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Abstract
State-of-the-Art Report on: Material Type, Requirements
and Durability aspects of Sprayed Concrete in Tunnels
The report summarizes a state-of-the-art for sprayed concrete applied for ground
support in tunnel environments, in Sweden and several European countries, with focus
on the components, the mix design and the guidelines and specifications. It focuses also
on the addition of supplementary cementitious materials (SCM), where the use, the
common practice and the long-term experience vary from country to country. The
report presents numerous examples of applications in Sweden and seven other
European countries. It also gives an overview about the possible exposure risks and
summarizes the relevant durability issues. Along with specifications in international
standards and guidelines it also reviews the national requirements in Sweden, Norway,
Finland, Austria, France, Germany and Switzerland.
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Preface
This report deals with the material characteristics of sprayed concrete for applications
in underground constructions. The report was done as part of the Geoinfra
collaborative project with the title “Development of standards for functional
requirements at underground facilities with respect to the chemical environment”,
which was partially funded by The Swedish Research Council for Sustainable
Development (Formas) and the Construction Industry's Organisation for Research and
Development (SBUF) from 2012 to 2016. The authors thank Formas and SBUF for
funding parts of their work. The authors want also to thank the other financial
contributors of the project, Cementa AB, Svensk Kärnbränslehantering AB (SKB),
Stiftelsen Bergteknisk Forskning (BeFo), Energiforsk AB and Trafikverket and all
others, which are not further named here.
The report gives an overview about the types of concretes used for wet spray
applications, requirements in Sweden and other countries and possible exposure risks,
which can influence the service life of structures in underground environments. One
focus is also on the common practice in different countries concerning the use of
supplementary cementitious materials (SCM) for sprayed concrete. SCM have become
of paramount importance to reduce the amount of cement clinker in a concrete and by
this also to reduce greenhouse gas emissions per cubic meter of concrete. However, the
best-practice varies in different countries and in Sweden sprayed concrete is often used
without any SCM or only a minor amount of silica fume. The use of SCM in Sweden is
increasing and it needs to be established what impact SCM have on the durability of
sprayed concrete and the service life of structures in the underground environment
(e.g. tunnels).
In this report both terms, sprayed concrete and shotcrete, will be used
simultaneously. Both terms refer to concrete which is sprayed on a substrate and where
a set accelerator is applied.
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Summary
This state-of-the-art report gathers information on sprayed concrete for underground
construction from 121 national and international literature references, with the aim of
presenting an overview of today´s knowledge about the application of sprayed concrete
for ground support in tunnels: on the components and mix design, on the durability
aspects in tunnel environment, on the common practice in actual applications, on the
requirements found in guidelines and standards.
In Sweden and other Scandinavian countries the concrete for this type of applications is
almost always sprayed by the wet-mix method and the concrete is more and more often
reinforced with a certain amount of steel fibers. The composition of the mix is rather
complex. There is always a combination of several admixtures – accelerator, sometimes
also a setting retarder and always the indispensable plasticizers or superplasticizers.
Admixtures are chosen and combined so that their action can provide the desired
property at the desired time: good flow while pumped/sprayed, rapid set once placed,
god early strength, low rebound (especially when using fibers), good adherence, low
porosity/good compaction. Further, for the performance in time, the durability, the
binder composition is crucial. While in Sweden the most common mixes are usually
produced with Portland cement, in some cases with a minor addition of silica fume, the
use of mineral additions – supplementary cementitious materials (SCM) like fly ash or
slag – is more common in several other European countries. The use of SCM has a
major impact on reducing the greenhouse gas emissions related to each cubic meter of
sprayed concrete produced. At the same time the addition of a certain type and amount
of SCM in the mixture will impact on the durability of the sprayed concrete, thus the
service life of the construction, given the often tough underground environment.
Therefore this report has highlights on the use of SCM, as required or allowed by
standards or guidelines and as actually applied in common practice – in Sweden and in
other countries.
A general presentation of the sprayed concrete is found in chapter 1. Chapter 2 presents
the components and the mix design. A major part of chapter 2 is dedicated to the
presentation of larger number of sprayed concrete applications in tunnel environment,
selected among applications where information about the mix design was available, and
preferably also the data on the designed vs. achieved strength. During the literature
survey, special interest was given to finding applications where SCM were used in the
mix. Applications from Sweden, Norway, Switzerland, Austria, Germany, Italy, France
and United Kingdom are presented.
The durability aspects relevant for the sprayed concrete in tunnel environment are
discussed in chapter 3.
A significant part of this state-of-the-art is also dedicated to the requirements – found
in national and international standards and guidelines – for wet mix sprayed concrete.
These are gathered in chapter 4, which covers, besides Sweden: Norway, Finland,
Austria, France, Germany and Switzerland.
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1

Introduction

The aim of the document is to summarize the state-of-the-art for sprayed concrete
applied for ground support in tunnel environments in Sweden with a focus on material
specifications. It gives a broad (if not complete) overview of materials used for sprayed
concrete in Sweden and in other countries. This is followed by a section dealing with
the durability of sprayed concrete in the tunnel environment and possible damage
mechanisms within. The last part includes specifications and guidelines for material
requirements for the application of sprayed concrete in Swedish tunnels and
underground constructions.
Sprayed concrete is one of the most used construction material for underground
construction in Sweden. In Scandinavia for this type of application concrete is sprayed
almost exclusively by the wet-mix method [1]. The dry-mix method is still in use but
mostly applied for concrete repair. In Sweden, due to its lithological situation, sprayed
concrete is often used as the only ground support or lining in tunnels. More and more
tunnels are sprayed with fiber reinforced concrete.
Sprayed concrete exists since ca. 110 years and was first developed in the U.S.A. as drymix application [2]. In dry-mix spraying the dry concrete components (binder,
aggregate) are filled into the spraying pump and are transported by compressed air to
the spraying nozzle, where it is mixed with water and an accelerator. After
World War II wet mix spraying of concrete was developed and became from the mid
1970ties commercially significant [3]. The wet-mix method uses a fresh concrete mixed
in a mixing plant and transported to the construction site, where it is filled into the
spraying pump. At the spraying nozzle only the accelerator is added. Wet-mix sprayed
concrete shows generally a lower rebound and reduced dust generation compared to
the dry-mix method. Furthermore, the concrete quality can be better controlled with
the wet-mix method since the actual mixing is not performed on the construction site
but in the concrete plant [4]. Optionally, setting retarders, if needed, control the setting
behavior of the concrete during longer transport times. Finally, the sprayed concrete
quality is not only defined at the mixing plant but also by the on-site spraying process
itself. Since the accelerator is dosed at the nozzle it is mainly based on the experience of
the operator how the concrete is setting, when sprayed onto a tunnel wall. Usually air
entrainment is added to aid pumpability of the concrete to the nozzle. However, part of
the entrained air will be lost under the spraying process [3,4].
Crucial is the binder composition of sprayed concrete for its performance, durability
and sustainability. In Sweden common shotcrete mixes usually depend only on
Portland cement, in some cases with a minor addition of silica fume. This has
traditional reasons based on requirements, which were formulated by authorities such
as the Swedish Transport Administration (Trafikverket) and which address issues that
influence the service life of structures. However, other countries have different
experiences and are using also mineral additions in the concretes based on
supplementary cementitious materials (SCM). Those consist mostly of the industrial
waste products fly ash, silica fume and ground granulated blast furnace slag. Though
rock fillers such as ground limestone are common for ordinary concrete, the use of
limestone for sprayed concrete in tunnel environments is limited due to the risk of
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thaumasite formation (see section 4) and therefore a reduced durability of the concrete
[5].
SCM offer therefore another possibility to reduce the cement clinker content in sprayed
concrete and by this to increase the sustainability of a construction. Concretes with
SCM, however, have a different hydration behavior [6]. For instance, ground
granulated blast furnace slag and fly ash inevitably slow down the hydration reaction at
early times. A benefit of this is a lower temperature development within the concrete
but also the concrete’s strength develops slower [6]. Practical experience shows that by
choosing the right mix proportion and cement replacement levels of clinker a good
workability can be reached without losing performance or gain negative impacts on the
durability of the concrete (see section 2.1).
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2
Composition and application of
sprayed concrete in tunnels and
underground constructions
2.1

Components of sprayed concrete

Sprayed concrete is to some extent close to another special concrete, self-compacting
concrete. The choice of material and mix design is optimized in a way that the concrete
can be pumped to the spraying nozzle. However, the concrete is placed by shooting the
mixture onto the surface to be covered. From the rheological point of view, a high flow
resistance is required to obtain a good shootability, while the opposite, a low flow
resistance and low viscosity is required for a good pumpability. Hence, there is a special
challenge for the sprayed concrete in the fact that the two requirements are competing
with each other in one and the same fresh mixture, basically at the same time.
Another challenge specific for the sprayed concrete is that it needs to be self-supportive
in vertical or overhead applications. It is sprayed on vertical walls or vaults where it has
to adhere to the substructure or substrate without formwork support and it has to set
very fast once sprayed to avoid drop-off. The sprayed concrete needs a certain
cohesiveness to make it possible to build up the desired thickness of the sprayed layer
during each pass of the gun. The special requirements for the mixture come from this
particular necessity to achieve a concrete having:
• Adequate rheological properties for a stable and continuous pumping and shooting
and
• a good adhesion, cohesion and bond properties, with no segregation and low
rebound at spraying, no bleeding at setting, as well as rapid setting and early
strength development once placed.
A third challenge is related to durability and the service life, since the sprayed concrete
is often placed in environments rated as highly aggressive for the concrete.
Materials used need to comply with EN 206-1 [7] and national application standards
for concrete and comprise:
• Cement – The type of cement is generally ruled by the exposure class for the specific
application. In Sweden mainly a sulfate resistant (SR) Portland cements (CEM I)
with a low alkali content are applied. In other countries also CEM II or CEM III but
to a limited extent compared to CEM I. SR cements, most often expressed as
maximum C3A content allowed, are required when there is a risk for sulfate attack.
Low-alkali cements are required when there is a risk for alkali silica reactions (ASR)
with the aggregates used.
• Addition(s) – Most often silica fume is applied, but also fly ash and ground
granulated blast furnace slag.
• Aggregates – Shall comply with national standards and regulations. Largest particle
size is 16 mm but mostly sizes of maximum 8 or 12 mm are used.
© RISE Research Institutes of Sweden
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• Water – usually potable water, to avoid harmful substances, e.g. sulfates, chlorides,
alkali, oils, sugars, salts.
• Admixtures – (super)plasticizers, accelerators, retarders and admixtures for
workability time control, viscosity modifying admixtures, curing agents, internal
curing compounds
• Fibers – steel fibers are used to reduce the crack width (long-term crack control),
increase fatigue and impact resistance and to obtain ductile post-cracking behavior;
polymer fibers are incorporated for increasing the fire resistance of the concrete and
reduce the risk for explosive spalling (see below).

2.1.1

Cement

The minimum cement content needs to follow EN 206-1 [7] and national standards or
requirements defined in the country of application but it has to be at least 300 kg/m3
[3]. But a certain amount of paste volume is needed to ensure a good flow and the
amount cement is closely related to the water-cement ratio and to the quality of the
aggregates used for the specific application. The water-cement ratio is preferably below
0.45, if possible closer to 0.4 for durability reasons. To obtain a rapid set and fast early
strength gain accelerators are used.
The amount of cement depends also on the quality of the utilized aggregates. To ensure
a good workability, the amount of cement is related to the fines in the aggregates. The
cement demand is lower if 0/16 mm aggregates are used instead of 0/8 mm and if only
natural, rounded particles are utilized in favor of crushed aggregate. However, in
practice the particle size is often 12 mm or smaller and more and more crushed
aggregates are applied. Plasticizer/superplasticizers are used to adjust the concrete
consistency and to keep the water/cement ratio as low as possible.
The cement content in wet-mix sprayed concrete is usually 400-430 kg/m3 [3,8].
In Swedish tunnels where the Swedish Transport Administration is the client, cement
contents are often around 480 +/-20 kg/m3. The environment in the tunnel sets
requirements for the minimum cement (clinker) content and for the cement type. The
tunnel environment is often aggressive, both from the bedrock side as well as from the
traffic side. Usually the choice of cement type follows the requirement in standards
with respect to exposure classes. Most norms require sulfate resistant cement when a
sulfate exposure is expected [9–11]. In Sweden, where the Swedish Transport
Administration is the client, the cement type required is a CEM I MH/LA/SR [12].
However, in Germany, Switzerland and Austria sometimes CEM II and CEM III
cements are used as well for shotcrete applications [3,8].

