costs are grouped by a similar traffic volume,
a constant O&M cost per tunnel meter can be inferred for each
cluster (Figure 5).

Even though, the O&M cost per unit length increases with a
higher traffic volume, the analysis of O&M cost per vehicle -
kilometer suggests that tunnels with heavier traffic are in fact much
cheaper than those constructed for a low traffic (Figure 6). The ratio
is 8 times more expensive for the AADT range between 500 and
5,000 and a ratio of 2 times for the AADT range between 5,000 and
50,000.

Traffic layout, which describes the number of tubes and driving
lanes in a tunnel (and therefore relates to its total cross section area),
is strongly influenced by traffic volume (Figure 8). However, Figure
9 indicates that O&M cost per tunnel meter is not much sensitive to
traffic layout, but conclusion may be bias by the underrepresentation
of the existing twin tube subsea tunnels (Figure 4). To conclude on
traffic layout, it is important to mention that the term “one tube with
three lanes” used in this research does not imply that the whole
subsea tunnel has actually three lanes, as an extra overtaking lane
only apply on steep stretches (steeper than 6%) next to portal zones.

Available O&M costs indicate that the variable “Maximum depth
below sea level” is not relevant, but there are several shortcomings
in the model that may be misleading the conclusion.

Amount of frost, which only affects the entrance zone of tunnels,
is not a relevant variable for the O&M cost of subsea tunnels. Two
main factors are: 1- Subsea road tunnels are located near the
shoreline and 2- they are relatively long (Only 5 out of 33 tunnels
are shorter than 2 km).

Further studies on rehabilitation/upgrading costs may provide
findings regarding degradation mechanisms in subsea road tunnels.

6. REFERENCES

Huang, L., Bohne, R., Bruland, A., Jakobsen, P., & Lohne, J.
(2015). Life Cycle Assessment of Norwegian Road Tunnels.
Int J Life Cycle Assess, 174-184.

Karacic, S., Wilen, B., Suarez, C., Hagelia, P., & Persson, F. (2018).
Subsea Tunnel Reinforced sprayed concrete subjected to
deterioration harbours distinct microbial communities.
Biofouling, DOI: 10.1080/08927014.2018.1556259.

Moretti, L., Cantisani,G., Di Mascio P., (2016) Management of road
tunnels : Construction, maintenance and lighting costs.
Tunnelling and Underground Space Technology 51 84-89.

Nilsen, B. (2014). Characteristics of Water Ingress in Norwegian
Subsea Tunnels. Rock Mech Rock Eng, 47:933-945.

Norwegian Public Roads Administration. (2002). Subsea Road
Tunnels in Norway, Publication 98.

Norwegian Public Roads Administration. (2004). Road Tunnels
Manual 021.(In Norwegian).

Norwegian Public Roads Administration. (2006). Water and Frost
Protection in Tunnels. Handbook 163. (In Norwegian)
Norwegian Public Roads Administration. (2012a). Major Research
and Development Project: Modern Road Tunnels 2008-2011.
The Limits of our Knowledge about Tunneling - Lengths and

Depths. Report 136. (In Norwegian).

Norwegian Public Roads Administration. (2012b). Operation and
Maintenance of road tunnels - Main Costs, report 132. (In
Norwegian).

Norwegian Public Roads Administration. (2012¢). What is the cost
of repairing the national roads? - Report 75. (In Norwegian)

Norwegian Public Roads Administration. (2013). Inspection of
Rock Mass and rock support in Road Tunnels, Report 199.
(In Norwegian).

Norwegian Public Roads Administration. (2014). Road Construction
Handbook N200. (/n Norwegian).

Norwegian Public Roads Administration. (2015).
Protection in tunnels, Report 410. (In Norwegian).

Norwegian Public Roads Administration. (2016). Handbook of
Road Tunnels N500. (In Norwegian).

Norwegian Public Roads Administration. (2018a). Manual R763 -
Documents for Operational Road Contracts. (In Norwegian).

Norwegian Public Road Administration (2018b) The National Road
Database
https://www.vegvesen.no/en/professional/roads/national-
road-database

Standard Norge, E. (2017). NS-EN 13306:2017 Maintenance

Terminology. Standard Norge.

Corrosion




ISBN 978-82-326-5976-0 (printed ver.)
ISBN 978-82-326-6243-2 (electronic ver.)
ISSN 1503-8181 (printed ver.)

ISSN 2703-8084 (online ver.)

“ NTNU

Norwegian University of
Science and Technology



	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page



