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ABSTRACT: Sprayed concrete in combination with rock bolts has successfully been used for
permanent rock support in tunnels for decades. The main shortcoming is that sprayed concrete
alone is unable to function as permanent waterproofing in tunnels that requires a dry interior
tunnel surface. Therefore, the trend is final inner linings of cast-in-place concrete or waterproof
pre-cast segmental lining. In hard rock conditions such concrete linings often represent an exces-
sive structural design, resulting in unnecessary costs, excavated volume, construction time and
CO,; emissions. The research project SUPERCON, aims to develop a waterproof sprayed con-
crete, as an alternative to the currently used linings. The research results indicate the feasibility
of a waterproof sprayed concrete. The concept is presented and discussed. To emphasize the
effect of the concept, a comparison is made on CO, emissions from cement and excavated
volume of rock for four different lining types used in road and railroad tunnels.

1 INTRODUCTION

Sprayed concrete has been successfully used for permanent rock support for several decades.
The final inner lining for waterproofing and esthetic purposes has been realized by using cast-
in-place concrete in many cases, or different types of drainage and thermal insulation shield
structures for drip protection of the carriageways and railroad tracks.

The water management in the Scandinavian hard rock philosophy is based on drained tun-
nels, in which the water seepage is controlled through probe drilling and pre-excavation grout-
ing (PEG) when required.

The hard rock ground support philosophy, which has been implemented in the Scandi-
navian countries, considers the rock mass as the main mechanically load bearing part of the
tunnel structure. The rock support, consisting of a combination of rock bolts and sprayed
concrete, has a function of maintaining an intact tunnel contour and a rock mass with as little
as possible deformations to act as a self-standing structure. The main shortcoming is that
sprayed concrete alone is unable to function as a permanent waterproofing in tunnels with
strict requirements to no drips or wet surfaces on the interior tunnel surface. Therefore, the
trend today is final inner linings of cast-in-place concrete with sheet membrane waterproofing
or waterproof pre-cast segmental lining. Thus, in hard rock ground conditions the traditional
use of concrete linings in many cases represent an excessive structural design, as it is not
needed for rock support purposes, but to function as a permanent waterproofing.
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The excessive structural design using cast-in-place concrete or other lining structures
used in the current practice, have a significant impact on cost, excavated volume of rock
mass, construction time and CO, emissions. Several projects have been successfully com-
pleted with a lining system based on a combination of sprayed concrete and spray
applied waterproofing membrane in a continuously bonded structure (Holter 2016).
However, several technical challenges related to the construction and application process
have yet to be improved, to make this method a robust method for tunnel applications.

The research project SUPERCON (Sprayed sUstainable PErmanent Robotized CON-
crete) aims to innovate a drained waterproof sprayed concrete, as an alternative to the
currently used linings in road and railroad tunnels, to reduce excessive use of concrete
and reduce the excavated volume of rock mass. This would further lower costs and
reduce the construction time. The research project is currently being carried out at
SINTEF, NTNU and NGI in collaboration with the tunnelling industry, as well as
public owners.

2 TECHNICAL BACKGROUND

2.1 Sprayed concrete, function as support and lining

The rock support, consisting of a combination of rock bolts and sprayed concrete, has
a function of maintaining an intact tunnel contour and a rock mass with as little as possible
deformations to act as a self-standing structure. Under such conditions, the rock support will
only be exposed to local loads and mostly receive very low loads when exposed to the weight
of loose or deforming blocks of rock. A significant part of the lining will under such condi-
tions be a mechanically passive structure.

The addition of fiber reinforcement or the use of mesh for sprayed concrete increases its
post-cracking performance, also referred to as the sprayed concrete’s toughness (Bernard &
Thomas, 2020). The use of mesh is uncommon in Scandinavian countries with regards to hard
rock tunnelling.

As of today (2020) the minimum required thickness for sprayed concrete in Norwegian traf-
fic tunnels (rail, road and metro) is 80 mm. This thickness requirement is based on durability
consideration in order to assure a service lifetime of 100 years under normal exposure
conditions.

The continuous development of the sprayed concrete technology has led to improvements
in several areas. These comprise improved constitutive materials and application process,
improved technical performance of the in-situ sprayed concrete, increased predictability of the
function of sprayed concrete linings, as well as more detailed and consistent technical specifi-
cations of material requirements.