2.1.2

Mineral additions

Frequently silica fume is incorporated in sprayed concrete mixes. Silica fume increases
adhesion to a substrate, causes less rebound of particles and improves the durability of
the concrete towards frost attack and reduces at the same time permeability values
[13,14]. Next to silica fume class F fly ash is sometimes used for sprayed concrete. Fly
ash improves the rheology of the fresh concrete and increases durability on a long term.
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2.1.3

Aggregates

The quality of the aggregate, e.g. grading (especially the amount of fines), particle
morphology (e.g. rounded or with different degree of angularity) or maximum
diameter, is important not only for the properties of the fresh concrete to be sprayed
but also for the quality of the hardened product.
The maximum diameter is sometimes limited to 8 mm, imposed by the spraying
equipment, to avoid blocking of the nozzle, even if a higher diameter would be
preferred from a technological point of view. Larger particles also lead to higher
rebound when spraying is carried out on a hard surface or may give an unwanted
penetration into the previously placed concrete. Because of these reasons it is preferred
to keep the percentage of particles larger than 8 mm to a maximum of 10%.
The amount of fines is important. A too small content may give segregation, bad
lubrication or risk for clogging. This can be counteracted by using more cement or by
adding silica fume. Too much fines can lead to a more viscous fresh concrete. However
a larger amount of fines is helpful when using fibers. The minimum amount of particles
< 0.125 mm is generally set to 4-5 % and the maximum amount to 8-9 %.

2.1.4

Admixtures

There is always a combination of several admixtures in the sprayed concrete. They are
carefully chosen to work and interact with each other at a certain given time, in the
fresh or in the hardening concrete mixture. In sprayed concrete, accelerators are always
present in order to achieve the required fast early strength gain. Nowadays mostly
alkali free accelerators are applied. These are mostly based on aqueous solutions of
aluminum sulfate or aluminum hydroxide and have a rather low pH of 2 to 3 [15,16].
Since accelerators are applied at the spraying nozzle by the operator and the operator
may adjust the amount of the accelerator according to the substrate and the surface
moisture conditions, the final water/cement ratio may increase. For instance, if the w/c
was 0.42 in the concrete mixing plant, the w/c of the sprayed on concrete may have a
w/c as high as 0.45.
Setting retarders may be added in case the concrete mixing plant is several hours from
the construction site. In some applications up to 12 hours with acceptable workability
could be reached. Today this is possible with the hydration control admixtures
developed in the 1990s.
Plasticizers or superplasticizers are indispensable for the rheological properties of this
type of concrete and are almost always present, while air entraining agents are used to
improve pumpability and frost resistance of the shotcrete.

2.1.5

Fibers

Steel fibers are used in shotcrete to control cracking and to increase the concrete’s
ductility in case of impact or failure and to maintain its flexural strength. The
important parameters are the geometry, the length, length-to-thickness ratio and the
steel quality. Usually long fibers > 25 mm in dosages of 40 to 75 kg/m3 are applied.
Frequently the fibers have hooked ends or are crimped in order to improve the bond
and tensile behavior. In practice, the fiber length depends on the diameter of the pipes
© RISE Research Institutes of Sweden

11

or hoses of the spraying pump and should not exceed 2/3 of the pipe’s internal
diameter [3].
Other fibers, which are mixed into sprayed concrete, are polymer fibers, mostly in form
of fairly short polypropylene fibers of 8 to 12 mm length in amounts of 5 to 10 kg/m3.
Polymer fibers are mixed into the concrete in order to reduce the risk for explosive
spalling in case of fire [17,18]. Explosive spalling may occur if in a tunnel the
temperature increases rapidly within the first minutes and high temperatures are
reached for more than 2 hours, due to a fire [19]. In such a case the thermal
dehydration of the hydrate phases in the concrete’s binder paste create a considerable
steam pressure, which causes the spalling. Polymer fibers melt and decompose between
200 and 400 °C and leave behind a void system, which mitigates any build-up of steam
pressure in the concrete lining. Usually, steel and polymer fibers are mixed together in
appropriate amounts.

2.2

Mix design

For the mix design there is the technology of spraying, which sets conditions for the
mix composition – e.g. a higher water-cement ratio and higher volume of cement paste
which are favorable for a good flow, or the opening at the nozzle which limits the
maximum particle size of the aggregate to be used. Then there are the requirements for
setting time, early strength in the young concrete and a good durability of the hardened
concrete, when a higher cement content but lower water-cement ratio are preferred.
Also, there is the interaction between the amount of cement, water/cement ratio and
the quality of the aggregates, grading and type, where a good flow at spraying has to be
achieved and has to be immediately followed by a good cohesion, a good compaction
without aggregate segregation in the placed concrete, stiffness to stay in place, no
bleeding and later no shrinkage cracking.
Because of these reasons, using high cement contents and very low water-cement ratios
is not the appropriate strategy for achieving a durable sprayed concrete. Increasing the
cement content increases plastic shrinkage and the risk for cracking. As regards the
water/cement ratio, for many durability issues a ratio below 0.40 would be preferable
but for a sprayable wet mix a more realistic lowest ratio is 0.4-0.43 (or maximum 0.45
including the accelerator), at least with the superplasticizers available on the market
today.
Accelerators, water reducing admixtures – and even other types, such as viscosity
modifiers or air entraining agents – silica fume addition and sometimes fibers, all help
dealing with these issues. As for the aggregates, a carefully adjusted grading is always
essential. Table 2.1 lists ranges for the mix proportion of shotcrete collected from
different sources [2–4,20].
Some of the reviewed mix designs compiled in Table 2.1 contained a high initial amount
of entrained air in the mixture to meet the pumpability requirements, instead of relying
on water-reducing admixtures only. During shooting a large amount of air is lost, due
to compaction of the placed mixture, which reduces the slump of the in-situ concrete.
The method has been developed by [21]. With one mix a strength of 48 MPa was
obtained at 28 days. The air content in the fresh mixture before pumping was 17 %,
while in the hardened in-situ concrete only 5.3 %.
© RISE Research Institutes of Sweden
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Table 2.1

Typical ranges for mix proportions for wet sprayed concrete from different sources.
From

To

Units

Cement type

CEM I

CEM II/A-D, CEM III/A

Amount of cement

400

500

kg/m

Silica fume

0

50

kg/m

Aggregate size range 0/8

0/12

mm

Amount of aggregate 1600

1800

kg/m

w/c

0.40

0.48

Accelerator

4

9

% on cement

Plasticizer

0.7

1.5

% on cement

Retarder

0.3

0.5

% on cement

Steel fibers

40

75

kg/m3

3
3

3

2.3 Application of sprayed concrete in the
tunnel environment
2.3.1

Examples from Sweden

2.3.1.1

Norrström Tunnel, Stockholm City Line (Citybana)

The Norrström tunnel is part of the 6 km long double-track commuter train tunnel
system, the City Line, running through Stockholm and connecting Tomteboda to the
south station. It is a 1048 m long segment between Riddarholmen and Gamla Brogatan.
Due to the chloride contents found in the analyzed rock water the shotcrete mix for the
tunnel lining is designed for the exposure classes XS3/XF4, the most aggressive
exposure with regard to corrosion induced by chlorides and freeze/thaw attack
respectively. The City Line is designed for a lifetime of 120 years. The Norrström tunnel
is estimated to be completed during 2014 and the entire City Line during 2017 [22].
The mix design for the sprayed concrete can be found in Table 2.2.

Table 2.2

Mix design of sprayed concrete for Norrström Tunnel, Stockholm City Line.

Cement

CEM I 42.5 N, SR3 MH/LA

520 kg/m3

Aggregate

0/8 mm, natural

Not given

w/c
Accelerator

0.40
Alkali free

Steel fibers
Further admixtures

3-6 % on cement
55 kg/m3

air-entraining agent, plasticizer and
retarder added, in varying amounts

© RISE Research Institutes of Sweden
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2.3.1.2

Boliden Mines, Kristineberg and Renström

The two Mines, located in the far north of Sweden, extract Zn, Cu, Ag, Au and Pb. Steel
fiber reinforced shotcrete was sprayed in both transport and production tunnels [3].
Compressive (cube) strength specifications were at 28 days > 40 MPa. The mix design
for the sprayed concrete can be found in Table 2.3.

Table 2.3

Mix design of sprayed concrete for Boliden Mines, Kristineberg and Renström

Cement

CEM I

490 kg/m3

Aggregate

0/8 mm, natural

Not given

w/c

0.42

Accelerator

Alkali free

6-8 % on cement

Steel fibers

50 kg/m3

Super plasticizer

1.0 % on cement

Adm. for hydration control

0.40-0.60 % on cement

2.3.1.3

LKAB Kiirunavaara mine

The Swedish mining company LKAB operates one of the country’s largest iron ore
mines, at Malmberget and Kiruna in northern Sweden, where iron ore has been mined
since more than a century. Shotcrete for the rock support in the mines has been used
there since almost 50 years, from the 1970s the shotcrete being applied with the wetsprayed method. Shotcrete gives a flexible lining, which is preferred in mining. To
improve the toughness of the lining and avoid an extensive cracking of the concrete,
reinforcement is added (Figure 2.1). At the mine in Kiirunavaara the main haulage level
is today situated at a depth of about 1045 meters below original top of the mountain
(Figure 2.2). The stresses in the bedrock at this depth being considerable, the largescale mining can induce seismic events in the rock mass. For this reason a so-called
dynamic rock support system is being installed, consisting of steel-fiber reinforced
shotcrete with an external steel mesh and special energy absorbent rock bolts capable
of withstanding dynamic loads [23]. The mix design for the sprayed concrete can be
found in Table 2.4.
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Figure 2.1

The tunnel lining system, from [24].

Figure 2.2

Cross section of the Kiirunavaara mine, from [24].

Table 2.4

Mix design of sprayed concrete for LKAB Kiirunavaara mine.

Cement

CEM I

Silica fume

500 kg/m3
20 kg/m3

Aggregate

0/8 mm, natural

1530 kg/m3

w/c

0.46

Steel fibers

40 kg/m3

Plasticizer

2.0 kg/m3

Other admixtures

1.9 kg/m3

2.3.1.4

Bolmen Tunnel 2010

This is a 80 km long water-supply tunnel between lake Bolmen and Perstorp in the
south of Sweden. Tunneling was started in 1975 and the tunnel is in operation since
1987. It was designed for a maximum water flow of 6 m3/s and has a sectional area
about 8 m2. Due to the poor rock quality along some segments a number of collapses
occurred and rock support works had to be undertaken.
© RISE Research Institutes of Sweden
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For the rock support works carried out in 2010 the shotcrete needed to be applied
during difficult working conditions: a very long workability time was required, as well
as very little material rebound and surplus from shotcreting. The mix was designed for
a concrete grade of C32/40. The accelerator was added at the nozzle, at spraying. An
air-entraining agent was used for consistency purposes. The mix in Table 2.5 was used
during the pre-tests [25].

Table 2.5

Mix design of sprayed concrete for Bolmen Tunnel.

Cement

CEM I 42.5 N, MH/SR/LA

Silica fume

490 kg/m3
10 kg/m3

Aggregate

0/8 mm

w/c

Not given
0.43

Accelerator

Alkali free

4-6 % on cement

Steel fibers

45 kg/m3

Super plasticizer

2.0 % on cement

Air entraining agent

0.25 % on cement

Hydration control agent

0.25 % on cement

2.3.1.5 Tunnel project on Highway E6 in Bohuslän, Swedish west
coast, 2010
In this concrete fly ash was used instead of Silica fume [25]. The mix design is shown in
Table 2.6.

Table 2.6

Mix design of sprayed concrete for the tunnel Highway E6 in Bohuslän.

Cement

CEM I 42.5 N, MH/SR/LA

Fly ash
Aggregate

480 kg/m3
10 kg/m3

0/8 mm

w/c

Not given
0.42

Accelerator

Alkali free

4-6 % on cement

Steel fibers

No further information

Not given

Super plasticizer

5.4 kg/m3

Air entraining agent

1.0 kg/m3
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2.3.1.6

Åskott Tunnel, Bothnia Line, northern Sweden, 2004

The Bothnia Line is a 190 km long higher-speed railway opened 2010, running between
Kramfors and Umeå in northern Sweden. It comprises 140 bridges and about 25 km of
tunnels. The Åskott tunnel is about 4 km long. The sprayed concrete considered for this
tunnel is presented below (the pre-test recipe, according to [25], Table 2.7).

Table 2.7
Sweden.

