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Abstract

The flexural beam test EN 14488-3 is considered a reference for the characterization of the post-cracking
tensile response of fibre-reinforced sprayed concrete (FRSC). However, the geometry of the specimens is a
complication in case of characterising specimens extracted from the structure. The double punch test (DPT)
and double-edge wedge splitting (DEWS) test are two alternative approaches that have been introduced to
simplify the assessment of the post-cracking response of fibre reinforced-concrete. These tests could allow
the characterisation of samples extracted from sprayed test panels or even existing structures. The objective
of this experimental study is to demonstrate the possibility to correlate the flexural beam test EN 14488-3,
the DPT and DEWS tests, and verify the capacity of these tests in predicting the constitutive model of FRSC.
The results indicated high correlations (R above 0.98) between tests. The constitutive models obtained from
the alternative tests were close to those determined employing the flexural beam test. Both the DPT and
DEWS test can replace the EN 14488-3 test in systematic quality control or for the confirmation of design
parameters of FRSC structure. However, the DEWS test requires more time to prepare the specimens, being
more appropriate to parameterize the constitutive models of the FRSC. The DPT, due to its simplicity of
execution, becomes more practical for quality control of FRSC. Specimen with different size subjected to the
DPT show a similar residual strength pattern.

Keywords: Sprayed concrete, fibre-reinforced concrete, flexural beam test, DPT test, DEWS test.

1. Introduction

One of the most common methods to characterize fibre-reinforced sprayed concrete (FRSC) is the
four-point flexural beam test EN 14488-3 (Bernard; Thomas, 2020). Initially, this test was proposed
by EFNARC (1996) and now is detailed in the standard EN 14488-3: 2004 (AENOR, 2004). Recent
guidelines such as those of ITA Working Group No. 12 and ITAtech (ITA, 2020) propose the three-
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point flexural test on a beam with a notch EN 14651 to obtain design parameters for FRSC structures
according to the provisions in the fib Model Code. This reflects the current aspiration of adopting
the design philosophy of fibre-reinforced concrete (FRC) structures in sprayed concrete structures
(Larive et al. 2020). However, due to the production process of FRSC elements, tests performed in
beams need to be extracted from sprayed test panels. This implies a laborious cutting process and
difficulties in handling heavy panels. Spraying process factors such as the effect of the spray
direction (Figueiredo, 1997; Jolin, 1999; Kaufmann et al. 2013) and rebound (Figueiredo, 1997,
Austin; Peaston; Robins, 1997; Armelin, 1997; Jolin, 1999; Kaufmann et al. 2013; Ginouse; Jolin,
2016) produce a significant variation in fibre content and orientation in the tunnel lining if compared
with equivalent sprayed specimens.

Studies show high variability of results of the flexural characterization of FRSC beams in a range of
20 to 30% (Morgan; Mindess; Chen, 1995; Bernard, 2002; Juhasz; Nagy; Shaul, 2017; Galobardes et
al., 2019; Hanke et al., 2001 apud Bernard; Thomas, 2020). This phenomenon has been attributed
to the small fracture surface of the specimen, which is prone to significant variation in the content
and orientation of fibres crossing the cracked surface (Tran; Bernard; Beasley, 2005; Bernard, 2013;
Carmona; Molins, 2019; Galobardes et al., 2019). The uncertainty of results can also be exacerbated
by the post-peak instability caused by the abrupt transfer of load from the matrix to the fibres during
cracking (Nguyen, 2003; Bernard, 2013). To lessen the effect of post-peak instability, flexural beam
tests require high-quality testing machines with a closed-loop system (EN 14488-3, 2004; Bernard,
2009) that are not available in most technological control laboratories in Latin America (Silva, 2017),
for example.

Other tests were developed to evaluate FRC, such as the double punching test (DPT), also known as
Barcelona and double-edge wedge splitting test (DEWS). These tests procedures have the advantage
of using smaller specimens, which can simplify the systematic quality control evaluation of existing
FRSC structures through extracted samples or can be used for confirmation of design parameters.
The common criteria considered when selecting the most appropriate test to evaluate structures
are the reliability of the results, the cost of the tests and whether the sample is representative of
the in-situ concrete (Nguyen, 2003). Smaller-scale tests allow the evaluation of a larger number of
samples, enabling a broader and more robust analysis of data (Galobardes; Figueiredo, 2015),
especially when it is desired to evaluate the behaviour of the material in FRSC structures that have
great variability.

