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Abstract: Steel fibers (SF) and polyolefin (PF) are widely used for shotcrete, especially in tunnelling.
Both SF and PF and have shown to meet the standards in order to reduce or substitute the conven-
tional steel mesh as reinforcement of concrete showing mechanical and productive advantages. This
study sought the analysis and assessment of the mechanical properties of fiber reinforced shotcrete,
comparing in-situ with laboratory results. This was performed with low and high fiber dosages of
SF and PF as well as a combination of them (hybrid mixtures). A total of seven mixtures, two of
steel, two of polyolefins, two hybrids and a control mixture were manufactured at laboratory and
in situ. By performing tests according to EN 14651 and slabs according to EN 14488-5, it was possible
to characterize the residual flexural strengths (fzj), and energy absorption capacity (Ezsmm) in slabs.
In addition, a fracture surface analysis was performed, and the orientation factor was obtained. This
allowed the authors to quantify the loss of residual strength on site and correlate it with the fiber
content and positioning. Moreover, some relationships between beam and slab tests were found,
allowing to correlate the most relevant type of tests in the field of fiber reinforced concrete.

Keywords: Fracture energy (Gr), energy absorption capacity (Ezsmm), residual flexural strength(frj),
fibers

1. Introduction

Shotcrete is widely used in different construction processes, most of the classical ex-
amples are structural repair and rehabilitation, construction of tunnels and soil slopes or
rock stabilization. To prevent cracking of the shotcrete layer, steel mesh is usually placed
before the spraying process. The process of placing these meshes is very laborious and
time-consuming. Also, the presence of this mesh produces a “shadow” effect, causing the
formation of hollow or empty zones due to the difficulty of penetration of the shotcrete
behind the mesh. As an alternative to the use of these mesh, the incorporation of fibers
avoids the “shadow” effect, and improves crack resistance, strengthening the sprayed
concrete layer. In fact, in many projects the use of steel mesh has been replaced by the use
of fiber-reinforced shotcrete (FRS) [1].

Due to the severe load conditions and deformations during the span life of the tunnel,
structural, steel or polyolefin macro-fibers are adopted. They improve the toughness and
energy absorption capacity of the hardened concrete, reducing deformability [2]. In addi-
tion, high-ductility fibers provide to shotcrete homogeneous fiber reinforcement and
higher adhesion to the application surface [3].
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Other advantages of using fibers are: ease of use and adaptation to the geometry of
the ground; increased efficiency and speed for primary stabilization. The fiber reinforced
shotcrete (FRS) application process offers a substantial improvement in safety over meth-
ods such as the use of mesh [4,5], particularly in primary stabilization. Time lost in mines
and tunnels has been shown to decrease significantly compared with meshing since FRS
was adopted as a support method [6]. Finally, fibers offer better performance and corro-
sion resistance than steel reinforcement [7,8], and synthetic macro-fibers offer a very high
degree of crack degradation resistance [9-11]. This has lead the way for the use of FRS as
a permanent soil support [12].

Considering the benefits of steel and polymeric fibers, several authors have shown
[13,14] that hybrid mixtures, incorporating two or three different types of fibers in a ce-
mentitious system, result in a composite with higher engineering performance and better
mechanical properties. Studies carried out in the field of sprayed concrete with hybrid
fibers have shown an improvement and performance in the energy absorption capacity
for tests on beams and slabs [15,1,16].

This paper describes the methodology for the evaluation of wet mix shotcrete rein-
forced with steel fibers, polyolefin and hybrid combinations. A comparative analysis of
the mechanical properties obtained in the laboratory and on site was carried out. Proper-
ties such as flexural residual tensile strength (fzj), fracture energy (Gr), and energy absorp-
tion capacity (Ezsmm) in plates were characterized. Fracture surface analysis was also per-
formed to identify and obtain the differences between the effective fiber content in the
laboratory and on-site conditions.

2. Experimental campaign

The experimental campaign considered a total of seven mixes based on the type and
content of fibres: a control dosage (without fibres), two mixtures with steel fibres (30 and
50kg/m?respectively), two mixtures with polyolefin fibers (7 and 10 kg/m?), and two mix-
tures with hybrid combinations of 25+5 kg/m? and 20+7kg/m?, being the first number the
content of steel fibers, and the second the content of polyolefin fibers. These dosages are
based on the amounts of fibers proposed by various researchers in experimental cam-
paigns [16-17].

The objective of analysis the behaviour of these mixtures was to study the influence
of the type of the fibres, firstly with steel fibers and polyolefin separately, and secondly
the potential synergy of both type of fibres working together.

(b)

Figure 1. Experimental campaign on site: (a) Placement of molds in the tunnel; (b) Revision of molds
with shotcrete

The characterization of the residual flexural strength was carried out according to the
UNE-EN 14651 standard [18]. The fracture energy of the tested specimens was also
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determined. Once these tests were concluded, the analysis of the fracture surface was per-
formed, executing the respective counts to determine the number of effective fibers and
to obtain the orientation factor [19,20] in the fractured section. This procedure was carried
out for the laboratory and shotcrete beams.