Mix design of sprayed concrete for the Åskott Tunnel, Bothnia Line, northern

Cement

CEM I 42.5 N, MH/SR/LA

Silica fume

475 kg/m3
10 kg/m3

Aggregate

0/8 mm

w/c

1644 kg/m3
0.45

Accelerator

Alkali free

4 % on cement

Steel fibers

55 kg/m3

Super plasticizer

3.8 kg/m3

2.3.1.7

Southern link (Södra länken), Stockholm

This link is the southern part of the city’s planned ring road. The Southern link is about
6 km long, running through 4.5 km of tunnels. BESAB carried out the sprayed concrete
works in one of the link’s largest tunnels. The mix design is in Table 2.8 below [25].

Table 2.8

Mix design of sprayed concrete for the Southern link (Södra länken), Stockholm.

Cement

CEM I 42.5 N, MH/SR/LA

Silica fume

495 kg/m3
10 kg/m3

Aggregate

0/8 mm

w/c

1647 kg/m3
0.43

Accelerator

Alkali free

4-6 % on cement

Steel fibers

55 kg/m3

Super plasticizer

5 kg/m3

2.3.1.8

The Aspen Tunnel

This is a train tunnel in southern Sweden, about 20 km from Gothenburg. The tunnel is
part of the Western Main Line connecting Gothenburg to Stockholm, a line with one of
the highest traffic densities in the country. The tunnel was opened for single-track
traffic in 1914 and later during the 1960s for double-track traffic. Maintenance and
repair works carried out 2013, needing among other things: rock support work along
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the tunnel vaults and insulation against frost on sections with recurring frost attack
[25].
The tunnel repair needed to continue under very busy train traffic. Therefore, in order
to minimize the disturbances, the work was planned for the night time only and one
track at a time, while all traffic was open on the adjacent track but at a lower speed.
Hence high standards for safety and working environment needed to be followed.
One of the main requirements was to use a sprayed concrete with more rapid early
strength. Due to its rapid early strength Portland limestone cement CEM II/A-LL 42.5R
was used as binder, instead of CEM I 42.5N, MH/SR/LA which is otherwise the usual
cement used in Swedish tunnels. The requirement for early strength was 2 MPa at 2
hours. The mixture shown in Table 2.9 is from the pre-tests.

Table 2.9

Mix design of sprayed concrete for the Southern link (Södra länken), Stockholm.

Cement

CEM II/A-LL 42.5R

Silica fume

490 kg/m3
20 kg/m3

Aggregate

0/8 mm

w/c

Not given
0.43

Accelerator

Alkali free

8 % on cement

Steel fibers

55 kg/m3

Super plasticizer

1.5 % on cement

Air void entrainment agent

6 % air content in fresh concrete

Retarding agent

2.3.2

Examples from other countries

2.3.2.1

Lysaker Tunnel, south of Oslo, Norway

0.15 % on cement
1.2 % on cement

The Lysakertunnel is a railway tunnel between Lysaker and Sandvika, south of Oslo.
The excavation was done by drilling and blasting and the implemented ground support
was based on rock bolts and reinforced shotcrete. The wet-mix shotcreting was
executed by a robot conveying the mixture pulsation-free in a dense stream.
The specifications for the shotcrete were: a characteristic cube compressive strength of
45 MPa and a water-cement ratio of 0.45 including the accelerator. Other details
concerning the mix design are found in [26] and in Table 2.10.
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Table 2.10

Mix design of sprayed concrete for the Lysaker Tunnel, Norway.

Cement

CEM II/A-V 42.5 R

Silica fume

480-496 kg/m3
20 kg/m3

Aggregate

0/8 mm

w/c

1450-1500 kg/m3
0.42

Accelerator

Alkali free

Not known

Fibers

Synthetic 48 mm

Not known

Super plasticizer

0.8 % on cement

Air void entrainment agent

0-4.3 kg/m3

Retarding agent

1.2 % on cement

2.3.2.2

Toven Road Tunnel, Norway, 2010 − 2014

The Toven tunnel was a part of a road project in Nordland County, along the Rv78
between Holand and Leireosen. It has a length of about 10,6 km and a cross section
about 50 m2. There is an overburden of about 500 m along the tunnel and a tough rock
spalling behavior was expected. Therefore requirements for significantly higher early
strength were set. According to [3] the early strength requirements were achieved due
to the use of specific a type of accelerator. A 6 % dosage lead to an early strength which
enabled obtaining a layer of sufficient thickness in only one pass.
Compressive strength specifications were:
1 hour: > 1.5 MPa
4 hours: > 4 MPa
24 hours: > 21 MPa
28 days: > 52 MPa
The mix design is given in Table 2.11.

Table 2.11

Mix design of sprayed concrete for the Toven Road Tunnel, Norway.

Cement

CEM II/A-V 42.5 R

Silica fume
Aggregate

490 kg/m3
18 kg/m3

0/8 mm

w/b

1500 kg/m3
0.45

Accelerator

Alkali free

6 % on cement

Fibers

Polypropylene 50 mm length

5 kg/m3

Super plasticizer

5.7 kg/m3

Hydration control agent

5 kg/m3
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2.3.2.3

North Cape Tunnel, Norway

The North Cape tunnel is situated in the far northern part of Norway. It is a 6.8 km long
subsea tunnel, one of the longer of this type in Norway, with its lowest part at 212 m
below sea level. The tunnel is in service since 1999. It was excavated in a rock of poor
quality, with poor stability – mostly shale, sandstone and mica schist – and needed
comprehensive shotcreting for rock support [27]. The roof of the entire tunnel was
reinforced with shotcrete, approximately 4 m3 shotcrete per meter of tunnel. One of the
keys to success was achieving an uninterrupted spraying. This was succeeded, using the
mixture presented Table 2.12. [2]. The average thickness of the sprayed layer was 25
cm. Compressive strength specifications:
1 hour: > 2 MPa
24 hours: > 30 MPa

Table 2.12

4 hours: > 7 MPa
28 days: > 40 MPa (required 30 MPa)

Mix design of sprayed concrete for the North Cape Tunnel, Norway.

Cement

CEM I 52.5 R

3

520 kg/m
3

Silica fume

25 kg/m

Aggregate

0/8 mm

w/b

1700 kg/m

3

0.45

Accelerator

Alkali free

6 % on cement

Steel fibers

25 mm long

50 kg/m

3

Plasticizer

7.5 kg/m

Hydration control admixture

2 kg/m

3

Internal curing agent

5 kg/m

3

2.3.2.4

3

NEAT Gotthard Base Tunnel, Switzerland

NEAT is the Swiss New Railway Link through the Alps (Neue Eisenbahn
Alpentransversale). The Gotthard Base tunnel was built between 2001-2011. It runs 57
km, from Erstfeld to the north to Bodio to the South, thus being the longest railway
tunnel in the world. It is also the deepest, the rock overburden being in places almost
2300 m [3]. The mix design shown in Table 2.13 concerned the Lot 151 in Erstfeld and
Lot 252 in Amsteg.
Compressive strength achieved:
30 min: 0.6 MPa
12 hours: 12.1 MPa
7 days: 31.3 MPa
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Table 2.13

Mix design of sprayed concrete for the NEAT Gotthard Base Tunnel, Switzerland.

Cement

CEM II/A-LL 32.5 R

Silica fume

415 kg/m3
70 kg/m3

Aggregate

0/8 mm

w/b

Not given
0.44

Accelerator

Alkali free

6 % on cement

Superplasticizer

1.2 % on cement

Hydration control agent

0.5 % on cement

2.3.2.5

NEAT Shaft, Sedrun, Switzerland

The Sedrun Shaft, about 800 m deep, serves as a transport and access tunnel for the
Gotthard Main Tunnel. For the rock support wet-mix of sprayed concrete was used –
about 5000 m3 –to a thickness of 15 cm. Cast in-situ concrete was used for lining, about
7000 m3. The mix design for the sprayed concrete and the compressive strength are
presented in Table 2.14 [2].
Compressive strength requirements:
6 min: > 0.2 MPa
30 min: > 0.5 MPa
1 hour: 1 MPa
4 hours: > 3 MPa
24 hours: > 15 MPa
28 days: > 55 MPa

Table 2.14

Mix design of sprayed concrete for the NEAT Shaft, Sedrun, Switzerland.

Cement

CEM II/ A-S 32.5 R

3

450 kg/m
3

Silica fume

40 kg/m

Aggregate

0/8 mm

w/b

1700 kg/m

3

0.43

Accelerator

Alkali free

6-8 % on cement

Superplasticizer

1.2 % on cement

Pumping aid

0.4 % on cement

2.3.2.6

NEAT Intermediate Access Tunnel, Sedrun, Switzerland

The Sedrun tunnel, Lot 350, is a part of the Swiss Alp transit railway NEAT. Shotcrete
lining, to a thickness of 1 to 15 cm, was applied as wet mix. The mix design and the
concrete strength achieved were as shown in Table 2.15 [2].
Compressive strength achieved:
4 hours: 3.7 MPa
24 hours: 7.0 MPa
28 days: 42.0 MPa
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Table 2.15

Mix design of sprayed concrete for the Access Tunnel, Sedrun, Switzerland.

Cement

CEM II/ A-S 32.5 R

Silica fume

50 kg/m3

Aggregate

0/8 mm

w/b

1644 kg/m3
0.47

Accelerator

Alkali free

Plasticizer

2.3.2.7

450 kg/m3

5 % on cement
1.2 % on cement

Koralmtunnel, Austria

The railway tunnel, connecting Gratz to Klagenfurt, is part of the European BalticAdriatic Railway Corridor. It is 33 km long and is designed as two parallel running oneway tunnels with a diameter of about 10 m. The tunnel has a special design with respect
to the drainage elements and a special mixture was required for the sprayed concrete –
with low clinker content – in order to limit the calcification and the clogging of the
drainage pipes [3].
Specified compressive strength:
6 min: > 0.2 MPa
24 hours: > 5 MPa

1 hour: > 0.6 MPa
28 days: > 25 MPa

The mix design is given in Table 2.16.

Table 2.16

Mix design of sprayed concrete for the Koralmtunnel, Austria.

Cement

CEM I 52,5R

Fly ash

280 kg/m3
140 kg/m3

Aggregate

0/8 mm

w/b

1695 kg/m3
0.50

Accelerator

Alkali free

7 % on cement

Superplasticizer

0.90 % on cement

Air entrainment agent

0.2 % on cement

2.3.2.8

Kienberg Tunnel, Austria

The Kienberg tunnel, part of the Pfyrn Motorway in upper Austria, was driven through
closely fractured and jointed rock at relatively high excavation speed [2]. The rock
support consisted of lattice girder, double wire mesh, sprayed concrete and 4 to 6 m
long grouted rock bolts. The thickness of the sprayed concrete layer had to be increased
because of frequent overbreaks. Also, the performance of the sprayed concrete needed
to take into consideration that rock bolting and drilling for forepoling took place
immediately after the spraying. The early strength development had to fulfil the
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requirements in the Austrian Norm J2, the class applicable when early active rock
pressure is present [9].
Specified compressive strength:
6 min: > 0.25 MPa
24 hours: > 14 MPa
28 days: > 38 MPa

1 hour: > 0.8 MPa
7 days: > 28 MPa

The mix design is given in Table 2.17.

Table 2.17

Mix design of sprayed concrete for the Kienberg Tunnel, Austria.

Cement

CEM II/A-S 42.5R

420 kg/m

3
3

Fly ash

140 kg/m

Aggregate

0/8 mm natural and crushed

w/b

1750 kg/m

3

0.48

Accelerator

Alkali free

7 % on cement

Superplasticizer

0.50 % on cement

Hydration control agent

0.50 % on cement

2.3.2.9

Strengen Tunnel, Austria

The early strength development in the sprayed concrete in this tunnel needed also to
comply with the requirements in the Austrian Norm J2 (see previous example) due to
the quality of the rock mass. The rock support in this motorway tunnel bypassing
Strengen, west of Innsbruck, consisted of lattice girders double wire mesh, 20 cm of
sprayed concrete and 4 to 6 m long fully grouted rock bolts. The mix design is shown in
Table 2.18 [2].
Specified compressive strength:
6 min: > 0.3 MPa
24 hours: > 15 MPa
28 days: > 48 MPa

Table 2.18

1 hour: > 0.9 MPa
7 days: > 36 MPa

Mix design of sprayed concrete for the Strengen Tunnel, Austria.