The DPT is supported by a large body of research and has been increasingly used for the quality
control of FRC in real projects (Carmona; Aguado; Molins, 2013; Blanco et al., 2014; Monte et al.,
2016; Galeote et al., 2017; Carmona; Molins; Aguado, 2018; Rambo et al., 2018; Segura-Castillo et
al., 2018; Carmona and Molins, 2019; Simao et al., 2019; Nogueira et al. 2020). Three cracks form
during the test due to the internal stresses induced by cylinder punches located on the top and
bottom of the specimens. The cracks usually evolve following a mix of types | and Il fracture mode,
which differs from the cracks in the bending test of beams that tend to display a type | fracture
(Galeote et al., 2017).
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The DEWS test developed by Di Prisco; Ferrara; Lamperti (2013) is also an indirect tensile test.
Wedges placed in notches on two opposite faces of the specimen produce internal tensile forces
that lead to crack formation and opening. The setup aims to create an approximately uniaxial tensile
stress over the cross-section of the specimen, leading to a type | fracture mode. Di Prisco; Ferrara;
Lamperti (2013) recommend the use of six LVDTs (linear variable displacement transducers) and a
very slow loading speed (displacement rate of 0.012 mm/min). Borges et al. (2019) proposed a
simplified variation of the test with 10 times higher loading speed and only 2 extensometers, one at
the centre of each face of the specimen to measure the crack-opening, providing greater dynamism
to the method, reducing the time and execution work.

Few studies have evaluated FRSC using the DPT. Silva (2017) evaluated the scatter of load results
from the DPT, statistically proving that there is no significant difference in results of specimens
extracted from different panels. Segura-Castillo et al. (2018) studied the anisotropy in the tensile
response of FRSC through the DPT and inductive test. Galobardes et al. (2019) correlated the DPT
using cylinders with a height and diameter of 100 mm with the flexural beam test EN 14488-3,
obtaining a good correlation (R? = 0.97) between the residual strength of both tests. Using the same
cylinder size, Monteiro and Silva (2020) evaluated the influence of the machine stiffness on the DPT
and correlated the results with those of the EN 14651 test, finding good correlations in terms of
residual strength (mean R? 0.96). The influence of the size of the cylindrical core of the DPT on the
correlation of results with the EN 14488-3 test was not evaluated. To the authors’ best knowledge,
no study has applied the DEWS test to characterise FRSC recently. Consequently, no study has
compared the post-cracking behaviour obtained with DPT, DEWS and the flexural bending tests in
FRSC specimens or the constitutive models calculated from these test results in FRSC.

The objective of this study is to demonstrate the possibility to correlate the residual strength results
of the flexural beam test EN 14488-3 with those of the DPT (in cylinders with 2 sizes) and DEWS test,
in the evaluation of steel fibre-reinforced sprayed concrete (SFRSC). The possibility of obtaining and
comparing constitutive models from these tests is verified in line with current trends to obtain
design parameters for FRSC structures.

2. Methodology

2.1 Materials and spraying process

The concrete mixture was formulated with 400 kg/m? of cement (70% CEM | 52.5 R and 30% blast
furnace slag), 574 kg/m? of fine quartz sand (0 - 0.6 mm), 315 kg/m?3 of crushed granitic sand (0 - 4.8
mm), 840 kg/m? of crushed granite coarse aggregate (4.8 - 12.5 mm) and 200 |/m3 of water. The
following admixtures were also added to the composition to ensure adequate fresh state properties:
1.44 kg/m?3 of polyfunctional admixture, 0.84 kg/m? of superplasticiser and 1.12 kg/m? of hydration
stabiliser. The materials were batched in a ready-mix plant and supplied in a concrete mixer truck.

A flat crimped steel fibre was used in the experimental program. This is a low-cost fibre, produced
from recycled steel wires and is commonly used in tunnel lining applications in Brazil. The
dimensional characterization of length (L), equivalent diameter (d.) and aspect ratio (A) of the fibre
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is presented in Table 1. The mean values, coefficient of variation (CV), standard deviation (SD) and
sample size (N), are also provided.

The fibres were added directly to the mixer truck in three stages aiming to achieve three levels of
fibre contents and mixed for at least 5 minutes in each stage. From the concrete mixer truck, the
FRC was transferred to a wet-mix CP 10-SU pump and sprayed on wooden moulds positioned at 20°
with the vertical axis. An accelerator admixture based on aluminium sulphate solution
(approximately 24 kg/m?3) was used to ensure appropriate setting times, seeking to replicate the
wet-mix sprayed process normally found in tunnel linings.