Figure 1 describes the process of obtaining samples on site. The concrete was cast
directly on metal forms (for beams) and wooden forms (for slabs), maintaining an angle
of 20° with the vertical plane at the time of its elaboration, a requirement specified by
UNE-EN 14488-1 [21]. In addition to the study of beams, the energy absorption capacity
of the plates was determined for a deflection of 25 mm [22], according to the EN 14488-5
standard

2.1. Materials

The aggregates used were of the siliceous type consisting of 0/4 mm washed sand
and 2/8 mm crushed coarse aggregate; the combination of fine aggregate-coarse aggregate
selected was 70-30% respectively. This granulometry met the requirements for sprayed
concrete according to Annex 9 of the Spanish Structural Code [23]. All the dosages used
Portland cement type I 52.5 R of high initial strength. To control the flowability of the
mixture, Sika Viscocrete 5970 polycarboxylic superplasticizer was used in dosages of 1.3
to 1.65% by weight of cement to obtain a slump type S5 (26+/-2cm) [23].

The combinations made included steel fibers with hooked ends (Dramix 3D 65/35),
and straight embossed polyolefin fibers (Sikaforce 48). The physical and mechanical prop-
erties of the fibers used in the present experimental campaign are shown in Table 2.

(b) (©

Figure 2. (a)Beam prepared for three-point bending test according to EN 14651 standard. Fibers
used in the experimental campaign: (b) Sikaforce 48; (¢) Dramix 65/35.

The spraying equipment was a Sika-Putzmeister PM 407 gunite mixer, which used
an alkali-free accelerator (Sigunit L-5601) dosed at 4% by weight of the cement. The wa-
ter/cement ratio for mixtures prepared in the laboratory was 0.45, and 0.48 for the on site
mixtures because it was not possible to pump and project a mix for the lower w/c ratio.
The dosages of cement, aggregates and fiber content are specified in Table 1.
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Table 1. Dosages studied in wet mix fiber reinforced shotcrete

. Shotcrete (Kg/m?3) Amount of fibers (Kg/m?)

Mix Cement Water! Gravel Sand SF PF
Control 440 198 548 1281 - -

50SF 440 198 548 1281 50 -

30SF 440 198 548 1281 30 -

7PF 440 198 548 1281 - 7

10PF 440 198 548 1281 - 10
25SF5PF 440 198 548 1281 25
20SF7PF 440 198 548 1281 20

1 the amount of water in tunnel mixes was 211 liters/m3, w/c=0.48

Table 2. Physical and mechanical properties of the fibers used in the experimental campaign.

Slender- Tensile Modulus of

. Length  Diameter .. Density
Fiber (mm) (mm) ness strength elasticity (gr/cm3)
(Lé/de) (MPa) (GPa)
RC-65/35-BN 35 0.55 63.63 1345 210 7.850
Sikaforce-48 48 0.84 57.14 465 7.5 0.901

2.2. Test procedures
2.2.1. Residual flexural strength

For this analysis, the flexural tensile strength test was performed according to EN
14651:2007+A1 [18], the specimen dimensions were 150x150x600mm, with a free span of
500mm between supports, a notch was made maintaining a ligament in the fracture sec-
tion of 125+1mm. To measure the vertical displacement, two devices (LVDT) were used
on both sides of the beam. The measurement of the notch opening was monitored with an
extensometer (CMOD). The specimen setup and test monitoring devices are shown in Fig.
2a. For each dosage, two to three beams were tested. From these tests, average values and
curves were obtained to facilitate the analysis process; these data and curves are shown
in Table 4 and Figure 6

2.2.2. Fracture surface analysis (Fiber count and orientation factor)

The analysis of the fracture surface was necessary to validate the mechanical behav-
ior of the beams tested in flexural tensile strength. To obtain the number of fibers in the
fractured faces, the methodology used by RILEM TC 162-TDF [19] was adopted. The
counting process was carried out by dividing the fracture section into 9 equal areas (Fig.
3) without taking into account the notch, this process allowed visualizing the fiber disper-
sion, if it was homogeneous, or how disturbed it was by the wall effect.

Figure 3. Analysis of the fracture section of specimen 7PF-1 (Shotcrete sample).

As a complement to the counting, the orientation factor (8) was obtained on the frac-
ture surfaces, which made it possible to compare the actual number of fibers counted with
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the theoretical number of fibers according to the dosage performed. In this sense, if the
fibers were totally aligned, the number of fibers counted would coincide with the theoret-
ical value, therefore, the proportion 6 would be unity. Equations 1 and 2 provide the meth-
odology for calculating the theoretical fibers and the orientation factor in the fractured
section.
) . A-Vp
# theoretical fibers = —— 1)
Ay

A: fracture surface

Vr volumetric fraction

Ar. cross-sectional area of fiber

_ # counted fibers
 # theoretical fibers

)

2.2.3. Energy absorption in plates

This test was carried out according to EN 14488-5 standard on fiber-reinforced plates,
which met the theoretical dimensions of 600x600x100mm3.. The specimens were tested
under displacement control . The load was applied by means of a rigid steel block of
square section of 100x100mm? and 20 mm of thickness,. In addition, a sheet of wood of
dimensions 100x100mm? and 20 mm of thickness was placed to ensure the correct trans-
mission of the applied load to the concrete surface. On both sides of the rigid block, two
bars were extended for the placement of extensometers to measure the relative vertical
displacement between the center of the plate and the support surface of the metal frame
on which the specimen rests. The support frame complied with the standard dimensions,
consisting of a square metal frame with internal dimensions of 500x500mm?, with a thick-
ness of 20mm and a height of 80mm to allow the necessary vertical displacement at the
center of the specimen during the test. Figure 4 shows the test setup.