The main function of a sprayed concrete lining in today’s practice is to provide permanent
ground support. This means the following:

— Material properties, in-situ applied, to suit the need for effective ground support in hard
rock and weakness zones

— Long term durability under the given exposure to geomechanical, hydrogeological and geo-
chemical conditions with respect to the design service lifetime of the project

Recent research (Holter, 2015) has also demonstrated that the intact sprayed concrete
material, when constructed according to strict material requirements (Norwegian Con-
crete Association, 2011), has an extremely low hydraulic conductivity and is literally
impermeable from a practical perspective in a tunnel. Furthermore, the sprayed concrete
material exhibits a significant water vapor permeability. Subject to the gradient in rela-
tive air humidity, in reality the gradient in the partial pressure of water vapor, from the
tunnel air to the concrete pores near the rock-concrete interface, a moisture transport
through a sprayed concrete lining in the form of vapor transport from the rock mass to
the tunnel air will take place.

153



2.2 Layout of lining

Traffic tunnels in hard rock have traditionally in Scandinavian practice been constructed with
a permanent rock reinforcement lining and a separate inner water drip and frost protection
structure. This structure acts as a drainage shield and leads seeping water to the invert, hence
protecting the carriageway from drips (Broch et al. 2002). In order to manage the water ingress
to the tunnel as well as the effects on the groundwater, a pre-grouting program is always part of
this tunnel design method. The tunnel structure will be permanently drained, as illustrated in
Figure 1. Recent technical developments have led to improvements of the drip protection lining
system in the form of concrete segments for highway tunnels with high traffic density. For rail-
way tunnels, the trend has been to implement the central European cast-in-place concrete lining
methodology (Holter et al. 2013). The two lining systems are shown in Figure 2.
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Figure 1. Principal sketches of drained tunnel lining system in a rock tunnel in Scandinavian practice.
Left: The layout of the lining system (after Broch et al. 2002) Right: The in-situ groundwater pressure
situation around a completely drained tunnel.

Figure 2. Photos of two completely drained lining systems from modern traffic tunnels. Left: The
Nordic drip and freeze insultation lining system based on concrete segment structure. Courtesy A. Hom-
leid. Right: the conventional cast-in-place concrete lining system, Ulvin railroad tunnel, Norway.

3 LAYOUT OF TECHNICAL SOLUTION WITH WATERPROOF SPRAYED
CONCRETE
The functional perspective for the SUPERCON lining concept originates from the docu-

mented properties of undrained and partly drained concrete lining with waterproofing mem-
brane (Holter 2016). In a hard rock tunnel this lining concept utilizes the effect of the
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increased hydraulic conductivity in the excavation damage zone (EDZ). The water that seeps
through fissures and fractures in the rock mass outside the EDZ, is drained through the EDZ
towards the invert of the tunnel, reducing the groundwater pressure close to the lining, as illus-
trated in Figure 3. The water in the invert is collected in the tunnel drainage system. The
drainage effect of the EDZ has been investigated in four different research works (Holter
2014, Holter 2015, Nilsen 2019 and Aas 2020). The draining effect of the EDZ has been inves-
tigated for maximum 5 bar of hydrostatic water pressure.

The proposed SUPERCON lining, with a waterproof sprayed concrete, will consist of
a regular sprayed concrete layer for rock support purposes covered by a waterproof
sprayed concrete as the inner and final layer. Figure 3 shows an illustration of the layout
for a lining concept with waterproof sprayed concrete. The proposed lining system has
many similarities to the system which uses sprayed concrete and a waterproofing membrane
(Holter 2016).

The SUPERCON project has investigated the main sources of seepage through the concrete,
to fully understand the challenges a watertight sprayed concrete need to overcome. Further,
innovative mix designs with significantly reduced cement content have been tested in laboratory
scale and full-scale tests in tunnels. Some of the sprayed concrete mixes have shown very good
performance regarding reduced shrinkage induced cracking and reduced water seepage though
artificially made cracks. Some of this work has been published in Holter et al. (2023).
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Figure 3. Illustration of the concept with waterproof sprayed concrete with a partly drained tunnel.
Left: shows the effect of the EDZ. Right: shows the rock support of sprayed concrete in grey, and the
waterproof sprayed concrete in yellow.

