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Abstract

As part of an ongoing research project "SpOC"
(sprayed optimized concrete), CO2-reduced fi-
ber sprayed concrete (FSpC) is being developed
as a permanent and thin inner tunnel lining. Con-
cerning shotcrete mixtures to be used as such
permanent lining, adding micro- and macrofiber
and chemical admixtures to reduce crack risk
and to improve the mechanical properties and
durability seems to be a smart approach. How-
ever, adding such components will change the
rheological behavior and can lead to pumping
problems. Therefore, this paper presents the
rheological investigation of different fiber-rein-
forced sprayed concrete mixes. We will demon-
strate the fiber's influence on the fresh properties
and how to optimize them.

Introduction

Shotcrete has gained increased prominence in
recent years, particularly due to its potential to
be used as a permanent lining in tunneling appli-
cations [1,2]. The heightened interest in utilizing
shotcrete as a permanent lining is due to its effi-
cacy in addressing complex cross-sectional re-
gions. Moreover, the application of shotcrete as
a permanent lining confers several notable ad-
vantages, including cost reduction, enhanced
sustainability, and increased productivity.

In the context of decarbonization, shotcrete of-
fers significant benefits through material savings

compared to traditional multi-layer linings, which
are typically associated with high concrete con-
sumption and corresponding CO2 equivalent
emissions or global warming potential (GWP).
Conventional thick-walled in-situ concrete linings
can be replaced by thinner, waterproof, and du-
rable fiber-reinforced shotcrete linings, thereby
mitigating environmental impact and promoting
sustainability in construction practices.

Reducing the Portland cement content as a key
factor to reduce the GWP of concrete and at the
same time adding fibers to control crack width
and increase the tensile strength of concrete is a
difficult task, because in both scenarios the
workability of concrete and, consequently, its
pumpability will be compromised. Thus, incorpo-
rating additional air by using an air-entraining ad-
mixture (AEA) could be an effective and straight-
forward method to enhance the pumpability [3]
and to make it possible to produce Portland ce-
ment reduced and thus COZ2-reduced fiber
sprayed concrete.

The pumping process applies high pressure to
the concrete in a way that the concrete starts to
flow in pipes. The delivery of fresh concrete in a
pump line can be based on the Kaplan model as
a first approximation [4,5]. Accordingly, in the
practically relevant range of low concrete deliv-
ery speeds, a concrete plug forms inside a pipe,
which moves as a whole due to the pump pres-
sure applied, while a thin sliding layer (consisting
of binder paste and fine particles) acts as a



"lubricating film" on the wall, which is sheared.
Therefore, the paste (consisting of cement, wa-
ter, mineral admixtures, chemical admixtures,
and fine aggregates smaller than 125um) plays
a crucial role. It's because due to the pressure
transmission along the pipe and the fact that the
coarse aggregate can’t be easily deformed; thus,
the paste will be the agent to make the concrete
move [6]. During the pumping process, part of
the paste will migrate to the wall forming a lubri-
cant layer while the coarse aggregate and the re-
maining paste will be concentrated in the core,
forming a plug. Thus, as long as the pressure is
applied, the concrete plug will move forward.

Adding extra air to improve the pumpability
seems to be a smart solution. It’s because the air
content increases the paste content while lower-
ing its viscosity [7] and, adding air extra air will
increase the paste content artificially. Addition-
ally, it's assumed that the final air will be reduced
to 3% after spraying due to the compactness
provoked by the spraying process [8]. However,
a review of the literature reveals that the air con-
tent after spraying can vary in a range of 2% to
5% [9-12]. Therefore, it is crucial to understand
the effects of pumping on the air content
throughout the spraying process.

Materials and methods

Tab. 1 Mix design

Within the ‘SpOC’ research project (see ac-
knowledgment), a series of tests to explore fiber
shotcrete was executed, from which the aspect
of air entrainment into shotcrete is presented in
the outlined paper. The concrete mix design can
be found in Table 1Fehler! Verweisquelle
konnte nicht gefunden werden.. The cement
was CEM II/A-S 42.5 R, regionally available ag-
gregate 0/8mm with the grading curve shown in
Figure 1Fehler! Verweisquelle konnte nicht
gefunden werden., and chemical admixtures
according to Table 3 were used. The used steel
fiber’s properties can be found in Table 2.

For the concretes with air, it's important to high-
light that initially the base mixture (without fiber)
was produced with and without AEA. This meth-
odology was adopted aiming to fix the “starting
air’ and, after that, the fibers were introduced
into the concrete increasing the air content by
the mixing process. Thus, the concrete fresh
state properties were checked before and after
the fiber addition.