Cement

CEM II/A-S 42.5R

Fly ash
Aggregate

140 kg/m3
0/8 mm

w/b
Accelerator

420 kg/m3

1830 kg/m3
0.45

Alkali free

Superplasticizer
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2.3.2.10 Schwäbisch Gmünd Tunnel, Germany
The tunnel is 2.2 km long and is a road bypass for the city of Schwäbisch Gmünd,
located south east of Stuttgart. The rock support consists of lattice girders, mesh,
sprayed concrete and rock bolts. The thickness of the applied layer of the sprayed
concrete was 15 to 20 cm [3]. The mix design is given in Table 2.19
Specified compressive strength:
6 min: > 0.2 MPa
6 hours: > 1.8 MPa
28 days: > 25 MPa

Table 2.19

1 hour: > 0.6 MPa
24 hours: > 5 MPa

Mix design of sprayed concrete for the Schwäbisch Gmünd Tunnel, Germany.

Cement

CEM II/A-LL 42.5 R

380 kg/m3

Aggregate

0/8 mm

1580 kg/m3

w/b

0.51

Accelerator

Alkali free

Superplasticizer

7 % on cement
1.2 % on cement

2.3.2.11 Irlahüll Tunnel, Germany
Irlahüll tunnel is part of the High Speed Railway Nürnberg-Ingolstadt. It is a 7.26 km
long excavated tunnel through limestone and sandstone and with water table, locally,
above the tunnel crown. The rock support was 20-40 cm of sprayed concrete on wire
mesh reinforcement with systematic rock bolting and face support when required [2].
The mix design is given in Table 2.20
Compressive strength:
6 min: > 0.3 MPa
1 h: 1.0 MPa
28 days: > 45 MPa

Table 2.20

30 min: > 0.7 MPa
24 h: >15 MPa

Mix design of sprayed concrete for the Irlahüll Tunnel, Germany.

Cement

CEM I 52.5

Fly ash
Aggregate

50 kg/m3
0/8 mm sand and crushed material

w/b
Accelerator

380 kg/m3

1710 kg/m3
0.50

Alkali free

8-10 % on cement

Superplasticizer

0.60 % on cement

Retarder

0.30 % on cement
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2.3.2.12 Ditschart Tunnel, Germany
The tunnel is part of the road bypass around the city of Altenahr, 40 km south of Bonn,
and is approximately 0.5 km long. The tunnel was excavated by drill and blast and
supported following the principles of NATM (New Austrian Tunneling Method), by
sprayed concrete, rock bolts, welded wire fabric and arches. The sprayed concrete
needed to be transported from a ready-mix plant about 25 minutes away and some
tunneling activities had a variable timing. Therefore a stabilizer was used as hydration
control agent, allowing for a flexible placing schedule of the sprayed concrete without
quality loss. The stabilizer was dosed at 0.6 % by cement weight, but the dose may be
varied between 0.4 and 2.0 % for a hydration control from 3-4 hours to 3 days [2].
The mix design is given in Table 2.21.

Table 2.21

Mix design of sprayed concrete for the Strengen Tunnel, Austria.

Cement

CEM I 32.5 R

380 kg/m3

Aggregate

0/8 mm

1860 kg/m3

w/c

0.52

Accelerator

Alkali free

6.1 % on cement

Plasticizer

0.60 % on cement

Hydration control agent

0.80 % on cement

2.3.2.13 S. Giacomo Tunnel, Bolzano, Italy
The San Giacomo tunnel is a 2,5 km road tunnel, part of the city´s bypass road. Most of
the tunnel was excavated by drilling and blasting. For the sprayed concrete used for the
tunnel support the technical specifications in the Austrian Norms were followed,
considering very low temperatures occurring in winter and a magnitude of the
overbreaks of about 80 cm or more in some places. The mix design for the sprayed
concrete is shown below [2].
The mix design is given in Table 2.22.

Table 2.22

Mix design of sprayed concrete for the S. Giacomo Tunnel, Bolzano, Italy.

Cement

CEM II/A-L 42.5

480 kg/m3

Aggregate

0/8 mm

1560 kg/m3

w/b
Accelerator

0.47
Alkali free

Superplasticizer
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2.3.2.14 Galleria Cassia-Monte Mario, Rome, Italy
For the refurbishment of the existing tunnel, to improve its safety, a new lining of a
minimum of 37 cm sprayed concrete was applied on the entire tunnel profile [3].
The mix design is given in Table 2.23.

Table 2.23

Mix design of sprayed concrete for the Galleria Cassia-Monte Mario, Rome, Italy.

Cement

CEM II/A-LL 42.5 R

500 kg/m3

Aggregate

0/6 mm

1540 kg/m3

w/b

0.42

Accelerator

Alkali free

Superplasticizer

8 % on cement
4.5 l/m3

2.3.2.15 A3 Hindhead Road Tunnel, England
The tunnel, commissioned by the UK Highway Agency, is a twin bore 1,8 km long road
tunnel constructed 2008-2011 completing the link between London and Portsmouth.
The excavation works were carried out in geology of weakly cemented sandstone with
some fault zones. The design of the tunnel consisted of a permanent primary lining of
sprayed concrete, a waterproof membrane, sprayed upon it, and a secondary lining of
both cast and sprayed concrete [3]
Compressive strength specifications were: > 1.0 MPA at 1hour, reduced to 0.8 MPa
The mix design is given in Table 2.24.

Table 2.24

Mix design of sprayed concrete for the A3 Hindhead Road Tunnel, England.

Cement

390 kg/m3

Fly ash

50 kg/m3

Silica fume

50 kg/m3

Aggregate

No information

w/b

0.38

Accelerator

Alkali free

7 % on cement

Superplasticizer

2.8 l/m3

Hydration control agent

2.5 l/m3
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2.3.2.16 North Downs Tunnel, Channel Tunnel Rail Link, England
This is a single-bore twin-track tunnel, about 3.5 km long and with an excavation cross
section of 140 m2. It was designed for a life time of 120 years, with a primary layer of
sprayed concrete and a second layer of cast in-situ concrete [2].
Compressive strength:
30 min: > 0.3 MPa
24 hours: >19.5 MPa
28 days: > 36 MPa

1 hour: > 0.5 MPa
3 days: 26 MPa
56 days: >42 MPa

The mix design is given in Table 2.25.
Table 2.25 Mix design of sprayed concrete for the North Downs Tunnel, Channel Tunnel Rail
Link, England.
Cement

CEM I 52.5

360 kg/m3

Fly ash

90 kg/m3

Aggregate

1730 kg/m3

w/b

< 0.40

Accelerator

Alkali free

5.0 % on cement

Superplasticizer

0.83 % on cement

Hydration control agent

1.1 % on cement

2.3.2.17 A-14 Highway, Paris, France
A twin road tunnel 1.7 km long underneath the city of Paris [2].
Compressive strength reached:
4 hour: 10-13 MPa

7 hours: 17 MPa

The mix design is given in Table 2.26.

Table 2.26

Mix design of sprayed concrete for the A-14 Highway, Paris, France.

Cement
Aggregate

425 kg/m3
0/8 mm

w/b
Accelerator

1660 kg/m3
0.45

Alkali free

5.0 % on cement

Steel fibers

Not given

Superplasticizer

1.0 % on cement

Hydration control agent

0.4 % on cement
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2.3.2.18 A 86 Highway, Balbigny to La Tour de Salvagny Rhône Alpes, France
The three tunnels (2x 3900 m, 2x 1030 and 2x 700m), excavated by drill and blast, are
part of the highway A 86, itself part of the great cross link from the Rhône-Alpes region
to the Atlantic [3].
Compressive strength:
7 days: 24 MPa

28 days: 35 MPa

The mix design is given in Table 2.27.

Table 2.27 Mix design of sprayed concrete for the A 86 Highway, Balbigny to La Tour de
Salvagny Rhône -Alpes, France.
Cement

CEM I 52.5

410 kg/m3

Aggregate

0/8 mm

1710 kg/m3

w/b
Accelerator

0. 50
Alkali free

Superplasticizer
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3
Durability of sprayed concrete in
the tunnel environment
3.1

Introduction

Durability of construction materials is one of the key parameters in the service life of
underground constructions. The tunnel environment is very specific in its
environmental conditions and requires careful planning and choice of materials. The
durability of concrete in general is controlled by the material itself and its application
but also by external factors such as the environment, maintenance and service
conditions. Figure 3.1 shows a number of factors influencing durability of concrete in a
tunnel environment.

Figure 3.1 Some of the factors influencing the durability of concrete in underground
constructions.

In tunnels and other underground constructions cement based materials are applied in
form of grouts, in-situ cast, precast or sprayed concrete. The grouts are used in order to
inject cracks and cavities within the bedrock thus consolidating and stabilizing the
ground. They are also used for fixing rock bolts to the bedrock and protecting them
from corrosion. Grouts can be cement based [28] but polymer based materials are also
in use (chemical grouts) [28,29]. In-situ cast concrete is usually used for inverts,
installations, such as air vent shafts, paving or drainage channels, and/or tunnel linings
(in older tunnels). Precast concrete is often used for tunnel liner segments. The
advantage of pre-casting is the better quality control of the concrete in the precast plant
but has also the disadvantage that storage and transport of the cast elements might be
more expensive. Sprayed concrete is in most cases applied as a first ground
stabilization measure immediately after excavation of a tunnel. Depending on the
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design requirements the lining of a tunnel can be exclusively sprayed concrete or
precast concrete segments [2,3]. Figure 4.2 gives an overview of materials used in a
rock tunnel.

Figure 3.2

Materials used in tunnels.

These different types of materials show different characteristics with regard to
durability. These characteristics are related to the material composition, mixing and
application procedure. This includes binder type, water/cement ratio, aggregate type
and size, air void content and others. Due to the location of their application these
materials will be exposed to different environmental factors. Grout will, for instance, be
in close contact with the bedrock and percolating groundwater, the concrete on the
inside of a road tunnel is exposed to spray water from road traffic and CO2 from the
exhaust of vehicles.
For the environmental conditions within underground constructions exposure classes
according to EN 206 [7] can be applied. The definitions of the exposure classes relevant
for underground structures are given in Table 3.1.
Swedish and European regulations and requirements concerning materials and
exposure conditions will be explained below. Here, only an overview will be given.
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Table 3.1

Exposure classes for concrete according to EN 206-1 [7].

Exposure Class

Description of the environment

Corrosion induced by carbonation
XC2

Wet, rarely dry

XC3

Moderate humidity

XC4

Cyclic wet and dry

Corrosion induced by chlorides other than from sea water
XD1

Moderate humidity

XD2

Wet, rarely dry

XD3

Cyclic wet and dry

Corrosion induced by chlorides from sea water
XS1

Exposed to airborne salt, but not direct contact with sea water

XS2

Permanently submerged

XS3

Tidal, splash and spray zones

Freeze/thaw attack
XF2

Moderate water saturation, with de-icing agents

XF3

High water saturation, without de-icing agents

XF4

High water saturation, with de-icing agents or sea water

Chemical attack
XA1

Slightly aggressive chemical environment

XA2

Moderately aggressive chemical environment

XA3

Highly aggressive chemical environment

Possible exposure conditions, which can apply in underground constructions and
specifically in tunnels, are illustrated in Figure 3.3. In general the following situations
can occur in these structures:
• Freeze-thaw cycles. In particular in the area close to tunnel openings frost attack
may occur. In underground structures, high water saturation and in case of road
tunnels, the influence of deicing salts may be assumed, which leads to an exposure
environment XF3 or XF4.
• Reinforcement (RE) corrosion by chlorides: RE corrosion may be initiated by
chlorides. The source of chlorides in underground structures under sea water level
or in the tidal zone can be seawater itself (exposure class XS1, XS2 or XS3). In road
tunnels de-icing salts are a source of chlorides, which can migrate into the concrete
from splash water (XD3) or from direct contact with chloride containing water
(XD2), such as in the case of concrete pavements during winter.
• Reinforcement (RE) corrosion by concrete carbonation: De-passivation of the RE
can occur when the concrete’s pH is dropping below 10. This can happen due to
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carbonation of the calcium and alkali hydroxides constituents of the concrete.
Carbonation within tunnels may be aggravated by CO/CO2 from vehicle exhaust
fumes. Carbonation of concrete may also be directly triggered by permeation of
carbonate or bicarbonate containing ground water. In particular in limestone
containing bedrock this mechanism may become prominent. Both mechanisms
result in exposure classes XC3 or XC4.
• Chemical attack in underground construction can be induced in form of sulfate and
magnesium attack. Both ions can derive from the soil, groundwater or seawater (the
latter in structures below the sea water level). Exposure classes related to chemical
attack from ground or ground water are defined as XA1 to XA3.

Figure 3.3

Examples for exposure conditions in tunnels.