4 ENVIRONMENTAL FOOTPRINT ASSESSMENTS

For the assessment of environmental footprint from different lining types, three types of
recently used linings in Norwegian tunnels are represented, in addition to the lining with the
most promising sprayed concrete mix from SUPERCON. The lining types are briefly
described as follows:

Lining type 1 (Cast-in-place) is common during excavation with drilling and blasting; the
first stage of the lining is the initial rock support which includes a layer of sprayed concrete
and rock bolts, followed by a levelling layer of sprayed concrete. The final layer of the lining
is concrete casted by the use of formwork. This type is commonly used in railroad tunnels
where the load from the air surge caused by passing trains is heavy.

Lining type 2 (pre-cast segmental lining) is an example from the recently built Follo Line project
in Norway, a twin tube railway tunnel connection between Oslo and Ski, excavated by using

155



TBM’s. The segmental lining was installed shortly behind the TBM. The annular space between
the pre-cast lining and the rock mass was backfilled with a cementitious grout (Kalager & Gam-
melsater, 2019).

Lining type 3 (Pre-cast concrete elements), is the Norwegian traditional system, typically
used in road tunnels. The first stage of the lining includes a layer of sprayed concrete and rock
bolts, to establish an initial and permanent rock support. Further an inner shield is con-
structed with pre-cast elements in the walls, and water and frost protection in the arch consist-
ing of PE-foam mats, covered with sprayed concrete as fire protection. An annular space of
approximately 50 cm between the sprayed concrete and the inner shield remains open.

Lining type 4 (waterproof sprayed concrete lining) is the proposed innovative lining pre-
sented above. It consists of a layer of sprayed concrete and rock bolts for the permanent rock
support, and then a layer of the waterproof sprayed concrete (SUPERCON concrete).

According to Ecoinvent 3, based on Wernet et al. (1989) plain concrete with cement with
200 kg/m* CEM I1/B approximately 88% of the CO2-equivalents are from cement. To empha-
sise the environmental effect regarding the carbon footprint, it is chosen to present basic
examples by mainly using the cement in the concrete. The calculations consider A1-A3, which
is the acquiring of raw materials, transport to manufacturing facility, and the manufacturing
process (NS-EN 15804, 2013). Hence, this perspective of this comparison of the environmental
impact of the different types of tunnel linings is conservative.

Table 1 shows the cement content of concrete and thickness of the different elements in
each type of lining for a tunnel with an inner diameter (diameter of the theoretical profile) of
10.5 metres. For lining type 3 the PE-foam sheets are included in the CO, accounting, as this
type of water and frost protection is not required in the other types of tunnel lining.

Table 1. Overview of composition and thickness of four different types of tunnel lining.

Lining type Description CEM II/B [kg/m3] Thickness [m]

1 SC ground support 470 0.1
SC levelling layer 470 0.1
Cast-in-place concrete lining 400 0.3

2 Pre-cast segmental lining 400 0.4
Cement grout-based backfill 350 0.2

3 SC ground support 470 0.1
Open space 0 0.5
PE foam mat 0 0.04
SC Fire protection 470 0.085
Pre-cast elements 400 0.2

4 SC ground support 470 0.1
SC Supercon 450 0.08

According to the EPD for Norcem Brevik FA CEM II/B-M (NEPD-227-1028-NO, 2020)
the production process (A1-A3) gives approximately 582 kg CO,-eq. per tonnes cement.
According to the EPD for ISOLON TX Cross-linked PE foam the production (A1-A3) of PE
foam mats gives approximately 14.6 kg CO, equivalents per m>.

The bar plot in Figure 4 left, presents the calculated consumption of CO,-eq. for the four
different types of lining. Lining type 1 (cast-in-place concrete) is an approach that requires 4.5
tonnes cement per metre tunnel, which results in 2.6 tonnes CO,-eq. per metre tunnel lining.
Lining type 2 (Pre-cast segmental lining) requires 8.8 tonnes cement per metre tunnel, which
results in 5.1 tonnes CO,-eq. per metre tunnel. Lining type 3 (Pre-cast elements) requires 2.1
tonnes cement and 13 m*® PE foam mat per metres tunnel, which results in a total of 1.4
tonnes CO,-eq. per metre tunnel. Lining type 4 (multi-functional layer of sprayed concrete)
requires 2.0 tonnes cement per metres tunnel which results in 1.0 CO,-eq. per metre tunnel.
Both the lining types 1 and 2 are extreme cases regarding cement consumption. For Lining
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Figure 4. Left: CO, eq. per linear meter tunnel for cement used in the lining. For lining type 3, CO, eq.
per production process of PE-foam mats are included. Right: Required excavated volumes needed to
obtain a diameter of 10.5 meters theoretic profile for the four different types of tunnel lining.

type 2, pea gravel could be used instead of cement-based backfill, but the CO2 eq. from the
concrete lining alone results in 3.5 tonnes CO,-eq. per metre tunnel lining.

