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Abstract: Fibre-reinforced shotcrete (sprayed concrete) is one of the major components in the support
system for tunnels in hard rock. Several empirical design methodologies have been developed over
the years due to the complexity and many uncertainties involved in rock support design. Therefore,
this paper aims to highlight how the choice of design methodology and fibre type impacts the
structural capacity of the lining and the emission of greenhouse gases (GHG). The paper starts with
a review of different design methods. Then, an experimental campaign is presented in which the
structural performance of shotcrete reinforced with various dosages of fibres made of steel, synthetic
and basalt was compared. A case study is presented in which the permanent rock support is designed
based on the presented design methods. Here, only the structural requirements were considered, and
suitable dosages of fibres were selected based on the experimental results. The emission of GHG was
calculated for all design options based on environmental product declarations for each fibre type. The
result in this paper indicates that synthetic fibres have the greatest potential to lower the emissions
of GHG in the design phase. Moreover, the choice of design method has a significant impact on the
required dosage of fibres.
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1. Introduction

The ongoing strive to reduce the construction industry’s climate impact has led to
innovative solutions with respect to construction methods, new materials and more detailed
and reliable inspection systems. The European Union (EU) has set an ambitious goal of
being climate neutral by 2050. This means that our total emission of greenhouse gases
(GHG) should be equal, or less, than the planet’s absorption capacity of GHG. At the same
time, cities continue to expand, and the infrastructure network capacity must therefore
increase. Thus, owners, engineers and contractors within the building industry face a
complex challenge to reduce the environmental impact. Within this context, efforts are
being made to reduce the high impact of shotcrete used to support tunnels and increase
its durability. Moreover, Johansson et al. [1] investigated the feasibility of replacing the
traditionally used rock bolts made of steel with glass-fibre bolts. Fixed markers could be
applied to the shotcrete surface to achieve better control of the shotcrete (sprayed concrete)
thickness. However, it was shown by Bjureland et al. [2] that the relative variation in
thickness is considerable and that there is a tendency to use too much shotcrete. One way
to improve control of the thickness and to reduce the use of the material was shown by
Westlesen and Krutrök [3]. Here, a LiDAR sensor was mounted on the spray robot, which
first scanned the rock surface and then the shotcrete surface directly after spraying. A map
of the shotcrete thickness is presented to the operator for immediate control of thickness.
Furthermore, the possibility of using ground-penetrating radar to determine the thickness
of the concrete lining is summarized in, e.g., [4]. For inspections, the scientific community
now focuses on using mobile mapping systems in combination with deep learning to
increase the efficiency of inspections; see, e.g., [5,6].
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For tunnels excavated in hard rock, fibre-reinforced shotcrete (FRS) in combination
with rock bolts has been the dominating support method since the 1980s [7]. The main rea-
son is the time saved in the production stage since using FRS removes the time-consuming
work of placing traditional reinforcement. The structural behaviour of an excavated rock
mass is difficult to predict due to the many uncertainties, such as the quality and orientation
of the joints in the rock mass. Therefore, designing a suitable rock support is a complicated
task. For these reasons, the design is often based on a combination of empirical methods
and numerical analysis, and many countries have also developed individual strategies and
empirical knowledge for the structural design of rock support. This also includes the type
of fibre that can be used as reinforcement in the shotcrete. In Norway, synthetic and steel
fibres were previously allowed for tunnels on land, while synthetic fibres were the only
fibre for subsea tunnels due to durability aspects. However, after incidents where fibres
floated to the surface and polluted the ocean, synthetic fibres were banned as of November
2015 [8]. The problem was initiated due to the combination of two factors: on the one hand,
allowing tunnel mock, including shotcrete and fibres to be used as filling material in the
sea, and on the other hand, the low density of those synthetic fibres allowed them to float
to the surface.

In Sweden, even though it is not explicitly stated in the design rules, steel fibres are cur-
rently the only type of fibre that is commonly accepted as reinforcement in shotcrete used
as tunnel support. The main reason for this is the great theoretical and empirical knowl-
edge regarding the structural behaviour and durability of steel fibres built up since the
1980s [7,9–13]. In Australia, synthetic and steel fibres are used, and according to Bernard [14],
the lack of familiarity with the material is one possible reason for the strict difference be-
tween using or not using synthetic fibres. Besides steel and synthetics, fibres made of
basalt came into use for civil engineering applications in the 1990s [15]. Since basalt fi-
bres are non-corrosive and are produced from basalt rock, they have been considered an
environmentally friendly fibre. Research on structural behaviour, durability and environ-
mental impact of basalt fibres are presented by, e.g., Mohaghegh [16], Afroz et al. [17] and
Fiore et al. [18]. In the design of a tunnel, the choice of fibre can potentially reduce the
environmental impact from the construction of tunnels and perhaps during the entire
tunnel lifecycle. However, even though the tunnel’s environmental impact is important,
one must also ensure that the alternative fibres fulfil the requirements put on the tunnel
lining in terms of structural capacity, deformation and durability. These questions are
investigated in an ongoing research project at KTH Royal Institute of Technology with
support from the Swedish Transport Administration (Trafikverket). The project aims to
investigate which fibre types are suitable for use in a road- and railway tunnel in hard rock.

