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Abstract: Fibre-reinforced shotcrete is an essential part of the support of hard rock tunnels. Due
to the complexity of the design, a combination of empirical and numerical analysis is commonly
used in the design. The required dosage of fibres for structural purposes is determined based on
minimum energy absorption or residual flexural strength. The latter is derived from tests on beams,
while energy absorption is tested on panels. It is widely known that tests on beams suffer from a
large scatter in results due to the short fracture zone in combination with the natural variation in the
number and orientation of fibres which bridge the crack. This impacts the characteristic strength
derived from these tests negatively. This paper presents a numerical study to investigate how the
test method affects the required dosage of fibres. First, a non-linear model for shotcrete based on
continuum damage mechanics is presented. Thereafter, the model is tuned against test results for
beams and panels. A model tuned on beams is then used to simulate the response of a panel and vice
versa. The results indicate that the size of the fracture zone has a significant effect on the post-cracking
behaviour and that the required dosage of fibres could be decreased if specimens with longer fracture
zones, i.e., panels or slabs, are used.

Keywords: fibre-reinforcement; shotcrete; EN 14488-3; ASTM C1550; numerical simulations; fibre dosage

1. Introduction

Shotcrete, or sprayed concrete, is a vital part of the support of tunnels in hard rock.
Even though unreinforced shotcrete could be used in some cases, fibre-reinforcement is
commonly used to increase the ductility of the shotcrete. The design of tunnels and rock
support involves many uncertainties, such as rock mass quality, fracture level, and water
condition. Thus, the design of rock support is complex, and the design is commonly based
on a rock mass classification system, e.g., the Q-method by Barton et al. [1] or the Rock
Mass Rating (RMR) system by Bieniawski [2]. In these methods, an empirical relationship
was established between the geometry of the tunnel, the quality of the rock mass, and the
required rock support, i.e., the thickness and ductility of shotcrete and distance between
rock bolts. The rock support design could also be based on analytical equations in which the
scenarios described by Barrett and McCreath [3] are often used. Two examples are shown in
Figure 1: a flexural failure governed by the ductility of the shotcrete and a shear failure. For
a design based on a rock mass classification system, the fibre dosage is typically determined
based on minimum energy absorption at a given vertical deformation. For an analytical
design, the residual flexural strength is normally used. As shown by Sjölander et al. [4], the
volume fraction of fibres depends on the design philosophy and the material. Commonly,
a volume fraction between 0.5 and 1.0% of fibres is sufficient, with respect to structural
performance.
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Figure 1. Flexural and shear failure modes for shotcrete subjected to loading from a single block.

1.1. Structural Testing of Shotcrete

The energy absorption of fibre-reinforced shotcrete (FRS) is determined based on
testing of round [5] or square panels [6]. Other than the geometrical difference between
the panels, the structural response and energy absorption also differ significantly between
the tests. This is because the round panels are supported by three pivoted supports and
are statically determinate, while the square panels are continuously supported by a steel
frame along all edges. This, in combination with the friction between concrete and steel [7],
results in a higher energy absorption for the square panels. The residual flexural capacity is
determined based on testing of beams [8]. It is well known that the scatter in test results is
much higher for beams compared to panels [9,10]. The main reason for this is the length
of the fracture zone, i.e., the crack. For beams, one single crack occurs during the testing,
and the length of the fracture zone is equal to the width of the beam, i.e., 125 mm for tests,
based on EN 14488-3 [8]. For the round panels [5], three cracks should develop during the
test, and the total length of the fracture zone is around 1200 mm. Since the post-cracking
performance of FRS is governed by the number and orientation of fibres bridging the crack,
it is clear that when the size of the fracture zone decreases, i.e., for tests on beams, the effect
of the natural variation in fibre distribution is more pronounced compared to a specimen
with a longer fracture zone, i.e., a panel. The scatter in results for beams is clearly visible in
results presented by, e.g., Sjölander et al. [11] and Conforti et al. [12].