Figure 4. 10PF plate test assembled according to EN 14488-5 [22].

According to EN 14488-5, the energy absorption capacity of the specimen is the the
area under the load-deformation curve, for a deflection of 25 mm at the center of the plate,
being able to classify this energy absorption in three classes. The classification is presented
in Table 3.
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Table 3. Energy absorption requirements according to EFNARC.

Energy Absorption for de-

Tough 1
oug ness class ﬂeCtiOn uP to 25 mm (])

a 500
b 700
C 1000

3. Experimental results and discussion

3.1. Residual flexural strengths

The characteristic values of fri, fre, frs and fre of all the specimens tested are presented
in Table 4, which will be used for the analysis of the following sections. In addition, Table
5 shows the results of the fiber counts, which allowed to interpret the mechanical behavior
described below.

3.1.1. Steel fibers

Figures 6a and 6b compare the behaviour of the specimens cast in the laboratory (L)
and sprayed in situ (G), both for concrete with steel fiber (30 and 50 kg/m?) . As can be
seen in Figures 6a and 6b, for crack openings (CMOD) up to 2 mm, the specimens cast in
laboratory showed much higher residual strengths. Comparing the average values of fri,
the results obtained in the laboratory specimens were 46% and 73% higher than the
gunned specimens, for the 50SF and 30SF combinations, respectively. For crack openings
greater than 2 mm, and taking into account the average value of frs, the results showed
that the laboratory specimens were 11% higher than their shotcrete counterparts in both
concrete mixes with steel fibres. This difference in residual strength capacity was accord-
ing to the content of fibers in the fracture surface of the laboratory and shotcrete speci-
mens. The average values of fiber count in the fracture section were 11% and 23% higher
for the laboratory specimens than for in situ specimens for the 30SF and 50SF mixtures,
respectively.

In addition, the residual strength corresponding to the proportionality limit f.or, both
in laboratory and in situ specimens with higher fiber content (50SF), performed better than
30SF. For example, the 50SF laboratory specimens increased the proportionality limit
strength (fror) by 23%; in the case of the shotcrete specimens, an increase of 13% was re-
ported in favor of the 50 kg/m® dosage formulation. This behavior has already been re-
ported by several authors [16,24,17].

3.1.2. Polyolefin fibers

The only dosage that had a similar behavior in the laboratory and on site was 7PF
(Fig. 6¢). It is worth noting that the average number of fibers counted in the shotcrete
sample was 168, exceeding the 132 fibres counted in the fracture section of the laboratory
specimen. Despite the difference in number, all these specimens presented similar me-
chanical behavior. Although the shotcrete beams had a higher count of fibres in the frac-
ture section, most of their fibers failed by sliding (136) and a lower number by breaking
(33), while in the laboratory specimen there was a higher number of broken fibers (53) in
proportion to their slipped fibers (80).

The difference in fr: values (Figure 6¢c and 6d), comparing the laboratory and shot-
crete beams, was 5 to 20% higher in favor of the laboratory beams, for 7PF and 10PF dos-
ages, respectively. In addition, the value of frs was 23% higher for the laboratory specimen
with 10 kg of polyolefin (10PF), while the gunned specimen with 7 kg of fiber reported a
slightly higher value (2% higher) than the laboratory specimen.

Both polyolefin combinations reported a higher number of slipped fibers in their field
specimens compared with the laboratory specimens. Moreover, the laboratory specimens
showed a higher number of broken fibers in relation to the shotcrete specimens. This be-
havior can be attributed to a better anchorage of the fiber to the matrix in the laboratory
specimens, due to a better orientation angle compared with the fibers in the shotcrete
specimens.
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Table 4. Residual flexural strength average curve values.

fror CMOD (0.5mm)

N Beam fror (MPa) fr1 (Mpa) %fror fre (Mpa) %fior frs (Mpa) %fror (l\fll;;la) %fLop
1 Control 4.62 0.43 9% - - - - - -