This paper focuses on the design of fibre-reinforced shotcrete with respect to the
structural capacity and the environmental impact of different types of fibres, i.e., steel,
basalt and synthetic. Therefore, a review of different design methods is presented in
Section 2, which includes an investigation and discussion on the correlation between the
classification of the rock mass with the Q-system and rock mass rating (RMR) system and
the required shotcrete thickness and fibre dosage. Some national empirical guidelines
and analytical equations are also presented. An experimental campaign investigated the
residual strength and energy absorption capacity of steel, basalt and synthetic fibres with
various dosages. The content of the experimental campaign is presented in Section 3. To
highlight how the choice of fibre and design philosophy of the rock support affects the
required dosage of fibres and environmental impact, a case study is presented in Section 4.
With the help of environmental product declarations (EPD), the global warming potential
(GWP) for each design method and fibre type was calculated, which links the design
method, fibre type and environmental impact for the construction of a tunnel. The results
from the experimental campaign and the case study are presented in Section 5, which is
followed by conclusions.
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2. Design of Shotcrete as Permanent Rock Support

As mentioned above, tunnels in hard rock are commonly supported with a combina-
tion of rock bolts and fibre-reinforced shotcrete. For the design of shotcrete, the necessary
thickness and ductility, often specified as energy absorption or residual flexural strength,
must be decided. This is by no means a trivial task since the load acting on the shotcrete
depends on the deformation of the rock mass and its interaction with the shotcrete. As
mentioned above, rock support design is complex; therefore, the design codes used in
Europe, i.e., Eurocode 7 [19], are open for various design methods such as empirical, ana-
lytical, and observational methods. The design methodology differs between projects and
individual engineers. As with the choice of material for fibres, the choice of method will
likely come down to the engineer’s familiarity and trust in different methods as well as
the governing design rules. However, as discussed below, the choice of the design method
will impact which mechanical properties the shotcrete must fulfil and, thereby, which test
methods are suitable for quality control during construction. In, e.g., Sweden, shotcrete
has traditionally been specified with a required residual flexural strength which prohibits a
stringent use of an empirical design method such as the Q-method, while in other countries,
e.g., Norway, empirical methods are commonly used in the design. Below, different design
approaches are described, including the Q- and RMR method, national guidelines, and
analytical equations.

2.1. Design with the Q-Method

Design of rock support with empirical methods is normally based on a rock mass
classification system. Two widely used systems are the rock mass rating (RMR) system,
developed by Bieniawski [20], and the Q-method, by Barton et al. [21]. In the Q-method,
the rock mass quality Q is calculated based on the ratio between three sets of parameters.
which represent the structure of the rock mass, the roughness and degree of alternation of
the joints and active stresses [21].

Q =
RQD

Jn
× Jr

Ja
× Jw

SRF
(1)

The rock support is determined based on the Q-value and the equivalent dimension,
which is the ratio between an effective length and the excavation support ratio (ESR).
The effective length is determined for the roof and walls separately, and the ESR value
reflects upon the tunnel’s purpose and degree of safety. In the original paper [21], the
relevant values of and the equivalent dimension of the tunnel were studied together with
the used rock support from more than 200 case records. Based on this, a design chart
with 38 different support categories was presented. With the work by Terzaghi [22] and
several case records as starting points, some theoretical reasoning is presented regarding
the maximum support pressure that will develop. It is concluded that the support pressure
will be independent of the dimension of the tunnel and hence only depend on the quality
of the rock. Based on the fact that the support pressure P can be determined, the distance
between systematically placed rock bolts a can be calculated based on the yield capacity of
one bolt fbolt as:

a =

√
fbolt
P

(2)

However, determining the load acting on the shotcrete when combined with systemat-
ically placed rock bolts is far more complicated. The load distribution depends here on the
interaction between shotcrete, rock bolts and the rock mass, and in the Q-system [21,23,24],
the required thickness of the shotcrete is purely based on studied case records. Two signifi-
cant updates of the Q-system have been performed and presented in [23,24]. In the first
update [23], 1050 new cases were added, and fibre-reinforced shotcrete was included as
one of the main components for rock support. The thickness is still based on empirical
knowledge from case records, and no recommendations or requirements are given regard-
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ing the dosage of fibres. In the second update [24], 900 case records were added based on
underground excavations in Norway, Switzerland and India [25]. Moreover, an energy
absorption criterion for the shotcrete was introduced based on panel tests according to the
EFNARC standard [26]; see Figure 1. Again, there is no thorough theoretical reasoning
behind the correlation between Q-value, equivalent dimension and required energy absorp-
tion or regarding the borderlines between required energy absorption levels; see Figure 1.
Furthermore, the Q-system gives a recommended length and spacing between bolts with
and without fibre-reinforced shotcrete (denoted as Sfr in Figure 1).
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Figure 1. The Q-system for design of rock support; from Grimstad et al. [24].