In the following sections examples for damage mechanisms are given, which influence
the durability of sprayed concrete in tunnel/underground environments. These
mechanisms include:
• Frost attack
• Sulfate attack
• Alkali silica reaction (ASR)
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The exposure classes according to the European standard EN 206 do not directly cover
environmental conditions relevant with regard to the risk for ASR. In the report SISCEN/TR 16349:2012 elaborated by the CEN Technical Committee TC/104, a
categorization of the environment relevant for ASR is proposed [30].
In Sweden the groundwater is rather soft but can locally have higher sulfate as well as
chloride contents. The latter occur in particular near coastal areas. An overview of the
hydrological situation and water chemistry in Sweden can be found in Mossmark [31].

3.2 Frost attack, carbonation and
reinforcement corrosion
These forms of attacks in a tunnel environment are essentially based on the same
mechanisms as for concrete in exposed outdoor environment.
The most evident reason for frost attack on concrete is that water in the porous system
of concrete increases its volume by 9 % when it freezes. However, the freezing point of
this water depends on the size of the pore that contains the water. As an example water
held in a pore with a radius of 80 Å does not freeze until at -20 °C. Thus, the water in
the smallest pores in concrete does not freeze in normal winter temperatures [32].
When water in larger pores are freezing and expanding, this water has to be
transported from the ice to an air-filled pore. This transport goes through a narrow and
partly ice-filled capillary pore system, creating high hydraulic pressures on the pore
walls [33,34]. The hydraulic pressure increases with increasing ice-formation velocity,
with increasing transport distances and with decreasing concrete permeability. The
hydraulic pressure is only active during ice formation [34].
However, hydraulic pressure may also occur due to ice-lens growth, i.e. ice crystals will
attract unfrozen water and grow, causing both a hydraulic pressure and a mechanical
pressure from the growing ice-crystal [35]. This occurs also at constant temperature. If
the pore liquid contains salt, the pressure increases due to osmotic pressure caused by
the fact that the salt concentration increases in the liquid in a pore where ice is formed
[35].
Possible measures to mitigate frost damages in concrete are [36,37]:
• Providing an air void system with
o sufficiently large isolated pores, so that the pores system does not easily
become water-filled by capillary absorption
o sufficiently small pores, homogenously distributed within the concrete, so
that the distance the water has to be transported becomes as short as
possible
• Decreasing the freezable water content by decreasing the w/c-ratio in the concrete
• Ensure that the gel-capillary pore system is never filled with water
Providing an adequate air pore system requires the use of chemical air entraining
agents (AEA). It is possible to use these in a wet-mixed sprayed concrete, but it is
difficult to maintain the air content during the spraying operation [2]. Sprayed concrete
is therefore sometimes made without AEA. Nevertheless, the frost resistance is
© RISE Research Institutes of Sweden

33

normally surprisingly good. One reason is that the w/c-ratio is kept rather low, about
0.45 or below, and another is probably that the sprayed concrete does not reach the
same degree of compaction as ordinary concrete, thus providing extra air and
compaction voids, respectively.
The steel reinforcement is protected from corrosion by the high pH-value in the
concrete. At this pH-level a thin layer of insoluble, very dense corrosion products are
created on the reinforcement surface reducing the corrosion rate to almost zero
[38,39].
Carbonation of the concrete lowers the pH-value to a level where this protective layer is
destroyed and the corrosion will take place. Carbonation progresses from the surface
inwards and effects mostly calcium hydroxide (CH) and calcium silicate hydrate phases
(C-S-H), which carbonate to calcium carbonate and in the latter case additionally to
amorphous silicon dioxide [40]. Parameters deciding how fast this happens are the
CO2-level in the ambient atmosphere, the permeability of the concrete and the degree
of water saturation in the pores [41]. There is not much a constructor can do about the
CO2-level, and the degree of water saturation is determined by the relative humidity in
the atmosphere surrounding the structure [40].
The main measure taken to mitigate corrosion caused by carbonation is to reduce the
permeability of the concrete as much as possible, making it difficult for CO2 in gas form
to penetrate the concrete. This is primarily achieved by decreasing the w/c ratio of the
concrete.
The permeability is also influenced by the use of SCMs like fly ash, slag and silica fume.
However, these materials also influence the rate of hydration, so the influence on the
permeability is not constant over the time [6]. With fly ash for instance, the rate of
reactions at early ages (up to about and more than 28 days) are slowed down giving a
higher permeability at early ages, but in the long run the permeability becomes lower
than for a Portland cement mix. Slag also causes a slower hardening in the very
beginning, but reaches the same hydration rate as PC concrete earlier than fly ash and
will thereafter densify the concrete considerably [6,42,43]. Silica fume and other very
small similar particles, acts as nucleation sites and increase the hydration of cement
and give a more impermeable concrete already from the beginning. These so called
supplementary cementitious materials (SCM) change the chemical composition of the
hydration products. They react with calcium hydroxide (CH), released in the cement
hydration, thus lowering the amount of free CH easily available for carbonation. If the
amount of SCMs is high this decreases the pH-level in the concrete.
For the reaction between CO2 and calcium containing compounds in the concrete, first
of all with the easily available free CH, to take place a certain amount of water in the
pores is needed. At very low RHs there is therefore no carbonation. At high RHs most
of the capillary pore system in the concrete is water filled, causing an obstacle for the
CO2 penetration due to the low solubility of carbon dioxide in water. Thus, the fastest
carbonation of a given concrete take place at intermediate relative humidity between
50-75 % RH [44].
Chlorides present in the pore solution of a concrete may destroy the passivating layer
on the reinforcement, leading to its corrosion [45]. However, there has to be a certain
concentration of chlorides (chloride threshold level) exceeded before corrosion is
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initiated [46]. Chlorides mainly penetrate from the exterior, e.g. deriving from sea
water or de-icing salts. Same as for carbonation, the concrete’s permeability is a
decisive parameter for the protection against chloride induced corrosion.
The reinforcement corrosion process needs oxygen. The presence of air in the pore
system is therefore a vital parameter when evaluating the risk for chloride induced
corrosion. This is reflected in the different exposure classes for reinforcement corrosion
triggered by chlorides.
Corrosion due to carbonation or chlorides is influenced by the concrete cover on top of
the reinforcement. A sufficient concrete cover thickness may help to prevent the
carbonation front and the chlorides to reach the reinforcement within the anticipated
service life of the structure. The required cover thickness depends on the exposure
class, the w/c ratio and the service life length of a given concrete construction [47].

3.3

Sulfate attack

Sulfate attack in concrete is fairly rare but once a structure is affected repair measures
can be cost intensive. In essence there are two forms of sulfate attack:
• Internal attack
• External attack
Internal sulfate attack is either caused by the release of adsorbed sulfate ions into the
pore solution as consequence of a heat treatment or a too high heat of hydration
(delayed ettringite formation, DEF, [48]). Or sulfate is released from sulfide, sulfite or
sulfate containing components of the concrete, e.g. the aggregate [49]. In case of
sprayed concrete, internal sulfate attack can be excluded since heat treatment or
excessive heat development is not in question and the risk of sulfate contamination is
minimized by using of starting materials according to EN 206-1 [7].
External sulfate attack is induced by sulfate ions permeating from an outside source.
This can be seawater, sulfate bearing soil or sulfate containing ground water. This form
of sulfate attack is highly influenced by the permeability properties of a given concrete.
Cementitious materials are porous, meaning that they are permeable towards solutions,
while these solutions might contain ions that can react with different phases of
hydrated cementitious materials. Sulfate attack is driven by reactions between sulfate
ions in sulfate containing environments and cement hydrates. Since ions are involved,
the presence of moisture is necessary for the transport and damage process. Concrete
structures in contact with sulfate containing water may be exposed to additional
leaching if the water is soft, i.e. if the ion content of the water is very low, as it applies to
many groundwater aquifer found in Sweden [50].
Sulfate attack is a reaction caused by expansive reaction products, meaning that the
products have a higher volume than their reaction educts. These reaction products are
crystalline and consist of three species, which often occur together:
• Ettringite (Ca6(Al,Fe)2(SO4)3(OH)12.26H2O)
• Gypsum (CaSO4.2H2O)
• Thaumasite (3CaO.SiO2.SO4.CO3.15H2O)
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If these products are formed in larger quantities, they contribute to volume changes
within the binder matrix causing cracking and spalling, which leads ultimately to the
degradation of a concrete structure [51–54].
The most common form of sulfate attack is ettringite formation. Ettringite is formed
from calcium aluminate monosulfate hydrate (or “monosulfate”), which is a constituent
of the hydrate phases in the binder. Monosulfate is finely dispersed in the binder and a
reaction to ettringite (calcium aluminate trisulfate hydrate) is linked to an increase in
binder volume [48,55]. This leads to cracking of the hardened concrete, where the
cracks typically run around the aggregate grains. With the formation of ettringite and
the expansive reaction in the matrix often a simultaneous re-crystallization of ettringite
in larger voids and cracks happens. Figure 3.5 shows the general principle of sulfate
attack in concrete and in Figure 3.5 some actual examples of ettringite formation in
sprayed concrete are shown.
In tunnel and underground environments ettringite formation can happen, if the
sprayed concrete is in direct contact to soil or bedrock, which contain sulfur bearing
phases [56]. These can be sulfates (SO42-), such as gypsum or anhydrite but also
sulfides (S2-) such as pyrite or marcasite. The attack usually progresses from the side
which is in contact with the bedrock or soil, and where sulfate bearing water has access
to the concrete.

Figure 3.4

Principle of external sulfate attack due to ettringite formation (after Famy [55]).
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Figure 3.5 Photo micrographs of ettringite recrystallizations (arrows) in sprayed concrete in
compaction voids (left) and in cracks (right). Micrographs taken from thin sections of sprayed
concrete impregnated with yellow dyed resin.

When it comes to ettringite formation it is an important question if alkali free
accelerators can actually contribute to the amount of ettringite formed. Alkali free
accelerators are usually based on aluminum sulfate or aluminum hydroxide. In
particular the former could actually contribute to ettringite formation as it was
investigated in a study by Lee [57], where results indicated that sample specimens
containing an alkali free accelerator showed considerably more expansion than samples
with non-alkali free accelerators. Own laboratory investigations performed by CBI
show similar results. However, laboratory investigations which include cement mortar
specimen cast with accelerator, are sometimes difficult to carry out, since it is
problematic to produce specimens of good quality due to the fast setting process (even
when lower ambient temperatures are used for delaying the setting process).
Additionally, the high concentrations of sulfate used in accelerated mortar bar
expansion tests (usually 30 g/l to 50 g/l) are not representative for the majority of cases
in practice.
The formation of gypsum is usually an indicator that high concentrations of sulfate
were reached. In accelerated laboratory tests with higher sulfate concentrations,
gypsum can often be found due to the reaction between sulfate and calcium hydroxide.
However, in real tunnel environments, gypsum as a reaction product of sulfate attack is
found less frequently compared to ettringite.
Thaumasite formation, on the other side, was reported from several tunnels with
sprayed concrete [5,56,58–61]. The reaction product is not only slightly expansive but
is also replacing C-S-H in the cement paste and causing de-cohesion of the binder
matrix with a significant strength loss of the affected concrete parts [62]. The formation
of thaumasite is promoted at lower temperatures of 5 ° to 10 °C (often prevalent in
tunnels) and can only happen if a source of carbonate, additionally to sulfate, is present
[62,63]. Carbonate can derive from the concrete itself (e.g. if a limestone filler or a
Portland limestone composite cement is used) or from the groundwater in form of
bicarbonate. Field experience, however, has shown that limestone addition of up to 5 %
in Portland cement does not have any negative impact on sulfate resistance in context
to thaumasite formation [64].
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Many parameters can affect the harshness of the sulfate attack. These parameters are
either affecting the possibility for the transport of sulfate ions or the chemical reactions
that happens between cement hydrate phases and sulfate ions. Concrete mix design,
including factors such as cement type, water to cement ratio, use of additions or
admixtures affects the pore structure, the permeability and the mechanical strength of
the structure [6,65,66]. It is therefore one of the most important factors. Moreover,
exposure conditions, such as sulfate concentration, temperature or presence of other
ions or chemicals, e.g. magnesium or carbonates, which are mainly related to where the
concrete is applied, are also playing a considerable role.
When cements are combined with supplementary cementitious materials (SCM), there
can be considerable changes in hydration of the cementitious binder and eventually on
hardened properties. One of the most important effects that affect the sulfate resistance
are changes in permeability and pore structure. Application of SCM, such as slag, fly
ash, metakaolin and silica fume has shown to affect the porosity of hardened
cementitious binders and eventually make it harder for the sulfate ions to be
transported. Moreover, the chemical composition of the hydrated phase changes as well
which can affect the upcoming chemical reactions with sulfate ions.
Many research studies on the effects of using SCMs on sulfate resistance of
cementitious binders have been performed in the past. In the case of using fly ash it is
shown in literature that low calcium fly ash (class F) affects the resistance towards
sulfate ingress in a positive way [67–70]. Class F fly ash consumes the available
amounts of calcium hydroxide making it unavailable to react with sulfates. It is also
quite effective in reducing permeability of concretes over a longer time span, which
improves chemical resistance, by reducing the ionic ingress, migration and
concentration [69]. However, there are still doubts on improving resistance of concrete
to sulfate attack by use of class C fly ash. As a material rich in calcium oxide can hydrate
latent hydraulic but many class C fly ashes are also richer in sulfate thus increasing the
risk of sulfate attack.
Considering ground granulated blast furnace slag as the other popular SCM there are
extensive amount of research that can be found in literature on the effects of slag on
hardened properties of the cementitious binders as well as hydrated phase assemblage
and eventually resistance to sulfates. Comparable to fly ash, slag will consume calcium
hydroxide during hydration and will reduce the permeability of the binder matrix [6].
However, it is also shown that effectivity of the slag has very much to do with the added
amount as well as the chemistry of this product. It is reported that the blends
containing at least 65 % of slag are highly resistant to attack [71], but with those,
containing less slag the resistance depends markedly on the Al2O3 content of the slag
and the C3A content of the PC. It is noted by Gollop and Taylor [71] that blends
containing up to about 50 % of slag were less resistant than the plain PC if the slag was
high in Al2O3, (18 %) but more resistant if it was low in Al2O3, (11 %). Own studies,
performed by CBI, indicate also that mortar specimen prepared with certain slags with
high aluminum oxide content can show high expansion values in sulfate solutions
compared to reference mortars without slag [66]. However, other studies show an
drastic decrease in expansion, when using slag with a lower aluminum oxide content
[51]. These ambivalent results from laboratory studies are partially influenced by the
mortar’s higher w/b ratio (usually 0.5) and high sulfate concentrations (30 to 50 g/l)
used in the tests. If water/binder ratios below 0.45 are used, the physical effect of
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permeability reduction by the SCM is much more pronounced and will overrule any
chemical influence of the sulfate ingress [72].