Due to this, the scientific community has investigated if any correlation can be found
between tests on beams and panels [12–16]. So far, no commonly accepted correlation
between beams and panels has been established. Nevertheless, a linear correlation between
energy absorption and residual strength is suggested in several papers, e.g., [14–16]. In
Bernard [13], a correlation between the absorbed energy of a round panel at 40 mm vertical
deformation ER40 and a square panel at 25 mm vertical deformation ES25 is presented. The
correlation is strongly linear and expressed as follows:

ES25 = 2.5ER40 (1)

During construction, continuous testing of FRS should be performed to evaluate the
structural performance and ensure that the specific project requirements are achieved. The
evaluation criterion is specified in each test, and, since different committees have developed
these, the standard to pass a test differs. Below, some key differences between the tests
are pointed out. The test frequency for FRS is defined in EN 14487-1 [17] and depends on
the selected inspection category. For the residual flexural strength fre, the mean value of a
test series of three samples must reach the target fre. Moreover, all individual tests must
reach 90% of the target fre. Thus, due to the large scatter in results, the last requirement
will heavily influence the value of fre from the test series. For tests on panels, the criterion
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to pass the tests is more forgiving. For tests based on ASTM C1550 [5], two out of three
tests should reach the target energy absorption, while the mean energy absorption from
test series based on EN 14488-5 [6] is used to evaluate the quality. Here, it is clear that the
evaluation process differs between the different test series and that the variation in test
results is more penalised for tests on beams compared to panels since both the mean and
individual values of the test series must reach a target value. Furthermore, tests on beam
experience a larger scatter compared to panels, which negatively affects the characteristic fre.
Thus, if different test methods are allowed within the same project, a consistent evaluation
of the test result should be implemented. The consequence of a test result that does not
reach the target depends on the project, but could lead to an increased test frequency or an
investigation of the structural capacity of the applied shotcrete. Both scenarios are likely
to increase the cost and potentially delay the project. Thus, the consequence of the large
scatter and stricter evaluation of test results will likely lead to larger dosages of fibres being
added to the mix. This is a waste of natural resources and money.

1.2. Aim of This Paper

The aim of this paper is to numerically investigate how the length of the fracture
zone affects the structural behaviour of fibre-reinforced shotcrete. In particular, this paper
investigates if the dosage of fibres may be reduced by changing the test method. This is
achieved by numerical simulations using the finite element method. First, a non-linear
material model capable of simulating the post-cracking response of shotcrete reinforced
with various types of fibres is presented. After that, experimental results are used to verify
the numerical model, and a case study is presented, in which the length of the fracture
zone is investigated. The numerical simulations are based on the work by Brodd and
Östlund [10].

2. Numerical Model for Fibre-Reinforced Shotcrete

Below, a non-linear material model to simulate cracking of FRS is presented. The
model was based on Continuum Damage Mechanics (CDM) and implemented in the finite
element software Comsol Multiphysics [18]. After this, the material model properties were
determined based on experimental testing of beams and panels.

2.1. Damage Model for Shotcrete

A CDM based on the work by Oliver et al. [19] and its implementation in a general
finite element (FE) software by Gash [20] was used to simulate cracking of fibre-reinforced
shotcrete. The original model could simulate unreinforced concrete, and the extension of
the damage model to consider the effect of fibres was presented by Sjölander et al. [21,22].
The damage model is isotropic, i.e., damage is equal in all directions, and the damage
evolution can be described with a single scalar ω. Equation (2) describes the evaluation of
stresses for a 1D case, in which a linear-elastic response based on Young’s modulus for the
undamaged material E and the equivalent strain εeq is assumed up to the tensile strength ft:

σ = (1−ω)Eεeq (2)

In this model, only tensile stress is considered, and damage is irreversible. To track
the maximum strain in each element, a history-dependent variable κ was used to log the
strain in each time step. Thus, κ is defined as the maximum strain between the current εeq
and previous time-step κold:

κ = max(εeq, κold) (3)

Furthermore, the evolution of damage follows a Kuhn–Tucker condition, as presented
in Equations (4) and (5). Based on these, damage only increases if the current state of strain
εeq is larger than the history-dependent strain κ:

f (εeq, κ) = εeq − κ ≤ 0 (4)
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f ≤ 0; κ′ ≥ 0; κ′ f = 0 (5)