2.2. Design with the RMR-Method

The rock mass rating (RMR) system was developed by Bieniawski [20] and has since
then been updated several times; see, e.g., [27,28]. A more detailed historical review can be
found in, e.g., [29,30]. The basic RMR value is based on the summation of six parameters
representing the strength of intact rock, drill core rating (RQD), spacing of discontinuities,
condition of discontinuities, groundwater and orientation of the discontinuities [31]. The
basic RMR value is then adjusted based on blasting damage, in situ stress and major faults.
The procedure is schematically shown in Figure 2. Unlike in the Q-method, the rating for
each parameter used to calculate the RMR value is based on a specific range of values.
For example, RQD and groundwater are within the range of 3–20 and 0–15, respectively.
Based on the RMR value, the rock is divided into five different classes that range from very
good to very poor rock, and a suggested rock support is assigned to each category; see
Table 1. This gives the length and distance between the bolts as well as the thickness of
the shotcrete. There are no requirements put on the energy absorption or residual strength
of the shotcrete, and no theoretical reasoning is presented in connection to the suggested
support system.
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Table 1. Correlation between rock mass rating and support; from [28].

RMR Rock Support

81–100 Occasional spot bolting.
61–80 Local bolts in crown, cc = 2.5 m, hroof = 50 mm was needed

41–60 Systematic bolts in crown and wall, cc = 1.5–2.0 m,
hroof = 50–100 mm and hwall = 30 mm

21–40 Systematic bolts in crown and wall, cc = 1.0–1.5 m,
hroof = 100–150 mm and hwall = 100 mm

0–20 Systematic bolts in crown and wall, cc = 1.0–1.5 m,
hroof = 150–200 mm and hwall = 150 mm

cc = spacing between bolts; hroof = shotcrete thickness roof; hwall = shotcrete thickness wall.

2.3. Design with the National Guidelines

In some countries, national recommendations have been developed based on practical
experience from rock support design. During the same time that a second update of
the Q-system was ongoing, a correlation between Q-value, rock class and toughness
performance level (TPL) was proposed by Papworth [32] based on experience. Here, the
definition of toughness performance level (TPL) [33] is used in which fibre-reinforced
shotcrete is classified into levels I–V based on the residual flexural strength at fixed vertical
displacements. The TPL is based on testing according to the now withdrawn standard
ASTM C1018. Here, the free length of the specimen was 300 mm, and the residual strength
was thereby determined between the vertical displacement δ1 = 0.5 mm and δ2 = 2.0 mm.
The limits between TPLs are defined as a ratio of the flexural strength fre for the shotcrete.
In Table 2, the ratios and the numerical values for a case with fre = 4.0 MPa are both
presented [33]. In each TPL, the upper limit is the fre at δ1. In Sweden, a preliminary rock
support design is often based on the Q-method. Then, numerical simulations or analytical
equations are used to verify the structural capacity of the support. In such cases, the
residual strength of the shotcrete is needed, and this is commonly set as f SWE

re between
3.5 and 4.0 MPa at 2.0 mm deflection [34], based on the EN 14488-3 test standard [35]. In
the Australian guidelines for the design of shotcrete [36], it is recommended to specify
a required residual flexural strength when small deformations are expected or accepted
and an energy absorption criterion otherwise. In the guideline, no limit is defined when
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displacements are considered to be small. Typical values from civil engineering projects
are for small deformations f AUS

re = 3.0 MPa at 3 mm vertical deflection for the EN 14488-3
test [34] and for large deformations 400 J for the RDP test [7]. For the example in this
paper, it has been assumed that a design based on small deformations is suitable for rock
class A and B, while large deformations should be assumed for the design of the remaining
rock classes; see Figure 1.

Table 2. Correlation between rock class and energy absorption based on square (SQU) and round
panels (RDP) as well as TPL and flexural residual strength; from [4,13,24].

Rock Class TPL ESQU
(J)

ERDP
(J)

fTPL
re
(-)

fTPL
re

(MPa)
fSWE
re

(MPa)
fAUS
re

(MPa)
EAUS

RDP
(J)

A 0 0 0 0 0 3.5–4.0 3.0
B 1 >500 >200 0.1–0.25 0.4–1.0 3.5–4.0 3.0
C 2 >500 >200 0.25–0.47 1.0–1.9 3.5–4.0 400
D 3 >700 >280 0.47–0.67 1.9–2.7 3.5–4.0 400
E 4 >1000 >400 0.67–1.0 2.7–4.0 3.5–4.0 400
F 4 >1400 >560 0.67–1.0 >4.0 3.5–4.0 400

To summarize, a design based on the Q-method or the RMR system yields a required
shotcrete thickness and a specific energy absorption if the Q-system is used. Quality control
of shotcrete should therefore be based on testing of square panels [29] or round determinate
panels (RDP) [37]. There is no thorough theoretical reasoning behind the required thickness
or energy absorption in any of the systems. However, few cases of tunnel failure are
reported in the literature, and for those Norwegian cases reported, e.g., Hannekleiv [38],
the reason behind the collapses has been an overestimation of the rock quality. It can
therefore be concluded that the empirical design methods yield a safe design in most
situations. However, the design information gives no information regarding the level of
safety of the structure.