2 30SF (L) 4.98 4.25 85% 2.88 58% 1.83 37% 140 28%
3 50SF (L) 6.11 5.51 90% 4.70 77% 3.10 51% 236 39%
4 7PF (L) 4.49 1.91 43% 2.11 47% 2.33 52% 244 54%
5 10PF (L) 4.02 2.49 62% 2.99 74% 3.27 81% 330 82%
6 25SF5PF (L) 4.58 4.01 88% 3.92 86% 3.08 67% 270 59%
7 20SF7PF (L) 3.85 3.58 93% 3.55 92% 3.47 90% 3.30 86%
8  30SF (G) 4.20 2.46 58% 1.98 47% 1.64 39% 133 32%
9 50SF (G) 4.76 3.77 79% 3.45 73% 2.81 59% 246 52%
10 7PF(G) 4.63 1.81 39% 2.25 49% 2.37 51% 237 51%
11 10PF (G) 4.08 2.08 51% 2.52 62% 2.65 65% 259 63%
12 25SF5PF (G) 4.79 3.19 67% 3.13 65% 2.85 59% 2.61 54%
13 20SF7PF (G) 5.18 2.88 56% 2.98 58% 2.80 54% 255 49%

3.1.3. Hybrid mixes

For the hybrid mixes, the laboratory 255F5PF combination performed better than the
results of the shotcrete beams, and this behavior was maintained until the crack opening
reached approximately 4 mm (see Fig. 6e). For CMOD larger than 4mm, the load carrying
capacity was approximately the same.

Performing the analysis of fr: values for the shotcrete and laboratory beams, both
hybrid mixes (20SF7PF and 255F5PF) were outperformed by their laboratory counterparts
by 25%. For CMOD values of 2.5 mm (fzs), the increases in residual flexural strength were
10 and 24% in the laboratory specimens, corresponding to the 25SF5PF and 20SF7PF
mixes, respectively.

The specimens cast in laboratory showed higher values of fiber count in the fractured
section than specimens sprayed on site. For example, for the 20SF7PF combination, 218
fibers were counted in the laboratory specimen, vs. 187 in the on site specimen section.
Similarly, the 25SF5PF combination reported 212 fibers in the laboratory specimen vs. 181
in the on site specimen. This increase in fiber content in the laboratory specimens resulted
in better performance than the shotcrete specimens for initial deflections (Fig. 6e) and

throughout the whole test (Fig. 6f).
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Figure 5. Average results of the three point bending tests of the laboratory specimens with hybrid
mixtures of fibres.

Finally, Fig. 5 shows the average curves of the three point bending tests of the labor-
atory specimens with hybrid mixtures of fibres, where the synergy and effect of a higher
or lower content of steel or polyolefin fibers was evident. The combination with higher
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content of steel fibres (25SF5PF), once the peak load (fior) was exceeded, led to higher
residual strength up to 2 mm of crack opening, followed by a controlled decrease in load.
The combination with higher content of polyolefin fibres (20SF7PF) led to lower initial
loading capacity up to 2 mm CMOD, but was able to obtain much higher remaining
strength than the combination 25SF5PF. The higher content of steel fibres led to higher
loadings for initial crack openings, while the higher content of polyolefin fibres showed
the better performance for larger crack openings.
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Figure 6. Curvas fr:CMOD en laboratorio y obra: (a) 30SF; (b) 50SF; (c) 7PF; (d) 10PF; (e) 25SF5PF;
(f) 20SF7PF. Notes: (L)Laboratory beams;(G) Shotcreted or on site beams
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Table 5. Fiber counts in the fracture section, site and laboratory specimens.

Average . Average #Total Average # Total Orientation
Beam (Broken) Brokegn (Slipped) slippegd count Totai; theoretical  factor (0)

C1-1 - - - -

C1-2 - - - - - - - -
30SF-1 (L) - - 114 - 114 121 315 0.36
30SF-2 (L) - - 127 - 127 (0.08) 316 0.40
30SF-1 (G) - - 130 - 130 109 311 0.42
30SE-2 (G) - - 88 - 88 (0.27) 304 0.29
50SF-1 (L) - - 255 - 255 221 524 0.49
50SF-2 (L) - - 186 - 186 (0.22) 535 0.35
50SF-1 (G) - - 197 - 197 180 506 0.39
50SF-2 (G) - - 162 - 162 (0.14) 509 0.32
7PF-1 (L) 46 53 86 80 132 132 283 0.47
7PE-2 (L) 59 0.17) 73 (0.11) 132 (0.00) 281 0.47
7PF-1 (G) 27 33 132 136 159 168 267 0.60
7PF-2 (G) 38 (0.24) 139 (0.04) 177 (0.08) 271 0.65
10PF-1 (L) 65 66 118 109 183 175 384 0.48
10PF-2 (L) 67 (0.02) 100 (0.12) 167 (0.06) 390 0.43
10PF-1 (G) 37 36 140 148 177 184 379 0.47
10PE-2 (G) 34 (0.06) 156 (0.08) 190 (0.05) 379 0.50
25SF5PF-1 (L) 48 41 162 171 210 212 449 0.47
25SF5PF-2 (L) 33 0.19) 180 (0.06) 213 (0.01) 454 0.47
25SF5PF-1 (G) 22 20 155 161 177 181 403 0.44
25SF5PE-2 (G) 17 (0.18) 167 (0.05) 184 (0.03) 406 0.45
20SF7PF-1 (L) 48 41 187 177 235 218 483 0.49
20SF7PF-2 (L) 42 (0.18) 174 (0.05) 216 (0.07) 483 0.45
20SF7PE-3 (L) 33 171 204 477 0.43
20SF7PF-1 (G) 21 19 136 168 157 187 471 0.33
20SF7PE-2 (G) 17 (0.15) 200 (0.27) 217 (0.23) 467 0.46