After cracking, the fracture process was described by the Cohesive Crack Model
presented by Hillerborg et al. [23] and illustrated in Figure 2. Hence, the post-cracking
response was based on an assumed relationship between stress σ and crack width w, i.e.,
a σ(w)-function, until a stress-free crack-opening wc was reached. The crack band theory
was used to reduce mesh dependency, in which the effect of micro-cracks is smeared over
a crack bandwidth. The damage model was implemented in terms of strain εeq, and the
relationship between εeq and crack width w was defined by the element size hf:

w = (κ − ε0)h for ε0 < κ (6)

Figure 2. The fracture process zone in front of the crack tip for the cohesive crack model, and the
elastic stress distribution behind the crack tip.

To model the post-cracking response of fibre-reinforced shotcrete, the contributions of
the shotcrete and fibres were separated. This is illustrated schematically in Figure 3. Here,
the strain levels were fictitious and the true strain at the intersection points were defined
and implemented as crack width according to Equation (6). The reason for this modelling
approach is that a small crack opening is required to activate the fibres fully. Thus, the
initial response was governed by the unreinforced shotcrete, which is described with an
exponential softening function. The slope of the curve is described by εf, which is governed
by the strain at cracking ε0, fracture energy Gf, and tensile strength ft of the shotcrete—as
shown in Equations (7) and (8) below:

σ(κ) = σtexp
(

κ − ε0

εf

)
for ε0 ≤ κ (7)

ε f =
ε0

2
+

Gf
ft

(8)

Figure 3. Schematic view of the numerical model for fibre-reinforced shotcrete.
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At a certain crack-opening (w1), defined by the strain limit ε1, the fibres are activated,
and a bi-linear function describes the ductile response caused by the fibres:

σ1(κ) = σf1 − k1κ for ε1 ≤ κ < ε2 (9)

This function is continuous; σf1 defines the stress at the intersect (see Figure 3), and k1
defines the slope of curve. The damage function ω(κ) was derived by setting Equation (2)
equal to Equations (7) and (9), yielding the following:

ω(κ) = 1− ε0

κ
exp

(
−κ − ε0

εf

)
for ε0 ≤ κ < ε1 (10)

ω1(κ) = 1− σf1 − k1κ

Eκ
for ε1 ≤ κ < ε2 (11)

2.2. Simulation of Beams

The material parameters for the damage model were determined based on simu-
lations of test results for beams, tested according to EN-14488-3 [8], as presented by
Sjölander et al. [4,24]. Here, macro fibres, i.e., structural fibres, made of steel (Dramix
3D and 4D), synthetic (BarChip 54), and basalt (MiniBar), were used in various dosages to
investigate the structural performance. More details on the tests are given in [4,24]. The
EN-14488-3 is a four-point bending test on a simply supported beam with dimensions
500 × 125 × 75 mm (Length ×Width × Height). The beam was modelled in 2D, using a
fixed and a roller boundary condition, and a prescribed displacement of 5 mm was applied
along two 12.5 mm long lines. A quasi-static solver was used, i.e., inertia effects were not
considered, and a mesh of 8 mm triangular elements was selected based on a convergence
study. In addition to the mechanical parameters of shotcrete, i.e., Young’s modulus, tensile
strength, and fracture energy, the crack widths w1, w2, and w3 and stress ratios α2 and α3
are necessary to define the material model completely. Here, w2–w3 and α2–α3 determine
the intersection points for the material model shown in Figure 3. Based on curve fitting,
Young’s modulus was between 27 and 29 GPa for all tests. From the test series, a total of six
tests with four different fibre types were used for the simulation. The fibre type, dosage,
and material parameters for the damage model are presented in Table 1. For this type of
test, the crack occurs anywhere between the two point loads due to the constant moment.
To enable the crack to localise in the simulations, the tensile strength was slightly increased
in all elements, with the exception of a small centric line, as seen in Figure 4.

Table 1. Mechanical properties for damage model for various dosages and type of fibres in beam tests.