These types of heavy structures are mostly unnecessary in tunnels excavated in good quality
rock masses with self-supporting properties, as frequently encountered in most Scandinavian
tunnelling projects. Lining types 3 and 4 are quite similar compared to the other two lining
types, but a reduction of approximately 300 kg CO,-equivalents per linear metre tunnel is
quite significant considering a large tunnelling project.

Furthermore, the lining types require different amount of space, which means different exca-
vation volumes, to obtain the same theoretic profile of the tunnel, as shown in Table 1 and
Figure 4. For a TBM-excavated tunnel (lining type 2), the excavated volume is significantly
larger due to the circular shape, for tunnels excavated with drilling and blasting (lining type 1, 3
and 4) the space is horseshoe shaped, reducing the excavated volume. When comparing the
lining types with similar excavation profile shape, the estimation shows that the traditional
lining types 1 and 3 need respectively 10 % and 20 % more excavated rock mass than for the
SUPERCON lining (lining type 4). This gives a significant environmental impact as it increases
use of explosives, mass transportation and volume of blasted rock that need to be disposed.

Due to the relatively high cementitious binder content, sprayed concrete itself carries a high
carbon footprint. The benefit in this context relates to the total required concrete layer thick-
ness which can be significantly reduced and the reduction in excavated volume.

The preliminary SUPERCON mix has a slightly different composition than an ordinary
sprayed concrete mix. A comparison of the CO, emissions for ordinary sprayed concrete and
the SUPERCON sprayed concrete has been conducted, to demonstrate that the CO, emis-
sions from waterproof spayed concrete does bring a significant change in the comparison
between the lining types.

The reference mix, shown in Table 2, sprayed in the SUPERCON field trials at Drammen is
used as a reference for ordinary sprayed concrete in this comparison. This mix design can be
considered representative for rock support in Norwegian tunnelling. The calculation for the
following considers A1-A3. Figure 5 shows that the total CO? eq./m? of the SUPERCON con-
crete is slightly higher than for the reference mix. CO?* eq./m® is 316,4 for the reference mix
and 355,7 for the SUPERCON mix. The major contributors to CO? emissions in both mixes
are mainly cement and steel fibers, however the EVA polymer adds a sizeable CO? contribu-
tion in the SUPERCON mix. The addition of microsilica is not included in these calculations
because it is considered a by-product of the industrial silicon and ferroalloy production. Sev-
eral of the other SUPERCON sprayed concrete mix designs have the potential for even better
performance compared to ordinary sprayed concrete regarding environmental impact.
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Table 2. Constituents of reference mix and SUPERCON mix.

Reference mix SUPERCON mix
CEM II/B-M [kg/m*] 471 449.7
Microsilica fume [kg/m?] 19.6 18.7
Matrix volume [I/m’] 438 438
Water/binder ratio 0.42 0.42
Superplasticizer [%0] 0.9 0.9
Air entrainment [%0] 0.1 0.1
Steel fibers 3D 80/30 [kg/m?] 40 40
Aggregate, 0-8mm [kg/m°] 1402.6 1402.6
Limestone filler [kg/m?] 122.7 117.1
Hydration accelerator [%0] 0 2.6
EVA Polymer [kg/m?] 0 20.02

Figure 5.
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These examples indicate that by optimizing the functionality of sprayed concrete to become

a final inner lining, the carbon footprint from tunnel construction can be reduced to a large
extent. Construction time and costs can also be significantly reduced.

5 DISCUSSION

With today’s knowledge, the presented concept has the following areas of use:

Applicable in hard rock with a self-bearing capacity
Applicable in tunnels and caverns excavated by drilling and blasting
The draining effect of the EDZ has been investigated for maximum 5 bar hydrostatic water

In areas with a water ingress > 5 litres per minute per 100 metres tunnel, pre-excavation
grouting should be performed to reduce the conductivity in the rock mass outside of
the EDZ.