2.4. Design with Analytical Equations

The primary support mechanism for shotcrete is that it should be able to carry the
load from a small block, either through its bond to the rock surface or its flexural or
shear capacity; see Figure 3. For a rock support with systematically placed rock bolts, the
maximum size of the block could be determined based on the spacing between the bolts.
For the design of shotcrete with analytical equations, many researchers, see, e.g., [7,39],
refer to the work by Barrett and McCreath [40], where the potential failure modes for a bolt-
anchored shotcrete lining subjected to a block-load are presented based on observation of
experimental results from the literature [11,41,42]. Based on this, it was concluded that each
failure mode could be treated individually, and analytical equations are presented for each
failure mode. The independence of these modes was verified with numerical simulations
by Sjölander et al. [43]. In this paper, only the design model for flexural failure will be
discussed. The reason is that the other failure modes, i.e., shear and bond, are not directly
affected by the fibre content in the design. Shear failures seldom occur when the thickness
is greater than 40 to 50 mm [41,42]. Due to the high pressure used during application
of shotcrete, coarse aggregate and fibres tend to rebound from the rock surface until a
sufficient layer of cement paste has been built up. Thus, the bond strength is unaffected by
the fibre content, and the rock surface’s characteristics and the shotcrete operator’s skill are
the two most important parameters affecting bond strength.
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In the rock support design phase, the shotcrete’s tensile strength is typically neglected,
and the residual flexural strength is used instead. The reason is that fibre-reinforced
shotcrete typically has strain-softening behaviour; thus, its load-capacity decreases after
the first crack is formed. As a first step in the design, a mechanical model is applied. Since
the fibres in the shotcrete are randomly distributed, it is assumed that the residual flexural
strength of the shotcrete is the same in both in-plane directions. For this reason, designing
the shotcrete based on a 2D model, which neglects the beneficial load distribution in two
directions that occurs in a slab, is an assumption on the safe side. Thus, the design of the
shotcrete is often based on a beam model, in which the block’s size and the beam’s length
are determined based on the distance between the rock bolts. The moment capacity for the
shotcrete is given by:

MRd = W × fre (3)

Here, W is the first moment of the area, and fre is the residual flexural strength which
greatly depends on the fibre content. The design of the rock support then becomes a
cost-optimization problem between rock bolts, shotcrete thickness and fibre content.

For a case when the design is based on analytical equations, in situ quality control
must be performed based on beam tests to verify that the correct fre is achieved. According
to EN 14487-1 [44], a minimum of three beams should be tested for every 500 to 2000 m2 of
shotcrete sprayed. One of the drawbacks of this test method is that the scatter in the results
is commonly high, which leads to conservative values for fre which, potentially, yields
an uneconomical design together with an unnecessary high carbon footprint. Through
numerical simulations, it was shown by Brodd and Östlund [45] that the fibre dosage could
be reduced. Testing was performed using specimens with a larger fracture surface, e.g., by
using slabs or panels instead of beams.

3. Experimental Campaign

In this section, an overview of the experimental campaign is presented, which includes
the used standards, shotcrete mix and preparation of specimens.

3.1. Overview

An experimental campaign was performed to investigate how the residual flexural
strength and energy absorption were affected by the dosage of steel, basalt and synthetic
fibres; see Table 3. The testing was conducted at the laboratory of Vattenfall R&D in Älvkar-
leby, Sweden. The residual strength was tested through four-point bending according
to EN 14488-3 [35], energy absorption tests were based on ASTM C1550 [37], while the
compressive strength was tested according to EN 12390-3 [46]. The same basic concrete
mix, as given in Table 4, was used for all these samples. The air content and slump were
measured for every batch, and the range for each batch is presented in the table. The
mechanical properties of the fibres are presented in Table 5, and the fibres are shown
in Figure 4.
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Table 3. Overview of experimental campaign.

Fibre Material Dosage
(kg/m3)

Beams
(-)

Panels
(-)

Cubes
(-)

Dramix 3D Steel 30/40/50 3/3/3 3/3/3 3/3/3
Dramix 4D Steel 20/30/40 3/3/3 3/3/3 3/3/3

Basalt Minibar Basalt 14/16/20 3/3/3 3/3/3 3/3/3
BarChip 54 Synthetic 3/6/9 3/3/3 3/3/3 3/3/3

Table 4. Shotcrete mix.

Material Quantity Unit
(-)

Cement 500 kg/m3

Water 204 kg/m3

w/c 0.41 -
Aggregate 0–2 mm 489 kg/m3

Aggregate 0–8 mm 1141 kg/m3

Release agent 1 1.6 kg/m3

Plasticizer 2 5.0 kg/m3

Air 3 4.5–5.1 %
Slump 3 80–160 mm

1 Sika Perfin 301. 2 Sika Visco-Crete 6730. 3 Given as a range for all samples.

Table 5. Mechanical properties and geometry of fibres.