3.2. Analysis of fracture section and assesment of orientation factor

The values of the orientation factor, the analysis of the fractured section, and the fail-
ure mode of the fibers allowed are useful for comparing the differences of mechanical
behavior between the laboratory and on site cast specimens. The values of orientation fac-
tor are presented in Fig. 7 and described below.

e  Steel fibers

As it can be seen in Figure 8a and 8b, for the 50SF mix, the amount and difference of
distribution of steel fibers in the fracture section of the specimens cast on site (G) vs. la-
boratory (L) was significant. The fracture section of the specimen cast in laboratory shows
better homogeneity and distribution of fibers than the fractured section of the shotcrete
specimen. The latter shows wall effect and accumulation of fibers in the perpendicular
plane (bottom of the form) to the shotcrete application. The orientation factor of the fibres
in the fracture section of the on-site specimens is lower than the one of the laboratory steel
specimens.. This difference being more significant for the 50SF dosage, 0 values of 0.42
and 0.35 were reported for the laboratory and on site beams, respectively.

This behavior could be attributed to the percentage of rebound and impact caused in
the spraying process, due to the stiffness of the steel fiber, which has a reduced adhesion
capacity to the concrete matrix in the fresh state, compared with fiber of polymeric origin
during shotcrete [25-27]. In the present experimental campaign, the higher the content of
steel fibers in the spraying process led to the greater difference of the orientation factor
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between the laboratory and on site specimen values. These differences of the orientation
factor and the homogeneity of the fibre distribution in the fracture section are the main
cause that explain the better performance of residual flexural tensile strengths of the la-

boratory specimens in comparison with the on site sprayed specimens.

30SF (L) 50SF (L) 7PE (1) 10PF (L) 25SF5PF (L) 20SF7PF (L)
©6=0.38 6=0.42 ©=0.47 6=0.45 ©6=0.47 ©=0.45

30SF (G) 50SF (G) 7PF (G) 10PF (G) 25SF5PF(G)  20SF7PF (G)
©6=0.35 8=0.35 6=0.62 6=0.48 8=0.45 6=0.40

Figure 7. Average orientation factor of the laboratory (L) and shotcrete (G) specimens obtained from
the fibres count in the fracture section.

M

O

T

e

(©)

Figure 8. Fracture section analysis: (a) 50SF(G); (b) 50SF(L); (c) 10PE(G); (d) 10PF(L).

e Polyolefin fibers

The specimens with polyolefin fibres sprayed in reported higher orientation factors
than the ones performed with steel fibres This is attributed to the fact that polyolefin fiber
in shotcrete applications, having lower stiffness than steel one, is able to better adhesion

(d)
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on the impact surface, dissipating kinetic energy and ensuring better adhesion to the con-
crete matrix in the fresh state [25]. The 7PF combination showed a significant difference,
with 0 values of 0.62 and 0.47, in the site and laboratory specimens, respectively. The frac-
ture surface of the laboratory specimens showed higher value of the broken fibres than
the fracture surface of the on site specimens. In addition, the number of fibres that failed
by slippage is higher in the fracture surface of the on site specimens. These differences
may be explained taking into account the difference between casting procedure of the la-
boratory specimens in comparison with in situ specimens.

Figures 8c and 8d show the difference in failure mechanism in the 10PF specimens
for on site sprayed and laboratory cast specimens, being higher the number of broken
fibers in laboratory specimens. Table 5 shows the values of the fibres counting From
what was mentioned and seen in Fig.6c we can say that a lower content of broken fibers
could equate to the work of several slipped fibers.

e  Hybrid mixes of fibres

The orientation factor of the fracture surface of the sprayed concrete, with hybrid
mixes of fibres, in situ was lower than the corresponding to the specimens cast in labora-
tory in both cases (255F5PF, 20SF7PF), as Figure 7 shows. In addition, the number of bro-
ken fibres in the fracture surface was lower for the on site specimens, and the number of
slipped fibres larger, in comparison with the specimens cast in laboratory

3.3. Fracture energy
3.3.1. Comparison between laboratory vs on site beams

Initially, the difference in fracture energy between the laboratory and field specimens
was evaluated by means of the ratio Graaoratory)/ GFishoterete), the values are expressed as a per-
centage. Deformations of 2.5, 5 and 10 mm were considered for this analysis. According
to Figure 9 it can be appreciated a typical behavior, in four of the six dosages studied, as
the deflection increased, the difference in fracture energy between the laboratory and site
specimens decreased. For example, for the 30SF and 50SF combinations, the difference in
fracture energy for a 2.5 mm deflection was 49% and 31 % respectively. While for a 10 mm
deflection the magnitudes were reduced to 13% and 6%. In addition, beams 7PF and
25SF5PF led to same fracture energy for in situ fand laboratory specimens for a deflection
of 10 mm. Only the combinations 10PF and 20SF7PF exceeded the fracture values of their
field specimens by 29 %and 22% for the highest strain (10 mm).
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Figure 9. Fracture energy ratio between laboratory and on site specimens.