It's important to highlight that mixture Refer-
ence 0%, Reference 7%-10%, Reference 15-
20%, and SF0.34_0% were one of the mixtures
used in a Real-scale Experimental Test carried
out at Trostberg, more details can be found in
Soares et al. (2024) [13].

. Macrofiber
l\lfgx Cement A%ifng:e w/c (th;?::) Sp(2) Rg)t. Fiber type Content
' (Vol.s | kg/m?)
Reference_0% 0,0 0,00%
Reference 7%-10% 1,0 No fiber 0,00%
Reference_15%-20% 5,0 0,00%
SF0.34_0% 0,0 0,34% | 2,67
SF0.55_0% 0,0 0,55% | 4,32
SF1.00_0% 0,0 1,00% | 7,85
SF1.50 0% 0,0 1,50% | 11,76
SF0.34_7%-10% 440 kg/m?® | 1728 kg/m? | 0.45 0.65% | 1.80% 0,34% | 2,67
SF0.55_7%-10% Lo ma:‘;’:i'ber 0,55% | 4,32
SF1.00 7%-10% ! 1,00% | 7,85
SF1.50_7%-10% 1,50% | 11,76
SF0.34_15%-20% 0,34% | 2,67
SF0.55_15%-20% 50 0,55% | 4,32
SF1.00_15%-20% ' 1,00% |7,85
SF1.50_15%-20% 1,50% | 11,76

(1) — Air entrainer admixture
(2) — Superplasticizer
(3) - Retarder



Tab. 2 Fiber’s properties

: L ¢ £« E Y
Fiber A
(um) (um) (MPa) (MPa) (kg/m?)

Steel macrofiber 35 600 58 1250 210000 7850
ID.: Fiber’s identification [y Ultimate tensile strength y: Fiber’s true density
L: Fiber's length A: fiber’s aspect ratio L/f
¢: Fiber’s diameter E: Fiber’s Young modulus
. 100 e —= Tab. 3 Chemical admixture densities
N I— - - Lower limit according to ONORM EN 14487-1 ‘/
E’_, I— - - Upper limit according to ONORM EN 14487-1 i /' .
o 807 A dmi Density
<) /g Admixture
£ 4 (g/cm?)
g 60 -+ 7 1

7/
o & Accelerator 1,08
adiHY
Q 40+ 5
- e lie Retarder 1,10
c bro e
— 1 . 7 . .
@ 20 7 Air entrainer 1,02
© /./'/ 45 . s
o 0 "/{ ::::::{:‘::::::{um:::}:.m:::}::m:::}::.:H::{H..ém SuperplaSt|C|zer 1’05
0.0625 0.25 1 4 16

Grain size (mm)

. . The rheological behavior characterization was
Fig. 1 Aggregate grading curve

performed by a Sliding pipe rheometer test
Fresh properties (“sliper” Schleibinger).

Regarding the fresh properties, the concrete was Results
characterized by the following tests: i) spread _
flow and spread on the flow table according to ~ 1he fresh state and the rheological results can

ONORM EN 12350-5 [14] ”) air content accord- be found summarized in Table 4. It hlghllghts the
ing to ONORM B 4710-3 [15], iii) V-Funnel test air increase due to the fiber addition, also clearly

in accordance to ONORM EN 12350-9 [16]. visible in Figure 2.
Tab. 4 Fresh state and rheological results
Air Spread flow Flow table spread V-Funnel Sliper yield Sliper
Mix ID. content Before strokes After strokes flow time . .
(%) (mm) (mm) (s) stress viscosity
Reference_0% 1,8 401,7+0,4 609,2 £0,2 4,6 0,4 2,8
Reference_7%-10% 10,1 440,0+1,3 612,2+25 4,1 1,3 1,8
Reference_15%-20% 17,0 393,8+1,6 591,9+2,0 3,3 1,6 1,2
SF0.34_0% 2,1 370,0+0,4 601,3+0,1 5,3 1,4 2,7
SF0.55_0% 1,9 300,0 14,1 530,0 + 14,1 10,1 1,1 2,9
SF1.00_0% 2,4 210,0+7,1 410,5+7,8 & 1,2 3,5
SF1.50_0% 2,2 1953 +7,4 270,0+ 14,1 (1> 1,3 3,6
SF0.34_7%-10% 14,0 430,5+0,7 622,5+3,5 4,1 2,2 1,5
SF0.55_7%-10% 17,0 426,5 + 33,2 605,5 + 12,0 4,5 2,0 1,4
SF1.00_7%-10% 13,0 356,0 £ 8,5 556,5 + 2,1 8,2 1,8 1,7
SF1.50_7%-10% 10,0 262,54 3,5 464,0+ 15,6 W 0,3 3,0
SF0.34_15%-20% 22,0 372,5+3,5 574,0+1,4 2,6 2,8 0,5
SF0.55_15%-20% 26,0 391,0+5,7 575,0+7,1 2,5 0,4 1,2
SF1.00_15%-20% 30,0 352,5+3,5 552,5+3,5 2,8 1,5 1,0
SF1.50_15%-20% 35,0 360,0 + 14,1 550,0 0,0 2,7 1,7 2,3

Remarks:
(1) The concrete doesn’t flow through the device (Blockage).