Fibre Density
(kg/m3)

E
(GPa)

fu
(MPa)

l
(mm)

d
(mm)

l/d
(-)

Dramix 3D 7850 200 1800 35 0.5 65
Dramix 4D 7850 200 1600 35 0.5 65

Basalt Minibar 2000 42 >1000 43 0.7 61
BarChip 54 900 12 640 54 0.6 90
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3.2. Preparation of Specimens

For quality control in the construction phase, sprayed specimens are tested. However,
preparing samples by casting is quicker and more economical and is often used in research.
Moreover, the potential quality variations that depend on the nozzlemen will also be
eliminated by casting samples. To study possible differences in structural behaviour, the
specimens in this experimental campaign were cast and not sprayed. In a future study, this
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study will be repeated with sprayed samples. All specimens were cast in a laboratory, and
from each batch, three beams, round panels and cubes were cast. Steel moulds were used,
and directly after casting, the specimens were covered with plastic foil. The cubes and
panels were cast directly in steel moulds with standardized size, while the beam specimens
were prepared according to EN-12390-1 [47], with slab specimens first cast. After 21 days
of hardening, standard beams are sawn out from the slabs. The moulds were removed the
day after casting, and the specimens were stored in an indoor climate for a minimum of
28 days before testing; see Figure 5.
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4. Case Study of Tunnel Design

To illustrate how the choice of fibre will affect the environmental impact from the
construction of the tunnel and how the design methodology and philosophy will impact
the required dosage of fibres, an illustrative example is presented below. Here, a tunnel
with a span of 15 m and an excavation support ratio (ESR) of 1.0 should be designed when
the Q-value is 20 and 1.5, respectively. The structural requirement of the shotcrete is based
on four different design methodologies listed below (1–4). For each design methodology, a
required dosage and GWP are calculated (5–6).

1. Design with Q-method: The required energy absorption for the shotcrete was based
on the geometry, ESR- and Q-value. First, the required energy absorption ESQU
was taken from the Q-chart shown in Figure 1 and then converted according to
ERDP = ESQU/2.5.
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2. TPL design: Based on the Q-value, a rock class was determined based on the Q-chart.
The correlation between rock class and toughness performance level (TPL) was used
to determine a required residual strength f TPL

re .
3. Australian design: Here, it was assumed that small deformations were expected for

Q = 20 and large deformations when Q = 1.5. Hence, the design was based on a
residual strength f AUS

re for Q = 20 and an energy absorption ERDP for Q = 1.5 based on
Australian standards (ACS2010).

4. Swedish design: The requirements of the shotcrete were based on a recommended
residual strength based on Swedish guidelines f SWE

re .
5. Dosage of fibres: Based on the results from the experimental campaign presented in

Section 5, the minimum dosage of fibres that fulfilled the design criterion was selected
for each design alternative.

6. Environmental impact: Based on environmental product declarations [48–50]
for each tested fibre type, the global warming potential was calculated for each
design alternative.

In order to fulfil the specific energy absorption ERDP, two out of three slabs must have
a higher energy absorption than specified [44]. For fre, the mean value of a test series with
three beams must fulfil the specified residual strength, and individual values cannot be
lower than 90% of the specified fre [44].

The environmental impact was assessed with environmental product declarations
(EPD), which is a standardized approach to calculating the environmental impact of differ-
ent materials [51,52]. In this study, the system boundaries were limited to the product phase,
which includes raw material extraction and processing, transportation of raw materials to
the manufacturer and the manufacturing process. This is also referred to as a cradle-to-gate
study. The environmental impact is stated for different indicators, e.g., global warming
potential (GWP), depletion potential for the stratospheric ozone layer (DPSO), abiotic
depletion potential for fossil resources (DPFR) and acidification potential (AP). Within the
scope of this paper, only GWP is considered; see Table 6. The functional unit for all EPDs
was 1 kg of fibre, i.e., each indicator is calculated based on the production of 1 kg of fibre.

Table 6. Global warming potential to produce 1 kg of different fibres given as kg CO2 equivalent.
Data from [48–50].

CO2 Eq. to Produce 1 kg of Fibre
Indicator Dramix BarChip MiniBar

Global Warming Potential (GWP) 0.88 kg 2.01 kg 2.11 kg

5. Results and Discussion

Here, the results from the experimental campaign will first be presented and discussed.
Thereafter, the results from the case study presented in Section 4 will be presented.

5.1. Experimental Results

In Table 7, selected results from the experimental campaign are presented. This in-
cludes compressive cube strength fc and residual strength at a maximum vertical deflection
of 2.0 ( fr2) and 3.0 ( fr3) mm, respectively, for the individual samples as well as the mean
value of the test series. The energy absorption for the panels at a vertical deflection of
40 mm (E40) is also presented. The complete results from the experimental campaign are
reported by Sjölander et al. [53].
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Table 7. Compressive strength, residual strength and energy absorption for shotcrete with steel,
synthetic and basalt fibres with various dosages.