3.4

Alkali silica reaction (ASR)

The alkali silica reaction (ASR) is a damage mechanism where certain sensitive
aggregate types react with alkalis in the concrete’s pore solution to a very expansive
reaction product. These aggregate types, e.g. opaline sandstone, siliceous limestone,
flint, mylonites and others, provide silicon dioxide, which dissolves in a high pH
environment and which can react with sodium or potassium ions to an alkali silicate
hydrate (Figure 3.6). These alkali silica hydrates, often called alkali silica gels due to
their gel like character, are highly expansive when in moist condition and shrink when
in dry conditions. If concrete construction is undergoing wetting drying cycles, the
alkali silica gel will due to its expansion and shrinkage exert a large stress on the
concrete, causing it to crack. The cracks formed, frequently run through aggregate
grains and create a typical micro pattern, which is indicative for ASR (Figure 3.6,
Figure 3.7).

Figure 3.6 Principles of ASR mechanism (1 to 3) and an actual reacted aggregate grain with
reaction products on both end of the crack (lower row, right: Photo micrograph of a thin section
with blue impregnated epoxy resin).

There are several preconditions for the reaction to happen:
• Reactive aggregate
• High moisture content
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• Enough alkali ions in the pore solution of the concrete (Na+, K+)
All three conditions need to be met in order a reaction can occur in the concrete.
Reactive siliceous aggregate is, as mentioned before, sensitive to the high alkalinity of
the concrete and may partially dissolve and provide reactive silicon dioxide which can
react with alkalis to alkali silica gel.

Figure 3.7 Typical example for a cracked aggregate grain in concrete (photo micrograph of an
opaline sandstone grain, thin section with blue impregnated epoxy resin).

For the actual reaction, a sufficiently high moisture content is required. If the moisture
level within the concrete is below 70 % RH the risk for ASR is drastically reduced
[73,74]. In a tunnel environment, however, constant high moisture contents in the
sprayed concrete layer can be expected.
The alkalis can derive directly from the cement. All cements have a certain content of
Na2O and K2O, which together is in the range of 0.7 to 1.7 mass-% (expressed as Na2Oeqvivalent = 0.5 to 1.2 mass-%). The risk for ASR is higher, the higher the total alkali
content of the cement and the total alkali content in the concrete is. From field and lab
experience, a total alkali content (in form of Na2Oeq) of < 3 kg/m3 minimizes the risk for
ASR drastically, even if potentially reactive aggregate is used. For a sprayed concrete
mix with a typical cement content around 440 kg/m3 this means a Na2Oeq for the
cement of < 0.68 mass-%.
However, these limitations address only the total alkali content in the cement. Alkalis
can also migrate from the outside into the concrete. Sources for alkalis are sea water
and deicing salts. In rare cases, alkalis can derive from thermal water with high alkali
chloride content. In a tunnel environment, alkali ingress may happen from the tunnel
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side by spray water, laden with deicing salts, or from the rock substrate side in case of
sea, thermal or ground water.
For ASR the size distribution of the reactive aggregates contributes to the total
expansion value once the reaction is initiated. Dunant [75] and others [76] have
identified the most expansive size fraction to be between 4 and 8 mm.
Another approach for avoiding ASR in sprayed concrete is the use of pozzolana or
latent hydraulic materials as an addition to the concrete or as a constituent of the used
cement. Many studies have shown the beneficial effects of these materials in
suppressing ASR. Addition of class F fly ash or other pozzolana to a concrete shows
major reductions in detrimental expansion [43,72,77,78]. One major effect of those
reactive clinker replacements or mineral additions is the effect of lowering the pH
within the pore solution in the concrete. By lowering the pH the solubility for reactive
silica is reduced as well and hence the risk for a deleterious ASR. Another effect is the
role of aluminum deriving from SCM in the binder paste. It was believed, that
aluminum from SCM, when incorporated into C-S-H can increase the binding capacity
for alkalis in the cement paste and by this reduce the concentration of alkalis in the
pore solution [79,80]. However, more recent studies provide indications that an
increased aluminum ion concentration in the pore solution can reduce the solubility of
silica in reactive aggregate [81–83].
In Sweden ASR in tunnel environments are not frequent due to the use of low alkali
cements in the sprayed concrete. Also, a study of ASR in Swiss tunnels by Leemann, et
al. [84] showed a low risk even when potentially reactive aggregate were used. The
authors derived the lower risk from less moisture fluctuation within the tunnel
environment. However, to minimize potential risks the authors recommend also to
minimize water access with liners and with pozzolanic additions in the concrete. The
risk for ASR can be further minimized by only using non-reactive aggregate, which is
tested according to the methods named in the Swedish standard SS 137003 (see below).
In Sweden a newly formed committee on ASR was formed in 2014 and which took up
the committee work in 2016 [85]. The goal of the committee is to draft a guidance
document for preventing ASR in new concrete and to identify, diagnose and mitigate
ASR at existing concrete structures.
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4
Requirements for wet-mix sprayed
concrete (national and international
standards and guidelines)
4.1 General standards and guidelines for
sprayed concrete – Requirements for materials
and application
The basis for all requirements on sprayed concrete in Europe is the European standard
EN 14487-1:2005 Sprayed concrete –Part 1: Definitions, specifications and conformity
[86]. The durability related requirements mentioned in this standard are:
•
•
•
•
•

Composition related to exposure classes
Alkali-silica reactivity of the aggregate
Chloride class
Freeze/thaw resistance
Resistance to water penetration (EN 12390-8, [87])

Apart from the durability related requirements, EN 14487-1 specifies other
requirements on the wet basic mix, the fresh sprayed concrete and the hardened
concrete. These are requirements on consistency, temperature, density, early strength,
compressive strength, modulus of elasticity, flexural strength and bond strength to the
substrate. Additionally, for fiber reinforced sprayed concrete there are requirements on
fiber content, first peak, ultimate, and residual flexural strength and energy absorption
capacity. These other properties will not be addressed in this report.
For the four first durability related properties reference is made to the European
standard for ordinary concrete, EN 206 [7]. The requirements on air and cement
content in EN 206 are though excluded. However, in EN 206-1 all these durability
parameters are open for specification in "provisions valid in the place of use", i.e. for
national determination.

4.2 Swedish standards and guidelines for
sprayed concrete in tunnel environments –
Requirements for materials and applications
4.2.1

General

4.2.1.1

Regulations

Since July 2013 Transportstyrelsen (The Transport Agency) has the mandate to publish
national regulations for all construction works on the infrastructure networks,
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including tunnels, and Boverket (The National board of Housing, Building and
Planning) has the mandate for other types of construction works. Before that date,
Boverket had the full mandate to issue regulations on tunnels. However neither
Transportstyrelsen nor Boverket have exploited this possibility, so today there exist no
national regulations on the structure of tunnels and rock chambers.
What do exist are technical requirements issued by the infrastructure owner,
Trafikverket, which are used in the procurement of tunnel constructions for
Trafikverket. These technical requirements (see 5.2.2) are very often used also by other
infrastructure owners, such as the larger municipalities of Sweden.

4.2.1.2

Standards

The European standards on sprayed concrete EN 14887-1 and on ordinary concrete
EN 206 are of course implemented and used also in Sweden. In Sweden the national
provisions to EN 206-1 are given in an application standard: SS 137003 [88].
Table 5.1 specifies the requirements regarding the binder composition related to
exposure classes given in SS 137003. Only those exposure classes used in Swedish
tunnels are included in this extract of Table 8a and 8b of SS 137003 (Table 4.1).

Table 4.1

Extract from Table 8a and 8b in SS 137003.

Exposure classes

XC 2

XC 3,XC 4 XS 1,XS 2 XF 2
XD1,XD2

XF 3

XF 4

XA 1

XA 2

Highest vctekv 1)
Allowed cements
(designation according to
SS-EN 197-1)

0.60
I
II/A-S
II/B-S
II/A-D
II/A-V
II/B-V
II/A-LL
II/A-M
II/B-M
III/A

0.55
I
II/A-S
II/B-S
II/A-D
II/A-V
II/B-V
II/A-LL
II/A-M
II/B-M

0.45

0.45
I
II/A-S
II/B-S
II/A-D
II/A-V
II/B-V
II/A-LL
II/A-M
II/B-M

0.55
I
II/A-S
II/B-S

0.45
I
II/A-S

0.45
Sulfate.
resistant
binders

II/A-V
II/B-V
II/A-LL
II/A-M
II/B-M

II/A-V

0.50
I
II/A-S
II/B-S
II/A-D
II/A-V
II/B-V
II/A-LL
II/A-M
II/B-M
III/A
III/B

35

65

35

65

65

80

35

10
35
65

10
35
35

10
35
65

10
35
35

5
35
35

5
20
20

10
35
65

10
3)
35
3)
35

–

–

–

yes

yes

yes

–

–

Testing of frost resistance –

–

–

–

–

yes

–

–

Lowest amount of PCclinker (% of binder)
Max addition (% of binder):
Silica fume
Fly ash
Slag
Frost resistant aggregate

I
II/A-S
II/B-S
II/A-D
II/A-V
II/B-V
II/A-LL
II/A-M
II/B-M
III/A

II/A-LL
II/A-M

2)

35

3)

3)

1) vct ekv= w/(c+k·amount of addition)
2) Lower amount accepted when CEM III/B is used.
3) Values only valid in combination with a sulfate resistant CEM I or CEM II
Note: For CEM II/B-M the amounts of silica fume and limestone are limited to what is accepted in the respective exposure class. For
XA3 special investigation is needed.
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In SS 137003 it is said that the limestone fillers and cements containing limestone
should be avoided for linings in rock tunnels where the ground water or the soil
contains sulfates due to potential risks of sulfate attack in form of thaumasite formation
(see above).
In order to express the requirements on alkali-silica reactivity of the aggregate
SS 137003 uses the categorization of the concrete environment put forward in CEN/TR
16349 [30], in which three levels are defined:

• E1: The concrete is essentially protected from extraneous moisture
• E2: The concrete is exposed to extraneous moisture.
• E3: The concrete is exposed to extraneous moisture and additionally to aggravating
factors, such as de-icing agents, freezing and thawing (or wetting and drying in a
marine environment) or fluctuating loads.
SS137003 states:
"For natural aggregate for concrete in category E2 or E3 a quantitative
petrographic analysis according to RILEM AAR-1 [89]or an equivalent
method shall be carried out.
If the aggregate in a ocular or microscopic investigation contains
a. components such as flint, opal, chert or amorphous silicon dioxide
b. more than 15 % slowly reactive or potentially reactive particles
the alkali reactivity of the aggregate shall be further tested.
For aggregate of recycled concrete it must be ensured that the source
concrete does not contain reactive aggregate. If there is a requirement on
limited alkali content in the new concrete, the alkali content of the source
concrete shall be determined and included in the calculations. For recycled
aggregate, including glass filler, it is appropriate to regard the aggregate as
potentially reactive, if it is not proven to be non-reactive"
For the evaluation in case a) reference is made to the Nordtest method, NT Build 295
[90]. For the evaluation in case b) reference is made to the RILEM AAR-2 [91] and
AAR-3 [92] (with specified requirement levels) as appropriate methods to exclude
alkali-reactive aggregates.
In both cases other equivalent methods may also be used. However, there is one
exception form the requirement on testing/evaluation of the aggregate:
"For natural aggregate intended for concrete in category E2 which does not
contain any highly reactive minerals, such as flint, opal, chert and amorphous
quartz, the alkali reactivity need not be tested if:
o

o

the alkali content ( Na2Oequ) in the concrete is limited to maximum 3,0
kg/m3 or
a low alkali cement of type CEM II or CEM III is used”

If the aggregate shows signs of alkali reactivity when tested/evaluated as above, there is
yet one possibility to prove that it is usable. It may be tested with a given concrete mix
design used for a specific project with a method described in CBI report nr 1 [93] (in
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form of a performance test) or an equivalent method. However, this will not result in a
general acceptance of the aggregate, only that it can be accepted in that particular
concrete mix design.
With regard to chloride classes SS 137003 specifies Cl 1.0 when the concrete has no
reinforcement or other embedded metals, Cl 0.20 with reinforcement and embedded
metals and Cl 0.10 in concrete with pre-stressing steel.
With regard to freeze/thaw resistance SS 137003 specifies that frost resistance
shall be tested with SS 137244 method A (with salt) for exposure class XF4. For XF2
and XF3 the concrete shall either be tested with SS 137244 method A and method B
(without salt), respectively, or fulfil requirement on air content [94]. However, the
requirement on air content is not relevant for sprayed concrete according to EN 148871. SS 137244 is equivalent to the reference method in CEN/TS 12390-9 [95].

4.2.1.3

AMA Anläggning

Sprayed concrete is also included in AMA Anläggning (General description on
materials and workmanship for civil engineering structures, in the following referred
to as AMA [12]), which contains proposals for requirements to be used in procurement
documents. The AMA is compiled by the construction industry and infrastructure
owners and is a generally accepted and used document, for that purpose in Sweden.
The requirements in AMA are based on EN 14487-1 and EN 206 applied according to
SS 137003.
In addition to the references to these standards AMA specifies that sulfate resisting
cement shall be used if there is a high content of sulfates in the aggregate or if the limit
values for XA1 is exceeded in the bedrock or ground water (chapter EBF.3 Sprayed
concrete in tunnels and rock chambers in [12]). For sprayed concrete in "road
environment" (see 5.2.2 in [12]) the same requirements as for bridges in the same
environment should be applied, i.e. CEM I or CEM II/A which have a low alkali content
and are sulfate resistant should be used and the maximum amount of slag is 20% for
XF4, XF2 and XF3. These were recently changed (2017) and the previous maximum
values were 5 % for XF4 and 10 % for XF2 and XF3.
AMA also specifies that the freeze/thaw resistance of sprayed concrete for exposure
class XF3, XF3 and XF4 shall be tested initially according to SS 137244 method A (with
salt) for XF2 and XF4 and method B (without salt) for XF3. The testing is carried out
on drilled cylinders from two sprayed test specimens. Testing and evaluation is carried
out according to procedure III, and "good" frost resistance according to SS 137244 shall
be achieved. The scaling from a single cylinder may not exceed 1.5 kg/m2.
For exposure classes XF3 and XF4, for each batch continuously sprayed concrete
covering 1250 m2, shall be tested on cylinders drilled from the in-situ concrete. The
criterion is to obtain "acceptable" frost resistance according to SS 137244.
In both cases, the testing shall be carried out by an accredited lab.
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4.2.2 Trafikverket’s technical requirements on sprayed
concrete in tunnels
The requirements on tunnels are given in a document called Tunnelbyggande krav [96].
However, the only durability requirement given in this document is the reference that
the same requirements as for ordinary concrete shall be applied. Additionally there are
instructions on which exposure class to use in different parts of the road and railway
tunnels. See Table 4.2, which is a simplified version of Tables 5.1 to 5.3 in [96]. In this
table the term road environment is used, which is considered to prevail as: A zone
influenced by deicing salts from a road course.
For a road tunnel, a road environment is considered to prevail on the whole tunnel
height situated up to 300 m upon entering the tunnel and 100 m before exiting the
tunnel. In the intermediate part the road environment is limited to 1,0 m above the
road surface (Figure 4.1; färdriktning = travel direction).

Figure 4.1

Extension of road environment in road tunnels (road environment is marked grey).

Table 4.2

Exposure classes in different parts of tunnels.

Road tunnels:
Exposed to road environment

XD3 and XF4

Other parts of the main tunnel (with trafficked lanes)

XD1 and XF2

Most other parts (not in the main tunnel)

XC3 and XF3

Railway tunnels
Main tunnel

XC4 and XF3

Other parts

XC3 and XF3

Parts exposed to soil or rock
Above the ground water and in fresh ground water

XC2 and XF3

1)

In brackish or salt ground water

XS2 and XF4

1)

In soil or groundwater, which acc. to EN 206 implies a risk for
chemical attack
1)

No requirement on XF-class if the structure is not exposed to freezing.
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When it comes to more detailed requirements on materials, Tunnelbyggande krav
refers to AMA and a special modification document to AMA published by Trafikverket.
The latest version of this is named "Trafikverkets ändringar och tillägg till AMA
Anläggning 13" TDOK 2014:0245 [97]. However no changes are made for sprayed
concrete in tunnels in TDOK 2014:0245. This has not yet been updated to the latest
version of AMA.

4.3 Standards and guidelines for sprayed
concrete in tunnel environments in some other
countries – Requirements for materials and
applications
For comparison of the Swedish requirements, a review of requirements in some other
European countries has been made. Countries with similar climatic conditions to what
we have in Sweden have been chosen. In some cases data have been taken from
CEN/TR 15868:2009 Survey of national requirements used in conjunction with EN
206-1:2000 [98]. (EN 206-1 was replaced by EN 206 in 2015) Please note that this
survey was made some years ago and changes may have been made nationally since
then.
Additional recommendations can be found in the EFNARC “European Specification for
Sprayed Concrete” [99]. However, some of the specifications outlined in this guideline
were incorporated into EN 14478 [86].

4.3.1

Norway

Information taken from valid editions (March 2014) of the documents and standards.
According to the Norwegian Public Roads Administration (Statens vegvesen) the
Håndbok 025, Prosesskode 1 [100] is relevant for sprayed concrete. According to the
document:
• Materials in sprayed concrete shall fulfil the document Norsk Betongforenings
Publikasjon nr. 7 (NB7) ”Sprøytebetong til bergsikring” [101], chapter 1 and 2.
Additionally the following requirements shall be fulfilled:
o In non-saline water: strength class B35 = C35/45, durability class M45 i.e:
Cem: CEM I; CEM II/A-D, -V, -S; CEM II/B-S, -V; CEM III/A (CEM II/A-L
with restrictions), w/c=0.45
o In saline water: strength class B35= C35/45, durability class M40 i.e: Cem:
CEM I; CEM II/A-D, -V, -S; CEM II/B-S, -V; CEM III/A (CEM II/A-L with
restrictions), w/c=0.40. Always at least 4 % silica fume.
o Considered amount of fly ash and silica fume (in cement or as addition) as
in EN 206-1, for slag max ratio 0.8 (=44% of binder) at k-value 0.6 for both
cases
o In a very corrosive environment a non-corrosive material for fibers shall be
used, otherwise optionally steel or synthetic fibers depending on energy
absorption class.
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o

Sulfate resistant cement as appropriate

Further requirements according to NB7 [101]:
• Durability classes M40, M45 or M60
• Chloride class 0.10 when steel fibers are present
• Alkali reactivity - Reference to publication nr 21 of Norsk Betongforening,
“Bestandig betong med alkalireaktivt tilslag” [102]
• No testing of frost resistance
Requirements on constituents according to the National Appendix (NA) to EN 14487-1:
• Materials and compositions of sprayed concrete shall fulfill the requirements on
resistance to alkali reactions given in NS-EN 206-1+NA and with reference to
publication nr 21 of Norsk Betongforening, “Bestandig betong med alkalireaktivt
tilslag” [102])
• Sprayed concrete in exposure class XF shall fulfil the requirements given in
NS-EN 206-1+NA with the exception of air content in fresh concrete
• When necessary, depending on conditions, sulfate resisting cement shall be used
• A chloride class equivalent to what is given for reinforced concrete
NS-EN 206-1+NA shall be specified for steel fiber reinforced sprayed concrete.
(Cl 0.4)
According to the NA to NS-EN 206-1 it is possible to use other cements which need to
be proven by testing and approved by the certification body and which give equivalent
properties.

4.3.2

Finland

According to Finish Building Codes B.4 [103] the following binders can be used for the
respective exposure classes:
Cements:
• XF2, XF4, XS2, XS3, XD2, XD3, XC4; CEM I; CEM II/A- S, -D, -V,-LL, -M (In XF2
and XF4 additionally CEM II/B –S)
• XA1, XC1-XC3, XS1, XD1, XF1, XF3: CEM I; CEM II/A- S, D, V, M; CEM II/B-S, -V, M*; CEM III/A, CEM III/B
* excluded in XF1 and XF3
Additions:
• For mineral additions in concrete the same maximum amount as in the cements of a
specific exposure class is allowed.
Table 4.3 shows some additional requirements.
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Table 4.3

Requirements on w/c-ratios and compressive strength in Finland.

Exposure classes

Max w/c

Min compr. strength

Other req.

XF4 and XF2

No req.

No req.

P-factor and testing

XF3

0.50

No req.

F-factor and testing

XS2, XS3 and XD3

0.45

C35/45

-

XS1

0.50

C32/40

-

XD2 and XD1

0.55

C28/35

-

XC-classes

No req.

Req; for XF4 C28/35

-

XA1

0.50

C32/40

-

XA2

0.45

C35/45

Sulfate res. cement

XA3

0.40

C40/50

Sulfate res. cement

4.3.3

Austria

According to the „Richtlinie Spritzbeton“, from Österreichische Vereinigung für Betonund Bautechnik [104] the requirements are as following:
Cements according to OENORM B3327-1:2005 Cements according to OENORM
EN 197-1 for special use - Part 1: Additional requirements [105].
Complementary information, taken from CEN/TR 15868:2009 [98], are listed in Table
4.4.

Table 4.4

Certain requirements on sprayed concrete in Austria.

Property

Sprayed concrete

Sprayed concrete exposed to
sulfate attack

C3A-content

-

0 % (Bogue)

Initial setting time

≥ 90 min

≥ 90 min

1 day compressive strength

D1 8

D1 8

Specific surface (Blaine)

variation coefficient ≤ 5%

variation coefficient ≤ 5%

Bleeding after 120 min

WA 15

WA 15

Cement temp.

max. 80 °C

max. 80 °C

Special national very fast setting sprayed-concrete-binders (SBM) may also be used for
dry mixed sprayed concrete.
Cements:
• All exposure classes X0, XC, XD, XF (XS not relevant in Austria): CEM I; CEM II/AS, -D, -V, - WW* -M); CEM II/B - (S, -V*,- LL*, -M*), CEM III/A*, CEM III/B
* extra qualifications may exist, e.g. type of main constituents
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• For XA-classes:
o For all XA: CEM I; CEM II/A- S, D, V, M) sulfate resistant when exposed to
sulfur.
o Only for XA1: CEM III/A*, CEM III/B
Additions:
• Use of additions is encouraged. If not specifically mentioned, no restrictions on
amounts other than what is given in EN 206-1. Type II additions according to
OENORM B 3309 [106]. With special requirements when exposed to sulfate attack.
• Fly ash: For XF1-XF3 additional proof shall be demonstrated according to OENORM
B 3309 [106]. Special requirements when exposed to sulfate attack.
• Slag: Special requirements when exposed to sulfate attack.
• Silica fume: Up to 11% of binder.
• Filler: Not allowed when exposed to sulfate attack if the lime-stone content is higher
than 10 %.
• Pigments: Special measures required.
With cement with more than 20 % secondary constituents, the negative effect of
additions on the early strength shall be taken into account.
The k-value concept according to OENORM B 4710-1, 5.3.5.2 is only valid for proof of
corrosion resistance in XC2 [107]. Requirements for compressive strength and max.
w/c ratio are given in Table 4.5.