The sprayed panels were of two sizes. Small panels of 600 mm x 600 mm at the base, 800 mm x 800
mm at the top, and thickness of 100 mm; and large panels of 600 mm x 600 mm at the base, 1000
mm x 1000 mm at the top, and thickness 200 mm. Five small panels and one large panel were
sprayed with a lower nominal fibre content (30 kg/m3), and 6 small panels and one large panel with
the intermediate and higher nominal fibre contents of 60 and 80 kg/m?3, respectively.

After the production of the first series of panels with the lower nominal fibre content, the volume
of concrete remaining was estimated, and an extra amount of fibre was added to the mixer truck to
reach the intermediate nominal fibre content. Once the panels were sprayed, the remaining volume
was estimated again, and fibres were added to the mixer truck to achieve the highest nominal fibre
content. Material remaining from previous spraying on both the pump and the hose complicated
the control of the fibre addition process in the sprayed specimens. However, ensuring previously
the exact fibre content is not essential for conducting the study as long as the same conditions are
applied to the batch of specimens subjected to the different tests. The actual average fibre content
incorporated was determined through samples extracted from the panels and using the inductive
test (Torrents et al. 2012; Cavalaro et al. 2015; Cavalaro et al. 2016) and crushing of specimens (Kalil;
Escariz; Figueiredo, 2010), as described in section 2.3. After the spraying, the test panels were
covered with plastic sheets, were periodically sprayed with water and demolded three days later.

Table 1 - Fibre dimensional characterization.

L(mm) de (mm) A=L/d.
Mean 38.93* 1.56 25.03
SD 1.16 0.06 1.12
cV (%) 0.03 0.04 0.04
N 60 60 60

* This value is within the dimensional tolerances of Brazilian standard ABNT NBR 15530 as the deviation from nominal
length (L, =39 mm) is less than 5% and 1.5 mm. The other nominal values were not provided by the manufacturer.

2.2 Extraction of samples and preparation of specimens

18 cylinders with nominal dimensions #150 mm x 150 mm and 84 of 3100 mm x 100 mm for the
DPT were extracted from the large and small panels, respectively (see Figure 1a). To obtain the
desired specimen height, the ends of the cylindrical cores were cut, removing the rough part. Twelve
beams with nominal dimensions of 600 mm length, 125 mm wide and 75 mm high for the EN 14488-



153 3 test were cut from the small panels, from which no cylinders had been extracted (see Figure 1b).
154  After testing the beams, their ends were cut at the extremes far enough from the cracked plane,
155  into smaller prisms, 125 mm length, 75 mm wide and 125 mm high used in the DEWS test (see Figure
156  1c). To induce cracking in these small prisms, a notch and wedges were made in the middle of the
157  top and bottom faces of the specimens (see Figure 1d). Then, steel plates were glued over the
158  wedges to ensure smoother metallic contact with the load application rollers.

159  All specimens were prepared and tested at an age greater than 5 months to ensure enough time for
160 extraction and preparation of all specimens. This also contributes to a minimum impact of the
161 evolution of strength over time in the test results. The notations used to present the results are LB,
162  SB, F and D, corresponding to the large cylinders @150 mm x 150 mm of the DPT, small cylinders
163 @100 mm x 100 mm of the DPT, beams of the EN 14488-3 test and prisms of the DEWS test,
164  respectively. The numbers following the notation refer to the nominal fibre content. For example,
165 F_60 are the beams of the EN 14488-3 test with a nominal fibre content of 60 kg/m?3.

166 Figure 1: Extraction of @150 mm x 150 mm cylinders from the large panels (a); cutting beams from the small panels (b);
167 cutting smaller prisms for the DEWS test (c); and making the wedge and notch in the DEWS prism (d).
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2.3 Determination of fibre content

The fibre content in the cylinders of the DPT was determined by the inductive test (Torrents et al.
2012; Cavalaro et al. 2015; Cavalaro et al. 2016). This methodology was previously used to quantify
the fibre content in cores extracted from FRSC in the studies by Segura-Castillo et al. (2018) and
Galobardes et al. (2019). Initially, a calibration process was performed on styrofoam cylinders, three
of 3100 mm x 100 mm (785.40 cm3) and three of 150 mm x 150 mm (2650.72 cm?), in which the
fibre contents of 30, 60 and 90 kg/m3 were inserted manually and randomly distributed in the
volume of the cylinder. The inductance variation can be used to calculate the inductance coefficients
of the fibre used, as described in Cavalaro et al. (2016). Figure 2 shows the correlations between the
fibre content placed in the styrofoam cylinders and the sum of the inductance variation ALy,
measured in three orthogonal axes L;.