For standard mixtures (without artificial air addi-
tion) the air content introduction due to the fiber
addition is not significantly high; however, when
AEA is used, the higher the original air content,
the stronger the increase in air content by fiber
addition. See the plane inclination behavior plot-
ted in Figure 2.
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Fig. 2 Fiber addition influences on the final air content

Regarding the spread-flow and flow-table
spread, it is shown in Table 1 that adding fiber
leads to 0 a consistency reduction in general.
However, artificial air addition helps to lower
such reduction significantly, as shown in Figure
3. In shotcrete tests, the mixes Reference 0%,
Reference 7%-10%, Reference 15-20%, and
SF0.34_0% were sprayed and their air content
before and after spraying was tested, showing
that independent of the fresh concrete’s air con-
tent, after spraying the air tends to reduce to the
range of 3%-5% due to the compactness pro-
voked by the spraying process [13].

Concerning the V-funnel results, it's shown in
Table 1 and Figure 3 that adding fibers leads to
a lower V-tunnel flow time, meaning higher flow
resistance but, as much as air is added, the flow
resistance reduces. Figure 4 shows that for the
concretes without AEA, as much as the fiber is
added, the flow resistance increases and, for the
mixture with 1,0% of fiber, it wasn’t possible to
flow the concrete through the device, provoking
blockage.

STEEL MACROFIBER
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Fig. 3 Air content influences on fiber’s reinforced concrete
spread flow

However, when extra air was added, it was pos-
sible to incorporate more fibers into the concrete,
as shown by the results of mixes with 7%-10%
of starting air. In this case, the mixture with
1,00% of fiber was able to flow through the de-
vice but, the concrete with 1,50% provoked
blockage. Thus, more artificial air was added,
reaching the range of 15%-20% of starting air. In
this case, even the mixture with 1,50% of fiber
was able to flow. Therefore, it seems clear that
adding extra air results in a benefit regarding the
concrete’s workability. Additionally, it was no-
ticed that the mixtures SF1.00_0%, SF1.50 0%,
and SF1.50 7%-10% got stuck during the V-
Funnel test; however, the mixture SF0.55 0%
didn’'t, even though it took 10.1sec. to flow
through the device. The main assumption is that
the V-funnel test is correlated to the viscosity
and, after a certain viscosity limit, the mixture is
not able to flow through the device.

Regarding the sliper viscosity, the conclusion is
clear that adding air implies a viscosity decrease.
When the fibers were added, initially, the viscos-
ity tended to decrease for all mixtures with a low
fiber content of 0,34% fiber (Figure 5) but when
more fibers were added, the behavior will de-
pend on the initial air content. For example, for
the mixture without AEA, after 0,34% the



viscosity started to increase but, for the mixtures
with AEA presenting 7%-10% of air, the viscosity
also decreased and the increasing slope be-
tween the concretes with 0,55% and 1,00% is
smaller than the slope between 1,00% and
1,50%. However, applying this analysis to the
concretes in which the starting air were between
15% and 20%, the mixture with 0,55% fibers
seems to be an outlier, which is corrected by the
more plausible red dot line in this region.
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Fig. 4 Correlation between the fiber content and V-funnel-time
of different air content ranges

Thus, it's possible to conclude that AEA usage
will bring beneficial behavior regarding the vis-
cosity reduction and, consequently, improving
pumpability.

Sliper viscosity (10 barxh/m)

—@— Concretes without AEA - @ - Concretes with 7%-10% starting air|
1 @ Concretes with 15%-20% starting air
0 W Region where the blockage occured during the V-Funnel test.
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Fig. 5 Correlation between the fiber content and the sliper
viscosity in mixtures with different air content.

Conclusions

From the analysis of the results obtained the fol-
lowing conclusions can be drawn:

The first main conclusion is that adding fiber
without AEA will lead to consistency changes.
This means that in regard to the spread flow and
flow-table spread, adding fibers will provoke a re-
duction in these parameters and, in relation to
the V-funnel test, the fiber addition will imply
more time for the concrete to flow through the V-
funnel apparatus. Moreover, after a certain dos-
age limit, the fiber-reinforced concrete will be so
stiff that the concrete will get stuck inside the V-
funnel apparatus, provoking blockage.