Most Norwegian tunnelling projects are based on rock support practice in hard rock with

self-bearing capacity. This enables the use of rock reinforcement based on sprayed concrete in
combination with rock bolts. Furthermore, PEG is a routine procedure in all tunnels exca-
vated with drilling and blasting in Norway.
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6 CONCLUSIONS

The permanent rock support based on sprayed concrete and rock bolts in Scandinavian prac-
tice is a proven approach for several decades. However, the current practice for final inner
linings is unable to meet modern demands for sustainability. The presented concept enables
a more sustainable solution regarding cost, excavated volume, construction time and CO,
emissions. Utilization of effects from the excavation damage zone from blasting and perman-
ent rock support combined with a watertight sprayed concrete would give a significant reduc-
tion in cement consumption, CO, emissions and amount of excavated rock in tunnels.
Consequently, this would lead to reduced costs and excavation time. The SUPERCON
research project has demonstrated several significant possibilities to reach the goal of con-
structing waterproof tunnel linings which are entirely based on sprayed concrete. The final
results from the SUPERCON project are yet to come, and hopefully the results from the pro-
ject could contribute to more effective tunneling with less CO, emissions.

ACKNOWLEDGEMENT

This paper is a part of the research project “Sprayed sUstainable PErmanent Robotized
CONcrete tunnel lining (SUPERCON)” financed by the Research Council of Norway (project
no. 294724), in cooperation with industrial partners AMV, Masterbuilders Solutions, Bever
Control, Bekaert, Elkem, Entreprenerservice, NORCEM, SWECO Norge, Veidekke, Wacker
Chemicals Norway. Research partners in SUPERCON are NGI, NTNU and SINTEF. The
following public owners support the project; Bane NOR, Nye Veier and the Norwegian Public
Roads Administration.

REFERENCES

Aas, F. 2020. Field investigations of hydraulic properties around blast-excavated tunnels. M.Sc. thesis
NTNU, Trondheim

Bernard, E.S. & Thomas, A.H. 2020. Fibre reinforced sprayed concrete for ground support. Tunnelling
and Underground Space Technology, 99 103302

Broch, E., Davik K. & Grev E. 2002. The inner lining system in Norwegian traffic tunnels. Tunnels and
Underground Space Technology, Vol 17, 2002, pp 305-314.

Holter, K.G. 2014. Loads on waterproof sprayed concrete tunnel linings in hard rock. Rock Mechanics
and Rock Engineering 47:1003-1020

Holter, K.G., Buvik, H., Nermoen, B. & Nilsen, B. 2013. Future trends for tunnel lining design for modern
rail and road tunnels in hard rock and cold climate. Proc ITA-AITES World Tunnel Congress, Geneva.

Holter, K.G. 2015. Properties of sprayed concrete linings. A study of EVA based sprayed membranes for
waterproofing of rail and road tunnels in hard rock and cold climate. PhD thesis 2015:197, NTNU,
Trondheim.

Holter, K.G. 2016. Performance of EVA-Based Membranes for SCL in Hard Rock. Rock Mechanics and
Rock Engineering 49:1329-1358

Holter, K.G., Hammer, T.A.M., Trussell, N.H. & Stremsvik, H. 2023. New development of sprayed concrete
with improved waterproofing, durability and sustainability. Proc ITA-AITES World Tunnel Congress,
Athens.

Kalager, A.K. & Gammelseter, B. 2019. Did the selection of TBMs for the excavation of the Follo Line
project tunnels satisfy the expectations? Proc ITA-AITES World Tunnel Congress, Napoli.

NEPD-227-1028-NO. 2020. Norcem Standard Cement FA, Brevik - CEM II/B-M 42,5 R

Nilsen, E. 2019. Groundwater Pressure on a Partially Drained Tunnel Lining. M.Sc. thesis, NTNU,
Trondheim

Norwegian Concrete Association, 2011. Sprayed Concrete for Rock Support, Guideline No 7. Norwegian
Concrete Association, Oslo.

NS-EN 15804:2012 +Annex 1. 2013. Sustainable structures, environmental declarations, fundamental
product category regulations for construction materials.

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Morneo-Ruiz, E. & Weidema, B. 2016. The ecoinvent data-
base version 3, part I: Overview and methodology. The International Journal of Life Cycle Assessment.

159