Cubes Beams EN 14488-3 (MPa) Panels (J)

Fibre Dosage
(kg/m3)

fc
(MPa) fr2

fr2
Mean fr3

fr3
Mean E40

Dramix 3D 50 57/63/64 5.1/5.2/6.8 5.7 4.9/5.1/6.4 5.5 709/764/724
Dramix 3D 40 60/63/65 2.9/3.2/5.7 3.9 2.7/3.1/5.2 3.7 592/597/792
Dramix 3D 30 56/61/63 2.8/2.8/5.0 3.5 2.4/2.7/4.5 3.2 472/516/564

Dramix 4D 50 57/57/59 5.6/6.9/7.5 6.7 4.8/5.0/8.1 6.7 737/957/979
Dramix 4D 30 58/59/62 3.4/4.4/4.9 4.2 3.5/4.4/4.5 4.2 525 */825/927
Dramix 4D 20 59/61/61 1.7/2.4/4.0 2.7 1.7/2.3/3.7 2.7 577/583/653

Basalt Minibar 20 58/62/64 4.3/4.8/5.4 4.8 4.0/4.9/5.3 4.7 475/536/557
Basalt Minibar 16 63/63/64 2.8/3.7/5.2 3.9 2.9/4.0/5.8 4.2 379/511/644
Basalt Minibar 14 63/63/64 2.0/2.7/2.9 2.5 1.9/2.7/3.1 2.6 362/503/514

BarChip 54 9 55/55/57 2.1/2.6/2.7 2.5 2.3/2.9/3.1 2.8 703/736/806
BarChip 54 6 55/61/64 1.8/2.5/2.8 2.4 2.1/2.9/3.2 2.7 558/610/662
BarChip 54 3 49/51/54 1.3/1.4/1.5 1.4 1.4/1.5/1.6 1.5 202/233/272

* 40 mm deflection was not met. Energy level from 35 mm.

In Figure 6, the residual flexural strength at 2.0 mm fre,2 and the energy absorption
at 40 mm deflection E40 are plotted for all fibre types and dosages. The black vertical line
indicates the range of values for each test series. Here, it can be seen that synthetic fibres
achieve the lowest fre,2 regardless of dosage. However, for the energy absorption at large
deformations, i.e., 40 mm, synthetic fibres with a dosage of 9 kg/m3 outperform almost
all the other fibre types. This clearly indicates that the tested type of synthetic fibre is
more efficient at larger displacements. For the basalt fibre, the opposite can be seen. It is
efficient at small displacements, and while 14 and 16 kg/m3 of MiniBar are comparable
to 30 and 40 kg/m3 of Dramix 3D with respect to fre,2, the Dramix 3D performs better at
larger displacements, i.e., has a higher energy absorption at 40 mm deflection. Thus, for
the tested fibres, synthetic fibres perform better at larger displacements, basalt at small
displacements, and steel performs well at both small and large displacements. Despite this,
this does not necessarily mean that fibres of a certain material are unsuitable for small or
large displacements. The geometry of the fibre plays a crucial part in the post-cracking
performance of fibre-reinforced shotcrete. The major energy consumption mechanism
during failure is debonding of the fibre, followed by deformation and the resistance due to
friction, while the fibre is being pulled-out from the concrete matrix, and thus, the shape
and potential presence of end-hooks are crucial. How the efficiency of the end-hooks
affects the results is seen by comparing the results from Dramix 3D and 4D. Theses fibres
have similar mechanical properties, see Table 5, but the Dramix 4D fibre has a different
design of the end-hook, as seen in Figure 4, which affects its pull-out capacity from the
concrete matrix as can be seen in the results in Figure 6. Both basalt and synthetic fibres are
available with different lengths and geometries, which could be more effective at smaller
or larger displacement compared to the fibres tested here. Thus, the effectiveness of the
fibre depends on the characteristics of the material but also on the geometry of the fibre,
which must be considered when selecting a suitable fibre for the design situation.
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5.2. Structural Performance

In Table 8, a suitable dosage and the calculated global warming potential (GWP)
for each fibre type is presented for the design methods presented in Section 4. For the
tested beams, the mean flexural strength was 7.3 MPa. This, in combination with the
ratios in Table 1, was used to calculate the limits for the toughness performance level f TPL

re .
The results marked with an asterisk (*) in Table 8 indicate that the test results were more
than 50% higher compared to the requirements. Thus, these dosages could be reduced
significantly and still fulfil the required residual strength or energy absorption.

Table 8. Suitable dosage of fibres and GWP for required fibre dose for different design cases, Q-values
and rock class (RC).

Dramix 3D Dramix 4D MiniBar BarChip

Design Q
(-)

RC
(-)

Dosage
(kg/m3)

GWP
(kg CO2)

Dosage
(kg/m3)

GWP
(kg CO2)

Dosage
(kg/m3)

GWP
(kg CO2)

Dosage
(kg/m3)

GWP
(kg CO2)

ERDP—200 J 20 B 30 * 26 20 * 18 14 * 30 3 6
f TPL
re —TPL I 20 B 30 * 26 20 * 18 14 * 30 6 * 12

f AUS
re —3.0 MPa 20 B 30 26 30 26 16 34 - -

f SWE
re —4.0 MPa 20 B 50 44 30 26 20 42 - -
ERDP—280 J 1.5 D 30 * 26 20 * 18 14 * 30 6 * 12

f TPL
re —TPL III 1.5 D 50 44 50 44 - - - -
EAUS

RDP—400 J 1.5 D 30 26 20 18 14 30 6 12
f SWE
re —4.0 MPa 1.5 D 50 44 30 26 20 42 - -

* Energy absorption or residual strength is 50% higher than requirement. - No test result met the requirements.