Adding artificial air shows a clear benefit regard-
ing the workability of the fresh concrete because
it helps to reduce the fiber's negative impact on
consistency even at high dosages. Regarding
the V-funnel time as a measure of the viscosity,
adding extra air reduces the viscosity and flowa-
bility resistance as the time will reduce as much
air the mixture possesses. Regarding sliper vis-
cosity AEA usage overall also causes viscosity
reduction.

Finally, the results clearly show that the AEA re-
duces the viscosity of fiber-reinforced shotcrete
mixes and, consequently, will enable the pump-
ability of mixes up to a relatively high steel fiber
content of 120 kg/m3.

Acknowledgment

The study was performed as part of the collective
research project “SpOC” (FFG funding Nr.
FO999896972). We thank all involved compa-
nies for providing the material, special thanks to
Master Builder Solutions at Trostberg for materi-
als and equipment.

References

[1] K.G. Holter, H. Stramsvik, E. Grgv, Mate-
rial technology and spray-application de-
velopment for waterproof and durable
sprayed concrete linings. Goals and back-
ground for the SUPERCON research pro-
ject, Norway, in: Alpbach, 2021: pp. 112—
130.

[2] E.S. Moe, K.G. Holter, H. Stramsvik, Wa-
terproof sprayed concrete with improved
sustainability performance, in: Expanding
Underground - Knowledge and Passion to



[3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]

Make a Positive Impact on the World, CRC
Press, 2023.

M. Jolin, D. Beaupré, Understanding Wet-
Mix Shotcrete: Mix Design, Specifications,
and Placement, in: Surface Support Lin-
ners 2003, Quebec, Canada, 2003: pp. 6—
12.

J. Juhart, M. Sakoparnig, R. Rdck, M. Thu-
mann, J. Flotzinger, B. Lindlar, F. Mitter-
mayr, W. Kusterle, Investigations on the
pumping of wet-mix shotcrete and layer
formation in applied shotcrete, in: SPRITZ-
BETON-TAGUNG 2021, Alpbach, 2021.:
pp. 10-25.

D. Kaplan, F. de Larrard, T. Sedran, De-
sign of Concrete Pumping Circuit, (n.d.).
https://www.concrete.org/publications/in-
ternationalconcreteabstractsportal/m/de-
tails/id/14304 (accessed July 3, 2024).

V. Mechtcherine, V.N. Nerella, K. Kasten,
Testing pumpability of concrete using Slid-
ing Pipe Rheometer, Construction and
Building Materials 53 (2014) 312-323.
https://doi.org/10.1016/j.conbuildmat.2013
.11.037.

O.H. Wallevik, J.E. Wallevik, Rheology
as atool in concrete science: The use of
rheographs and workability boxes, Ce-
ment and Concrete Research 41 (2011)
1279-1288.
https://doi.org/10.1016/j.cemcon-
res.2011.01.009.

ONORM EN 14487-1: Spritzbeton - Teil
1: Begriffe, Festlegungen und Konformi-
tat, (2023).

S. Talukdar, R. Heere, The effects of
pumping on the air content and void
structure of air-entrained, wet mix fibre
reinforced shotcrete, Case Studies in
Construction  Materials 11  (2019)
e00288.
https://doi.org/10.1016/j.cscm.2019.e00
288.

K.-K. Yun, P. Choi, J.H. Yeon, Micro-
scopic investigations on the air-void

[11]

[12]

[13]

[14]

[15]

[16]

characteristics of wet-mix shotcrete,
Journal of Materials Research and Tech-
nology 8 (2019) 1674-1683.
https://doi.org/10.1016/j.jmrt.2018.12.00
3.

R. Pleau, M. Pigeon, A. Lamontagne, M.
Lessard, Influence of Pumping on Char-
acteristics of Air-Void System of High-
Performance Concrete, TRANSPORTA-
TION RESEARCH RECORD 1478
(1995) 30-36.

D. Beaupré, Rheology of high perfor-
mance shotcrete, thesis, the university of
British Columbia, 1994.

A.C.M. Soares, M.P. Pineyro, F. Mitter-
mayr, J. Juhart, I. Galan, Influence of the
Spraying Process on the Air Entrainment
in Shotcrete, in: Graz, 2024: p. 8.
www.betonkolloquium.at.

ONORM EN 12350-5: Prufung von
Frischbeton - Teil 5: Ausbreitmal,
(2019).

ONORM B 4710-3: Beton - Festlegung,
Eigenschaften, Herstellung, Verwendung
und Konformitat - Teil 3: Nationale An-
wendung der Prufnormen fir Beton und
seiner Ausgangsstoffe, (2023).

ONORM EN 12350-9: Prufung von
Frischbeton - Teil 9: Selbstverdichtender
Beton - Auslauftrichterversuch, (2010).