Considering 2.5 and 5 mm deflections, the difference between laboratory andon site
fracture energies was in the range of 49% to 2% and 30% to 5%, respectively. Being evident
the reduction and approximation of these values in all the mixtures with the increase of
the deformation.
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3.3.2. Comparison between Steel and hybrid mixes

The description and analysis of the tested beams are accompanied by the letters (L)
or (G) representing the laboratory and in situ specimens, respectively. This designation
for the beams will be used in this and later sections.

For this analysis, the combinations with steel fibers were taken as a reference, com-
paring their performance with the hybrid combinations. Regarding the steel mixtures, it
can be seen that the combination with 30kg led to a much-reduced fracture energy com-
pared with the 50kg of steel fibres dosage (see Figure 10a). Comparing both steel dosages,
differences of orders of magnitude from 550 to 1575N/m were reported for the different
deflections, representing percentages of 41% to 65% (laboratory beams), and 60% to 77%
(shotcrete beams) higher in favor of the 50SF combination.
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Figure 10. Fracture energy: (a) Steel and hybrid mixes; (b) Polyolefin and hybrid mixes.

Considering the dosages by weight, for the mixes with 30 kg/m? of fibers (30SF and
25SF5PF), the hybrid combination obtained a higher fracture energy on site and laboratory
specimens. Evaluating the shotcrete specimens, the difference for a deflection of 2.5 mm
was 44% in favor of the hybrid mix, increasing this value to 86% for a deflection of 10 mm.

Finally, analyzing both hybrid dosages in reference to the 50kg steel combination, all
of them reported closer Gr values, especially for 5 and 10mm deflections, highlighting that
for a 10mm deflection the hybrid samples 255F5PF (G, L), and the sample 20SF7PF (L),
reached a behavior equal and 24% higher than the sample 50SF(L), respectively.

3.3.3. Comparison between polyolefin and hybrid mixes

According to Figure 10b, the combination with 7 kg of polyolefins had a fracture en-
ergy lower than the rest of specimens, especially for ones tested in the laboratory, and for
deflections smaller than 5 mm. Comparing the fracture energy of the mixtures with 7 and
10 kg/m? of polyolefins, the difference was in orders of magnitude: from 31 to 1067 N/m
for the site and laboratory mixtures. Representing values from 3% to 5% (shotcrete beams),
and 26% to 30% (laboratory beams) higher, in favor of the 10PF specimen. Considering
only the fracture energies of the on situ specimens, it can be confirmed that both polyolefin
mixtures obtained very similar values; the difference between their fracture energies for 5
and 10 mm was 89 N/m and 179 N/m, respectively. The influence of a higher volumetric
fraction was not relevant for the performance on site.

Analyzing the fracture energy for a deformation of 10 mm, and considering the la-
boratory and on situ specimens, six of the eight beams obtained values between 3566 N/m
to 3829 N/m, only the laboratory combinations 10PF and 20SF7PF exceeded these magni-
tudes, with values of 4634 N/m and 4766 N/m, respectively. The average value of these
eight beams was 3961.18 N/m, slightly exceeding the average value of the steel and hybrid
specimens represented in Figure 10a.
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Finally, with respect to the shotcrete samples, it was confirmed that the polyolefin
dosages had a slightly lower fracture energy (7PF), and similar (10PF) to the hybrid sam-
ples. In addition, the 10PF(L) mixture was able to obtain a very outstanding and even
superior behavior, similar to the steel-polyolefin mixture 20SF7PF(L).

3.3.4. Residual strength, fracture energy and fiber count

This section presents a comparative analysis that relates residual strengths to fracture
energy and includes the number of fibers counted in the fracture surface. According to the
results commented in previous sections, the analysis is focused on the combinations with
the best results: 50SF,10PF and both hybrid mixes. Figures 11 and 12 show these graphs
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Figure 11. Residual strength vs fracture energy: (a) 50SF; (b) 10PF.

e  50SF Y 10PF Mixes

For the specimens with only steel fibres, it was evident that the higher the fiber con-
tent, the higher the residual strengths and fracture energies (Fig. 11a). It is worth noting
that the combination with higher and lower fiber content 255(L) and 162(G) presented a
parallelism, and this behavior could be attributed to a similar distribution of fibers in the
fracture surface, but in different amounts. In addition, the combinations with 186(L) and
197(G) had an intersection in their peak load. The slope of the shotcrete specimen 197(G)
was smaller, reporting a more controlled decrease of its fgj values with increasing fracture
energy. On the contrary, 186(L) reported the opposite behavior, being the difference at-
tributed to a lower percentage of fibers in the quadrants close to the notch.