Starting with the results from the design case in good rock, i.e., for Q = 20, rock class B
and TPL I, the limits of f TPL

re are 1.8 and 0.7 MPa for vertical deflections of 0.5 and 2.0 mm,
respectively. It can be noted that f TPL

re is significantly lower compared to the required
residual strength based on Australian f AUS

re and Swedish guidelines f SWE
re , which was

3.0 and 4.0 MPa, respectively. Naturally, this results in a lower required dosage of fibres.
However, the required dosage of fibres to fulfil f TPL

re is not clear from the results in Table 8
since the lowest tested dosages had a residual strength significantly higher than 1.8 MPa.
Thus, the requirements of f TPL

re can be fulfilled with significantly lower dosages than tested
here. A similar scenario can be seen for the design based on the Q-method. Here, a round
panel should be able to absorb 200 J at 40 mm vertical deformation. The result shows
that a panel with 3 kg/m3 of BarChip 54, which had a mean energy absorption of 236 J,
is sufficient to fulfil the requirements. However, the result for the other fibre types yields
a mean energy absorption of around 500 J. This dosage could therefore be significantly
reduced and still fulfil the requirements with respect to the design based on the Q-method.
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From these results, it is clear that a large discrepancy exists between a design based
on the Q- and TPL-method on one hand and the national guidelines from Sweden and
Australia on the other hand. Naturally, this results in significantly lower dosages of fibres
while designing the rock support based on the Q- and TPL-methods. How this effects the
post-cracking performance is illustrated in Figure 7, in which the residual flexural strength
at 2 mm deflection fre,2 is plotted together with the energy absorption at 40 mm deflection
E40 for the dosages required to fulfill f SWE

re and f AUS
re . The horizontal line indicates the

requirements for f TPL
re and ERDP, respectively. As reported in [54], in situ measurements

of stresses and failures of shotcrete linings are rare, and the load acting in the shotcrete is
complex to analyze. To determine a suitable residual capacity for the shotcrete lining and
to point out which of the presented design methodologies that is most suitable is therefore
difficult. For a tunnel excavated in a rock mass of good quality, it could be argued that
the tunnel should be stable and the loading on the rock support should therefore be low.
Hence, a shotcrete lining with a low residual capacity could be used. On the other hand,
load-independent stresses, caused by, e.g., drying shrinkage and thermal expansion, could
lead to severe cracking already in the construction phase as shown by, e.g., Ansell [55] and
Sjölander and Ansell [56]. Hence, adding more fibres to increase the ductility and, possibly,
to reduce the crack widths could be preferable.
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for a design based on the Q-method (b).

For the second design scenario, i.e., when Q = 1.5, which corresponds to when rock
class is D and TPL III, the limits of f TPL

re are 4.9 and 3.4 MPa for vertical deflections of
0.5 and 2.0 mm, respectively. Here, the required dosage of fibres to fulfil the requirements
of f TPL

re is among the highest between the four design methods. Hence, a design based on
f TPL
re yields a high a residual capacity for the shotcrete lining. The structural requirements

for the shotcrete based on Australian standard are now based on energy absorption instead
of residual flexural strength. For the studied case, this actually results in lower required
dosages of fibre while using Dramix 4D and MiniBar. Moreover, 6 kg/m3 synthetic fibres
was sufficient to fulfil the requirements in the case with lower quality rock, i.e., for rock class
D but not for rock class B. One possible explanation to this is that the fibres could be used
more efficiently when larger displacements are allowed. Still, the structural requirements
based on the Q-method result in low dosages of fibres compared to the other methods.
For the tested dosages of fibres presented in Table 8, the energy absorption of a round
panel at 40 mm deflection is more than 50% higher compared to the requirements based
on the Q-method. The recommended residual strength of the shotcrete, and thereby the
dosage of fibres, according to the Swedish guidelines is unaffected by the rock class. This
recommendation leads to the highest dosages of fibres for most of the cases. At the same
time, all studied design cases are recommendations and not governing rules for the design.
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5.3. Environmental Performance