Fibre Dosage σt G f w1 w2 w3 α2 α3
[MPa] [N/m] [mm] [mm] [mm] [-] [-]

Steel 3D 30 kg/m3 4.5 125 0.045 1.65 7 0.18 0.01
Steel 3D 40 kg/m3 4.9 125 0.042 1.5 7 0.2 0.01
Steel 4D 20 kg/m3 4 125 0.07 1.2 6 0.15 0.01
Steel 4D 30 kg/m3 4.3 125 0.052 1 7 0.29 0.01
Synthetic 9 kg/m3 4.4 125 0.088 2.1 10 0.17 0.01
Basalt 16 kg/m3 3.6 125 0.08 1.6 6 0.32 0.01

Comparisons between experimental and numerical results for beams reinforced with
40 kg/m3 of 3D steel fibres and 16 kg/m3 of basalt fibres are shown in Figure 4. Here, the
capability of the numerical model to simulate different types of softening behaviour is seen,
together with a typical scatter for tests on beams.
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Figure 4. Comparison between experimental and numerical results for beams reinforced with
40 kg/m3 of steel 3D fibres (left) and 16 kg/m3 of basalt fibres (right).

2.3. Simulation of Panels

The damage model was also used to simulate experimental results for round panels [5].
The geometry of the panel and a close-up of the pivot support is shown in Figure 5. The
diameter and thickness of the panel were 800 and 75 mm, respectively, and the supports
were placed 25 mm from the outer perimeter. Moreover, the support constrained the panel
in the vertical direction, but the pivot support allowed radial displacements up to 0.5 mm.
To simulate this, springs were implemented in the horizontal direction, as seen in Figure 5.
Based on a sensitivity analysis, the spring stiffness was set to 1 kN/m. A 3D model was
created with a 25 mm tetrahedral mesh. In the test, the load was applied by a piston with a
hemispherical shape. In the simulation, the loaded area was assumed to be 50 mm, and a
prescribed displacement of 40 mm was applied using a quasi-static solver.

Figure 5. Geometry of the panel (left) and a close-up of the pivot support (right). From Brodd and
Östlund [10].

The mechanical parameters for the damage model to simulate the panels are presented
in Table 2. Comparisons between experimental and numerical results for panels reinforced
with 20 kg/m3 of 4D steel fibres and 9 kg/m3 of synthetic fibres are shown in Figure 6.
Again, the numerical model shows good agreement with the experimental results, and the
scatter in the results is significantly lower compared to the beams.



Fibers 2023, 11, 59 7 of 12

Table 2. Mechanical properties for damage model for various dosages and type of fibres in beam tests.

Fibre Dosage σt G f w1 w2 w3 α2 α3
[MPa] [N/m] [mm] [mm] [mm] [-] [-]

Steel 3D 30 kg/m3 4.1 125 0.041 5 8 0.14 0.0001
Steel 3D 40 kg/m3 4.5 125 0.036 1.8 8 0.29 0.0002
Steel 4D 20 kg/m3 3.8 125 0.042 5 13 0.16 0.009
Steel 4D 30 kg/m3 4.1 125 0.035 2 16 0.27 0.01
Synthetic 9 kg/m3 4.1 125 0.053 1.7 17 0.31 0.0008
Basalt 16 kg/m3 3.6 125 0.04 1.7 4 0.46 0.002

Figure 6. Comparison between experimental and numerical results for panels reinforced with
20 kg/m3 steel 4D fibres (left) and 9 kg/m3 synthetic fibres (right).

3. Comparison between Beams and Panels

To investigate how the length of the fracture zone affects the expected structural
behaviour of fibre-reinforced shotcrete, a straightforward numerical simulation campaign
was conducted, as described below. The set-up of the numerical model and used mechanical
parameters are described in Section 2.

1. Define Material Model A based on fitting of numerical simulations to experimental
results for tests on beams (see Table 1);

2. Define Material Model B based on fitting of numerical simulations to experimental
results for tests on panels (see Table 2);

3. Use Material Model A to simulate the structural response of a panel;
4. Compare results between experiments on a panel and simulations with Material

Model A;
5. Use Material Model B to simulate the structural response of a beam;
6. Compare results between experiments on a beam and simulations with Material

Model B.