Regarding the residual strength-energy fracture curves of the 10PF mix (Fig. 11b), it
could be seen that the specimen with higher fiber content 190(G) obtained residual
strengths even lower than specimens with lower number of fibers (167(L) and 177(G)),
being this behavior was reported for a fracture energy up to 2000(N/m). Similarly, speci-
men 183(L) showed higher Gr and frj values. Both mentioned behaviors are supported by
the number of broken and slipped fibers in the fracture sections. Considering the average
values of broken fibers in the fracture surface of the shotcrete (36 fibers) and laboratory
specimens (66fibers), the difference was 83% in favor of the laboratory specimens. This
dosage shows that a higher number of fibers does not guarantee a better performance of
the concrete, being the failure form of the fibers and the anchorage of the fibers to the
matrix were more relevant.

Finally, in most of the polyolefin mixes, the ratio of broken fibers to the total effective
fibers in the fracture section represented 35%. That is to say, for percentages equal or
higher than this, both fzj and Gr values were increased, having outstanding performance.
The mentioned percentage was also present and valid in the specimens of hybrid combi-
nations.
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e  Hybrid mixes

For these combinations the effect and influence of the number of broken fibers on the
fracture section was significant. For example, for the 25SF5PF dosage (Fig. 12a), both la-
boratory mixtures obtained counts of 213 and 210 fibers, but only the latter reported the
highest fracture energy and residual strength for strains greater than 5 mm. The specimen
with 213 fibers exhibited even lower frj and Gr values than the shotcrete combinations of
184 and 177 fibers, respectively. Considering the broken fiber count in the fractured sec-
tion of the laboratory specimens, the 210(L) beam reported a 45% higher value.

f vs G_25SF5PF f vs G_ 20SF7PF
6 Ri F : 6 ML L .

# OF FIBERS # OF FIBERS
5¢ —=—210(L)| A 5 | ——235 (L)
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Figure 12. Residual strength vs fracture energy: (a) 25SF5PF; (b) 20SF7PF.

Regarding the 20SF7PF combination (Fig. 12b), it can be distinguished that lineal re-
gressions of the laboratory samples had a very similar slope, with more controlled de-
crease, and differentiated from the field specimens (157(G) and 217(G)) that exhibited
more accentuated reduction. The lowest loss of residual strength and fracture energy was
reported for the latter combinations. Comparing the average values of broken fibers, the
laboratory beams reported twice the content (41 broken fibers), compared with the on site
specimens (19 broken fibers). Again, the failure mode in the polyolefin fibers was respon-
sible for the mechanical behavior and not the higher number of fibers in the section.

3.4. Plate test results

The results and classification of the tested plates according to their energy absorption
capacity are presented below (see Table 3), delimited by the resistance classes established
by EFNARC [28]. Likewise, the observed behavior was analyzed according to their load-
deflection curves. All the combinations reached an energy absorption capacity equal to or
higher than 700] for a deformation of 25 mm (Figure 13b). The combinations with lower
fiber content (30SF and 7PF) reached a class B energy absorption capacity, while the rest
of the mixtures reached class C. The mixture with 10 kg of polyolefin was the most out-
standing, guaranteeing the application of this type of shotcrete for permanent support in
hard soil, previously taking into consideration the characteristics of the rock mass, means
of anchorage and soil subjection.

According to Fig. 13a, as well as the behavior reported for beams, the steel plate gird-
ers were able to withstand higher loads for initial deflections, reaching peak loads before
2 mm deflection, subsequently their load capacity decreased. In the case of polyolefin and
hybrid mixtures, the peak load was obtained for deflections above 4 to 5 mm deflection,
after which the load capacity decreased in a more controlled manner (see Figure 13a).
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Figure 13. Plate test curves: (a) Load-deflection; (b) Energy absorption-deflection.

This difference in load increase at different deformations can be attributed to the dif-
ference in adhesion and stiffness of the fibers, in this case the steel fibers being stiffer and
having hooked ends, have a greater mechanical anchorage in the concrete [29-31], inter-
acting from the beginning of the cracking of the concrete matrix, providing a higher initial
load capacity. In the polyolefin-included and hybrid mixtures a load step was observed
before reaching its maximum load (see Fig. 13a), delimited by a red circle. This behavior
is attributed to the lower stiffness, and to the mechanism of working of polyolefins, that
act gradually with the increase of the opening of the crack. They are able to withstand
remaining loads higher than steel fibers [20], showing the combinations 10PF, 255F5PF,
20SF7PF this behavior. Only the 7PF mix obtained a different behavior.

The analysis of the energy absorption capacity vs. deflection showed that the combi-
nations with steel fibers were superior to the rest of the mixtures, up to 5 mm of defor-
mation in the case of 30SF, and 10 mm for 50 SF (see Fig. 13b). This behavior was a product
of the better mechanical anchorage and higher stiffness of the steel fibers, mentioned pre-
viously. The steel combinations were able to provide higher energy absorption E(J) at
smaller deformations. For deformations larger than 5 and 10 mm, the hybrid and polyole-
fin blends performed better; only the 10PF combination was able to exceed the energy
values achieved by the 50SF specimen.