Table 4.5

Requirements on w/c-ratios and compressive strength in Austria according to [107].

Exposure classes

Max w/c

Min compr. strength

Other req.

XF4

0.45

No req.

(AE required)

XF1 and XF3

0.55

No req.

(AE req fo XF3)

XF2

0.50

No req.

(AE required)

XD3

0.45

No req

-

XD1 and XD2

0.55

No req

-

XC-classes

0.5 – 0.7

No req

-

XA1

0.45

No req.

Special
requirements

Requirements concerning the alkali-silica reactivity of aggregate are given in OENORM
B 3100 [108].
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4.3.4

France

Information were taken from CEN/TR 15868:2009 [98].
Cements:
• XF4, XD2 –XD3, XS1- XS3, XA1: CEM I*, CEM II/A- D*, -S*, -L*, -LL*, –V*, -P*, M*; CEM II/B-M*; CEM IIIA - C; CEM V/A – B (*with restrictions in some cases)
• XF1 – XF3, XD1; XC1 – XC4: All
• XA2, XA3: CEM I*, CEM II/A-S*,–V*, -P*, -M*; CEM II/B-S*; CEM IIIA - C; CEM
V/A – B
*with restrictions in some cases
Additions:
• Fly ash and slag: In XF4, XS1-XS ad, XD2-XD3 max 15% of binder and in XA3= 0.
All other cases max 30% of binder
• Silica fume: 10% all cases
• Limestone according to special French standard, k-value 0.25. In XF4, XS1-XS ad,
XD2-XD3 max 5 % of binder and in XA1 - XA3= 0. All other cases max 25 % of
binder.
• Silicious additions according to special French standard; k-value 0.25, In XF4, XS1XS ad, XD2-XD3 max 15 % of binder, in XF4 5 % and in XA1 - XA3= 0. All other
cases max 20 % of binder.
Additional requirements for the w/c ratio and the minimum strength class in relation
to the exposure class are given in Table 4.6.
Table 4.6

Requirements on w/c-ratios and compressive strength in France.

Exposure classes

Max w/c

Min compr. Strength

Other req.

XF4

0.45

C30/37

AE required

XF3

0.55

C30/37

AE required

XF2

0.55

C25/30

AE required

XF1

0.60

C25/30

-

XS3, XD3

0.50

C35/45

XS2, XS1, XD2

0.55

C30/37

XD1, XC4, XC3

0.,60

C25/30

XC2, XC1

0.65

C20/25

-

XA1

0.55 – 0.45

C30/37- C40/50

Special
requirements

Alkali-silica reactivity:
Requirements to minimize the risk for alkali silica reaction is given in the guideline FD
P18-464 [109].
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4.3.5

Germany

Information were taken from CEN/TR 15868:2009 [98]. Specific requirements for
concrete can be found in DIN 1045-2 [110].
Cements:
• XF4, XF2: CEM I, CEM II/A- D, -S, -T, -LL, -M; CEM II/B-S, -T, -M; CEM IIIA -B;
(same secondary constituents in M as in the other cements)
• XF3: CEM I, CEM II/A- D, -S, -T, -LL –V, -M, -P, -Q; CEM II/B-S,-P, -Q, -T, -M;
CEM IIIA -B; CEM IV/A – B (same secondary constituents in M as in the other
cements, special requirements on P in CEM IV)
• XF1, XS1 – XS3, XD1 – XD3, XC3-XC4, XA1-XA3: XD1; XC1 – XC4: CEM I, CEM
II/A- D, -S, -T, -L, -LL –V, -M, -P, -Q; CEM II/B-S,-P, -Q, -T, -V, -M; CEM IIIA -B;
CEM IV/B, CEM V/A-B (same secondary constituents in M as in the other cements,
special requirements on P in CEM IV and CEM V)
• XC1-XC2 almost all.

Table 4.6 Requirements on w/c-ratios and compressive strength in Germany according to DIN
1045-2 [110].
Exposure classes

Max w/c

Min compr. strength

Other req.

XF4

0.50

C30/37

(AE required)

XF3 and XF2

0.55
0.50

C25/30 with AE
C35/45 without AE

XF1

0.,60

C25/30

XS3

0.45

C35/45

XS2, XD3, XD2

0.50

C35/45

XS1, XD1

0.55

C30/37

XC1 – XC4

0.75 - 0.60

C16/20 - C25/30

XA1

0.60 – 0.45

C25/30 – C35/45

The risk for alkali silica reaction in concrete is regulated in the national guideline
“Vorbeugende Maßnahmen gegen schädigende Alkalireaktion in Beton” [111].

4.3.6 Switzerland
Information were taken from CEN/TR 15868:2009 [98]. Table 4.7 shows requirments
towards w/c ratio and compressive strength for specific exposure environments.
Cements: (XS not relevant for Switzerland)
•
•
•
•

XF4; XF2: CEM I, CEM II/A- D
XF3: CEM I; CEM II/A- D, -S, -LL, -M; CEM IIIA
XD1-XD3, XF1, XC4: CEM I, CEM II/A- D, -S, -LL -.M; CEM III/A; CEM III/B
XC1-XC3: CEM I, CEM II/A- D, -S, -LL -.M; CEM II/B-LL; CEM IIIA; CEM III/B
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Table 4.7

Requirements on w/c-ratios and compressive strength in Switzerland.

Exposure classes

Max w/c

Min compr. strength

Other req.

XF4

0.,45

No req.

AE required

XF3, XF2

0.50

No req.

AE required

XF1

0.55

No req.

XD3

0.45

No req

XD1 and XD2
XC1 - XC4
XA1 - XA3

0.50
0.65 - 0.50
Req. not specified

No req
No req

-

Additions:
• Slag not allowed

4.4 Overview of requirements for tunnels in
aggressive environments and in not very
aggressive environments
The requirements of Trafikverket on tunnels can be simplified to two basic cases:
• Tunnels in aggressive environments such as
o exposed to severe freeze-thaw cycles (XF4)
o exposed to deicing salts, cycling wet and dry (XD3)
o exposed to brackish or sea water in splash zone (XS3)
o exposed to groundwater or soil which contains aggressive chemical
compounds (XA2-XA3)
o exposed to non-stationary ground water (even if classified as XA1)
o exposed to sulfate containing water
• Tunnels in not particularly aggressive environments
o maximum exposure classes XC4, XD2, XS2 and XF3
o stationary groundwater classified as XA1
o sulfate below limit in water
In the following two tables the requirements in all the studied countries for these two
basic cases are summarized.
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Table 4.8

Allowed
cements

Review of requirements in tunnels in aggressive environments.
Sweden
(TRV)
CEM I3
SR3 /LA
CEM II/A-V
4
3
NSR /LA

Norway

Finland

Austria

France

Germany

Switzerland

CEM I

CEM I

CEM I

CEM I

CEM I

CEM I

CEM II/AD, -V, -S,
1
-LL
CEM II/B-S,
-V

CEM II/A-S,
-D, -V, -LL,
-M

CEM II/A-S,
1
-D,-V,-WW
-M
CEM II/B-S,
1
1
-V ,-LL ,
1
-M
CEM III/A*
CEM III/B

CEM II/AD, -S, -L,
-LL, -V, -P, 1
M (all )
CEM II/B1
M
CEM III/A,
B, C
CEM V/A, B

CEM II/A3
3
D, -S , -LL ,
3
-M

SF, 10%
FA, 20%
(As in
allowed
cements)
20 %

As in
2
EN 206

As in
2
EN 206

CEM II/AD, -S, -T,
3
1
-LL, -V ,-M ,
3
3
-P ,-Q
CEM II/B-S,
3
3
-P , -Q ,-T,
-M
CEM III/A,B
CEM IV/A,
1,3
B
As in
2
EN 206

25 – 45%

15%

Not allowed

Not allowed

CEM III/A

Allowed
additions,
max % of
binder

SF, 5 %
FA, 20 %

Addition of
GGBS, max
% of binder
Freeze/
thaw
resistance

20% in XF4

Maximum
vct ekv
Compress.
strength

Min 4 % SF
Otherwise
as in
2
EN206
44%

3

CEM III/A

As in
2
EN 206

XF4: Initial
and
continuous
testing acc.
to
SS137244
A
0.40

No req.

P-factor or
F-factor
and testing

AE req. for
XF2 – XF4

AE req. for
XF2 – XF4

AE req. for
XF4. Use of
AE lowers
requiremen
t for other
classes

AE req. for
XF2 – XF4

0.40

0.45

0.45

C35/45

C28/35 C35/45

No req.

XS3: 0.45
Otherwise
0.50
C35/45C30/37

0.45

No req.

XF4:0.45
Otherwise
0.50
C35/45C30/37

1)

With restrictions
No restrictions on allowed amounts, only on how much will be considered as binder
3)
Alkali content max 0,6 % (fulfils SS134203:2014)
4)
Sulfate resistant according to SS134204:2014.
2)
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Table 4.9
Allowed
cements

Review of requirements in tunnels in not-very-aggressive environments.
Sweden
CEM I

Norway
CEM I

Finland
CEM I

Austria
CEM I

France
CEM I

Germany
CEM I

Switzerland
CEM I

CEM II/A-S,
3)
-V, -M, -LL
CEM II/B-S,
1)
-V, -M

CEM II/A1
D, -V, -S, -L
CEM II/B-S,
-V

CEM II/A-S,
-D, -V, -LL,
-M

CEM II/A-S,
1
-D -V,-WW
, -M
CEM II/B-S,
1
1
1
-V ,-LL ,-M

CEM II/AD, -S, -L, -LL.
–V, -P, -M
1
(all )
CEM II/B1
M

CEM II/A3
3
D, -S , -LL , 3
M

CEM III/A
CEM III/B

CEM III/A,
B, C CEM
V/A, B

SF, 10%
FA, 20
(As in
allowed
cements)
20 %

As in
2
EN 206

As in
2
EN 206

CEM II/AD, -S, -T, -L,
3
1
-LL –V ,-M ,
3
3
-P ,-Q ;
CEM II/B-S,
3
3
-P , -Q , -T,
-V, -M
CEM IIIA -B
CEM IV/A –
1,3
B
CEM V/A-B
As in
2
EN 206

25 – 45%

30%

Not allowed

Not allowed

XF2:
P-factor
and testing

AE req. for
XF2

AE req. for
XF2

Use of AE
lowers
other
requirem.

AE req. for
XF2

0.45

0.45 - 0.55

0.50 – 0.55

0.55-0.60

0.50 – 0.60

0.50-0.55

C35/45

C35/45

No req.

C25/30C30/37

C25/30C30/37

No req.

1

CEM III/A

Allowed
additions,
max % of
binder

SF, 10%
FA, 35 %

Addition of
GGBS, max
% of binder

In XF2 and
44%
XF3: 20 %
In XF1 or
not exposed
to freezing:
35 %
No req
XF3:
Initial and
continuous
testing acc.
to
SS137244
B.
XF2: Initial
testing acc.
to
SS137244
A

Freeze/
thaw
resistance

Maximum
vct ekv
Compress.
strength

0.45
(0.45-0.60)
No req.

As in
2
EN206

1)

With restrictions
No restrictions on allowed amounts, only on how much will be considered as binder
3)
Not allowed in the presence of sulfates
2)
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5 Future developments for materials
and technology
The main efforts for now and the foreseeable future will be the sustainability of sprayed
concrete mixes. Even though applied in relatively thin layers medium to long tunnels
can require high volumes of sprayed concrete and with the high cement content of
traditional mixes there is a visible footprint on the environment. Already used are
blended binder systems with type II mineral additions, mostly fly ash and/or silica
fume. However, to increase sustainability and reduce the environmental footprints
triple or quadruple blended binders may become standard for sprayed concrete as well
as for precast concrete tunnel lining segments.
Another focal point in the near future is the development of new types of admixtures,
which can extend the service live of concrete in underground constructions. They can
have added functionalities towards water repellence [112] or self-healing [113–116] or
self-curing properties [117–121]. Self-healing can help to mitigate leakage due to
shrinkage cracking and self-curing agents can minimize early age cracking. However,
the underground environment is an extreme environment concerning moisture content
and low temperatures and there is still a long way to go to successfully the new types of
smart admixtures in a robust way.
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