The parameters for Material Model A and B were selected to replicate the mean of
the three tests (see Figures 4 and 6). Thus, the material model was tuned for the same
dosage of fibres, but Material Model A was tuned for the response of a fracture zone
around 1/10 the size of Material Model B. If the structural response is unaffected by the
fracture zone’s length, the comparison of results defined in points 4 and 6 will show no
significant difference.

4. Results and Discussion

In this section, the results from the comparison is presented. The results from the
simulation of the panels are presented first, followed by the results from the beams.
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4.1. Simulation of Panels

In Figure 7, a comparison between experimental results on panels (three specimens)
and numerical simulations with Material Model A, i.e., a material model tuned for tests on
beams, is shown. For the panel reinforced with 40 kg/m3 of steel 3D fibres, the simulated
response is similar to the lowest experimental results, while a significant difference exists
between simulated and experimental results for a panel reinforced with 20 kg/m3 of steel
4D fibres. A possible explanation for this is the large difference in fibre content between
the two tests: 40 and 20 kg/m3. With the short fracture zone, the scatter in results may be
more pronounced for low-fibre volumes, which is reflected in the calibration of the material
model. The experimental and simulated energy absorption for the panels at 40 mm vertical
deflection is presented in Table 3. The last column presents the ratio between the simulated
energy (Sim.) and the mean value from the experimental tests (Exp.). The simulations
only absorbed between 49 and 87% of the energy from the experiments. The significant
difference between simulations is likely a result of the scatter in results for tests on beams,
and the results clearly indicate that the length of the fracture zone during testing affects
the results.

Figure 7. Comparison between experimental and numerical simulations of panels reinforced with
40 kg/m3 of steel 3D fibres (left) and 20 kg/m3 of steel 4D fibres (right) using Material Model A.
From Brodd and Östlund [10].

Table 3. Energy absorption at 40 mm deflection of round panels, from [4,24]. Results from experiments
and calculated results from beam parameters.

Fiber Dosage Exp. 1 Exp. 2 Exp. 3 Mean Sim. Sim./Exp.
[J] [J] [J] [J] [J] [-]

Steel 3D 30 kg/m3 472 516 564 517 452 87%
Steel 3D 40 kg/m3 597 792 592 660 534 81%
Steel 4D 20 kg/m3 583 577 653 604 295 49%
Steel 4D 30 kg/m3 - 835 927 881 535 61%
Synthetic 9 kg/m3 703 806 736 748 393 53%
Basalt 16 kg/m3 511 644 379 512 421 82%

- Test not complete.

4.2. Simulation of Beams

Figure 8 shows a comparison between experimental results on beams (three specimens)
and numerical simulations with Material Model B, i.e., a material model tuned for testing
on panels. In both cases, the simulated performance of the beam is close to, or better, than
the best beam from the experimental testing. Table 4 presents the residual flexural strength
at 2 mm vertical deformation fr2 for all tested beams. Moreover, the mean value for the
experiments and the highest allowed characteristic value f exp

r2 are also presented, together
with the results from the simulations f sim

r2 . The value f ch
r2 was calculated based on [17],

i.e., the value of each test was required to be at least 90% of the target value. Here, the
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simulated f ch
r2 was between 9 and 37% higher than the experimental results. As for the

results with the panels, this clearly indicates that the length of the fracture zone strongly
affects the results.

Figure 8. Comparison between experimental and numerical simulations of beams reinforced with
40 kg/m3 of steel 3D fibres (left) and 20 kg/m3 of steel 4D fibres (right) using Material Model B.
From Brodd and Östlund [10].

Table 4. The residual strength from FRS beam experiments, from [4,24], the achievable required
strength for each test series, f ch

r2 , and the calculated strength from simulations, f sim
r2 .