3.4.1. Correlation of beam and plate tests

Initially, a comparative study was carried out about residual strengths vs. fracture
energy in beams and plates. In the case of beams, the stress and fracture energy were ob-
tained for deformations corresponding to the Fror load of 2.5, 5 and 10 mm. For plates, the
points of the residual strength vs. fracture energy dispersion were determined for deflec-
tions equivalent to the Freak, 2.5, 5, 10, 20, 25 and 30 mm. The stresses in plates were ob-
tained based on the Mindlin-Reissner theory, and the fracture energy was determined
considering the work (energy absorption) and the area of the cracked section of the plate
in the testing process, Figure 14 and equations 3 and 4 describe the process of obtaining
the fracture energy.
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Figure 14. Determination of cracking area.
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Figure 15 presents the residual strength vs. fracture energy relationships for beams
and plates, for the steel (50SF), polyolefin (10PF) and hybrid combinations. All the linear
fits of the plates had a similar negative slope, but with a displacement on the vertical axis,
much higher than the beams due to their higher load capacity during the testing process,
and the parallelism of these fits was evident in all cases.

This behavior pattern allows to extrapolate the values from beams to plates and vice
versa, being this approximation conditioned by the content and type of fiber analyzed.
The extrapolation from beams to plates is valid for deformations in beams corresponding
to fror, up to 10 mm of deflection, since in the beam test we cannot reach the degree of
deformation in plates (30 mm). It should be noted that in all cases the fracture energy was
not the same in plates and beams for the same deformation, and they do not have a biu-
nivocal Gr-deformation correspondence. This fracture energy is directly related to the con-
tent and distribution of fibers in the plate and to the multi-cracking process. Only the 10PF
combination presented very close fracture energies in beams and plates for deformations
of 2.5, 5 and 10 mm.

Therefore, by making approximations of fri-Gr from beams to plates with the incre-
ments presented in Figure 15, it will allow obtaining indicative results. The increase of
residual strength Afz;, was in the range of 5.31 MPa to 6.34 MPa, considering the mixtures
with higher content of polyolefin fibers and steel, and both hybrid mixtures. In addtion,
considering the fracture energy for the highest deformations (10 mm in beams, and 30 mm
in plates), the difference was 227% to 283% higher in the plate tests, product of the multi-
ple cracking process that offers a higher energy absorption capacity and due to a larger
fracture section.
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Figure 15. Residual strength vs fracture energy on plates and beams: (a) 10PF; (b) 50SF; (c) 25SF5PF;
(d) 20SF7PF.

Figure 16 shows the correlation of residual resistances in beams for a deformation of
3 mm versus values of the energy absorption capacity for a deflection of 25 mm in plates,
analysis also performed by Bernard [32]. This deformation of 3 mm in beams corre-
sponded to a crack opening (CMOD) of 3.35 mm in most of the beams.

Finally, the residual tensile bending resistance for a deflection of 3 mm can be ob-
tained by the equation fzj (in MPa) = 3-E25mm (Joules)/125 (r=0.87), this equation can also
be used to find the energy absorption capacity. Giving approximate values that allow to
consider and ratify values of energy absorption in slabs, being able to reformulate and
make adjustments to the dosage of the analyzed fiber shotcrete.
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Figure 16. Residual strength in beams for 3mm deflection vs. energy absorption capacity in plates
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4. Conclusions

In all mixes, the residual flexural strengths for the shotcrete beams (G) were lower.
This reduction was more appreciable in the steel fibre combinations, reporting losses of
73 to 11% for fr1 and frs, respectively, while the polyolefin and hybrid samples exhibited
reductions of 20% to 10%.

The synergy of the hybrid combinations (steel-polyolefin) was notorious, highlight-
ing that the higher the content of steel fibers, the higher the residual strengths for lower
crack openings (CMOD= 2 mm). On the contrary, a higher polyolefin content achieved
higher residual strengths for greater CMOD (2 mmto 6 mm) but lower initial residual
strength (see Figure 5). Tthe combination with higher steel content, 255F5PF, was the op-
timal.

The fiber content and orientation factor of the fractured assessed at the fracture sur-
face was lower in the steel and hybrid shotcrete specimens, only the polyolefin mixtures
reached higher values than laboratory. This behavior is attributed to a lower adhesion
capacity of the steel fibers to the concrete matrix in the fresh state, compared with fibers
of polymeric origin during shotcreting process [25-27].

For hybrid and polyolefin mixtures, a higher fiber content did not guarantee a better
performance in fracture energy and residual strengths. The higher number of broken
fibers and better anchorage to the matrix was relevant. Specimens with 35% broken fibers
in the fracture surface as a proportion of total polyolefin fibers had superior performance.

The correlation of residual strengths and fracture energies between plates and beams
showed a certain parallelism that allows to estimate approximate values in plates from
beam tests considering the increment Afy;. Similarly, the residual strength (frj) for a de-
flection of 3 mm in beams versus Ezsmm in slabs, allows to estimate valid approximations,
helping to reformulate or make adjustments in the dosage of the fiber concrete analyzed.
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