Several interesting things can be noted regarding the fibres’ influences on the environ-
mental impact. First, using a more efficient fibre will significantly reduce the climate impact
from the construction. For a design based on Swedish guidelines, the amount of steel fibres
could be reduced from 50 to 30 kg/m3 if a more efficient fibre was used, here exemplified by
using Dramix 4D instead of Dramix 3D. This alone results in an approximate reduction of
CO2 emissions from the fibres with 40%. Moreover, the CO2 emissions from basalt MiniBar
and steel Dramix 3D are for the required dosages for most of the comparable design cases.
However, the synthetic fibre BarChip shows the largest potential in lowering the CO2
emissions from production. As exemplified with the Australian design case for Q = 1.5, a
total of 6 kg/m3 of BarChip 54 fibres was needed to fulfil the requirements. This resulted
in a total of 12 kg of CO2 emissions. Compared to the second-best alternative with respect
to GWP, Dramix 4D, CO2 emissions could be reduced with around 33% with the BarChip
fibre. However, several other environmental indicators also exist and should be evaluated
alongside the GWP. Moreover, it was shown by Anand [57] that a significant difference
could exist between different fibre manufacturers of the same material, which should be
accounted for when the most suitable fibres are determined. In Figure 8, the correlation
between the mean energy absorption at 40 mm vertical deflection measured on a round
determinate panel and the global warming potential (GWP) is plotted for all the tested
fibre types and dosages. This shows some interesting trends. First, the steel fibres Dramix
3D and 4D show a more or less linear relationship between energy absorption and GWP
for the tested dosages. For the BarChip fibres, there is a significantly larger improvement
in energy absorption when the fibre dosage changes from 3 to 6 kg/m3 compared to the
difference while changing from 6 to 9 kg/m3. There is only a small and almost negligible
increase in energy absorption for basalt fibres when the dosage of fibres is increased from
14 to 20 kg/m3. This could indicate that fibres are less effective and will increase the energy
absorption at a lower rate when the volume fraction of fibres in the shotcrete increases.
The maximum dosage of steel fibres corresponds to a volume fraction of 0.6%, while the
maximum dosages of synthetic and basalt fibres correspond to a volume fraction close
to 1%.
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The design of rock support is a complex task which involves many uncertainties. This
has led to the development of different empirical approaches. In this paper, a review of the
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Q, TPL and RMR methods, with a particular focus on the requirements put on shotcrete
thickness and structural capacity, has been presented. These methods were developed
to assist the designer and to estimate preliminary support. The intention was not to
create a design system. Nevertheless, due to the complexity involved in the design, these
methods are sometimes used for the design. It has been clarified that the required shotcrete
thickness, energy absorption and residual flexural strength are strictly based on empirical
knowledge, and no theoretical background to these suggestions exists. In some countries,
empirical recommendations and guidelines have been developed that set recommended
requirements on the shotcrete regarding energy absorption or residual flexural strength. In
this paper, recommendations from Sweden and Australia were presented. Results from
an experimental campaign with different dosages of steel, basalt and synthetic fibres were
presented. This campaign tested compressive strength, residual flexural strength and
energy absorption according to standards [35,37,46].

The results from the experiments were put into context with a case study in which
the required dosage of the different fibre types was selected based on four different design
approaches. It should be clarified that the Q- and TPL-methods are intended to be used
as tools for preliminary design, while national guidelines are recommendations and not
a governing standard for the design. Still, such methods tend to form a foundation for
the design process. The case study outcome highlighted significant differences between
the required structural performance of shotcrete based on the Q and TPL methods and
the Swedish and Australian guidelines. For rock support in a rock mass of good quality,
here exemplified with Q = 20 and rock class B, it was shown that a stringent use of the Q
and TPL design recommendations yields a low dosage of fibres. Compared to suggested
fibre dosages based on Swedish or Australian guidelines, this results in a shotcrete lining
with much lower ductility. On the one hand, it could be argued that the deformation
of a rock mass of good quality should be low, resulting in low stresses on the shotcrete
lining. Therefore, shotcrete with high ductility is not needed, and a design bases on the
Q or TPL may be sufficient. On the other hand, load-independent stresses could lead to
severe cracking of the shotcrete before the tunnel is in service. Hence, a shotcrete lining
with low dosages of fibres, as recommended by the Q- and TPL-method, will result in a
significant theoretical reduction in structural capacity. Thus, such a design may yield a rock
support with low, or even insufficient, structural capacity in the cracked state. Determining
the optimal structural requirements for fibre-reinforced shotcrete is a complex task. One
way forward is through numerical simulations, e.g., the finite element method. However,
measurements of in situ stresses in the shotcrete lining are rare. Thus, the combined
complexity of determining the load and load distribution between rock and shotcrete
makes it difficult to assess the quality of such numerical models. Moreover, results from
numerical simulations of in situ stress states should be interpreted carefully since many of
the necessary input variables include uncertainties.

A lining with a low dosage of fibres is the best alternative from an environmental
perspective, while a lining with a large dosage of fibres will have the largest margin of
safety. However, the results in this paper have shown that it is quite likely that the design
of the shotcrete lining could be optimized to reduce the use of materials and to lower the
emissions of greenhouse gases. To reach this, the understanding of the interaction between
the rock mass and the support system, and especially the loading on the shotcrete, must be
increased. One way to reach this is to conduct more in situ measurements of the shotcrete
to understand the stress distribution better.

The environmental impact of the tunnel’s construction was evaluated based on EPDs.
Here, the global warming potential (GWP) for each design alternative was evaluated, and
based on this, it was clear that using more efficient fibres of the same material could signifi-
cantly decrease the GPW from the tunnel’s construction. Furthermore, the synthetic fibre
BarChip showed the most considerable potential in lowering the GWP of fibre-reinforced
shotcrete. Finally, the environmental impact study in this paper only considered the re-
quired dosage of fibres to achieve a specific structural capacity for the shotcrete. For the
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design of a tunnel, several other aspects must also be investigated. Tunnels are often
designed for a technical lifespan of 100 years or more. Thus, fibres must be durable over
a long period and not lose their structural capacity over time due to the effects of creep
or relaxation. To achieve a sustainable design, owners and designers of tunnels must,
therefore, carefully define the structural requirements the shotcrete must fulfil and then
evaluate what type of fibre is most suitable with respect to the structural capacity, durability,
maintenance and environmental impact. The potential practical impact of differences in
the amount of fibre rebound from different types of fibres could also influence the GWP
and should be investigated.
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