Fiber Dosage Exp. 1 Exp. 2 Exp. 3 Mean f ch
r2 f sim

r2 f sim
r2 / f ch

r2
fr2 [MPa] fr2 [MPa] fr2 [MPa] fr2 [MPa] [MPa] [MPa] [-]

Steel 3D 30 kg/m3 5 2.8 2.8 3.5 3.1 3.4 110%
Steel 3D 40 kg/m3 3.2 2.9 5.7 3.9 3.2 3.8 119%
Steel 4D 20 kg/m3 1.7 2.4 4 2.7 1.9 2.6 137%
Steel 4D 30 kg/m3 4.9 4.4 3.4 4.2 3.8 4.3 113%
Synthetic 9 kg/m3 2.1 2.6 2.8 2.5 2.3 2.5 109%
Basalt 16 kg/m3 5.2 3.7 2.8 3.9 3.1 3.7 119%

4.3. Interpretation of Results

The simulation results show that the length of the fracture zone significantly affects
the post-cracking performance of fibre-reinforced shotcrete. Tests on specimens with a
short fracture zone, i.e., beams, suffer more from the natural variation in the number
and orientation of fibres bridging the crack compared to specimens with longer fracture
zones, i.e., panels. This could be explained as follows: the post-cracking performance of
FRS is purely governed by the number and orientation of fibres bridging the crack. Since
individual fibres are not explicitly modelled, the mechanical parameters for the damage
model are selected to represent the average number and efficiency of the fibres bridging
the crack. Moreover, the mechanical parameters in this study were selected to represent
the average structural response for three tests, as shown in Figures 4 and 6. Thus, the
mechanical parameters for the damage model could, in a simplified way, be explained as
representing the average number of fibres along the fracture zone. A short fracture surface
will, thereby, be more affected by local variations in the number and orientation of fibres. If
the damage model was instead tuned to represent the best structural performance from
the beam test, the difference between the simulated and experimental results of the panel,
shown in Figure 7, would likely be smaller.

However, tests on beams are the most commonly used method to obtain the residual
flexural strength, which is required for the analytical design of shotcrete. Thus, it is not
possible to only perform tests on panels with the design codes and philosophy used today.
Nevertheless, the results from the simulation indicate that fibre volume could be decreased
if numerical simulations of beams, with a material model tuned after tests on panels, were
used instead of experimental testing. Hence, using test methods with longer fracture zones,
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e.g., the test method on notched slabs proposed by EFNARC [25], could perhaps decrease
the required fibre volumes in the design to save material and natural resources. The slab is
supported along two edges and behaves, similar to a beam. Introducing a notch allows a
more stable crack propagation since the crack must follow a predefined path. However,
this may also affect the results, since the crack may not necessarily propagate along the
weakest plane. Moreover, the geometry and relationship between the notch and depth of
the specimen may also affect the results [26]. A second alternative is to use a theoretical
approach, as presented by Bernard [14] to calculate the residual flexural strength of FRS
based on panel tests. This approach is based on yield line theory and the assumption that
cracks in the panels will propagate from the centre towards the edge along the mid-section
of each support.

5. Conclusions

This paper presented a numerical model capable of simulating the non-linear, i.e.,
post-cracking, response of fibre-reinforced shotcrete. The material model’s parameters were
defined based on fitting between experimental and numerical results for beams (Model A)
and panels (Model B). A numerical study was, thereafter, conducted, in which the material
model based on beams was used to simulate panels and vice versa.

The results show that a numerical model tuned against results on a panel, i.e., a longer
fracture zone, performs better compared to a model tuned against results from a beam.
Panels simulated with Model A (beam) consequently showed lower results compared to
the experimental data, while beams simulated with Model B (panel) showed higher results
compared to the experiments. This is because the beams with a small fracture zone are
more sensitive to the natural variation in the number and orientation of fibres which bridge
the crack. This is reflected in the material parameters of the material model that were
chosen to replicate an average response of the three specimens that were tested. When the
length of the fracture zone increases, the specimen becomes less sensitive to local variations
in the number and orientation of fibres bridging the crack.

In practice, the strict criteria for acceptance, in combination with the large scatter in
test results for beams, leads to conservative values of the residual flexural strength fre. To
compensate for this, large dosages of fibres are used to reach the project-specific values of
fre. The results in this paper indicate that the required dosage of fibres could be decreased
if testing and design were based on tests performed on larger specimens, i.e., panels.
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