100
® $150 mm
80
— ® $100 mm
(4]
E 60
JG‘D y =0.0109x
= 40 R2=0.9982
(@
20 y =0.0103x
R?=0.9991
O T T T T

0 2000 4000 6000 8000 10000
AL/V (mH/m3)

Figure 2: Inductive method calibration in styrofoam cylinders of @150 mm x 150 mm and @100 mm x 100 mm.

Equation 1 provides the fibre content in the cylinders (C) in kg/m3, which depends on the coefficient
[' (0.0109 and 0.0103 for the large and small cylinders, respectively), the total inductance variation
(AL7) in mH and volume of the cylinder (V) in m3. The inductive test was performed on the cylinders
prior to the DPT tests.

ALt

Cr=pB x—- (1)

The average orientation number n; on each orthogonal axis was calculated using Equation 2, where:
By ; is a constant that depends on the magnetic field over the volume of the cylinder, By , = By ,,
are equal to 536 and 1789 for small and large cylinders, respectively; By, , is equal to 538 and 1809
for small and large cylinders, respectively; y is an inductance parameter that depends on the fibre
aspect-ratio, which was assumed as 0.05 following the recommendation from Cavalaro et al. (2016);
L; is the inductance measurement on a specific axis; L, is the sum of the ratio between each L;
measured in each of the orthogonal axis and the corresponding constant By, ;. The fibre contribution
C; in each axis was determined according to Cavalaro et al. (2016) and was calculated using Equation
3. This parameter measures the average cosine of the angle formed by the fibres with the axis
analysed. Fibres present the highest contribution to the inductance variation when parallel to the
magnetic field (Cavalaro et al., 2016).
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The fibre content in the prisms used in the DEWS test was determined by crushing the specimens
and collecting fibres with a magnet after being tested, according to the procedure proposed by Kalil;
Escaris; Figueiredo (2010). The actual fibre content of the beams was determined considering the
average value obtained with the crushing of the two prisms cut from the end of the beams. The
crushing method was adopted since the prisms have a different geometry than a cylinder or cube,
which are considered in the inductive method by Cavalaro et al. (2016). Both methods have a good
approximation of results in the determination of fibre content (R? = 0.98) (Cavalaro et al., 2015).

2.4 Flexural beam test EN 14488-3

Ten beams were tested according to EN 14488-3 (three beams for each fibre content, plus one extra
for the nominal content of 60 kg/m?3). Two beams were lost due to rupture outside the central third,
one in the nominal content of 30 and 80 kg/m3, respectively. The test was performed in a universal
INTERMETRIC IM750SRV testing machine using a closed-loop system. All beams were positioned in
the testing machine with the faces that were in contact with the mould in contact with the lower
rollers. The load was applied using two upper rollers, positioned over the central third of the beam
(see Figure 3). The displacement rate was 0.25 + 0.05 mm/min until 0.5 mm when the rate was
increased to 1.0 mm/min until the end of the test. The vertical displacement measurements were
made using two LVDTs located in the central part at the top on each side of the beam and fixed to
a yoke.

The flexural strengths were obtained according to Equation 4, where: frim is the residual strength;
Ps is the load related to several displacements; L is the test span (450 mm); b is the beam width; d
is the height of the beam. The vertical displacement was transformed into a crack-opening
displacement (COD) at the base of the beam, using Equation 5, which was proposed by Carmona
and Molins (2019). Where: 6 is the vertical displacement; h is the height of the beam; L is 450 mm;
and e is the crack eccentricity of the tested beam concerning the middle of the span.
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Figure 3: Flexural beam test according to EN 14488-3.

Ps.L
frim =35 (4)
4.8.h
COD = = (5)
2.5 DPT

The DPT was performed on 18 large cylinders (@150 mm x 150 mm) and 83 small ones (@100 mm x
100 mm). Six large cylinders from each nominal content (six per panel). 23 small cylinders from the
nominal content of 30 kg/m3 (six per panel, minus 1 that was discarded), 30 from the nominal
contents of 60 and 80 kg/m3, respectively (six per panel). The test was carried out on a 200 tf
universal Shimadzu machine in an open-loop system, according to the recommendations of Pujadas
et al. (2013).

The punching load was applied using steel discs, with a diameter of 25 mm and a height of 20 mm
for the small cylinders, and a diameter of 37.5 mm and a height of 30 mm for the large cylinders
(maintaining the proportion specimen-steel disc diameter 1:4), arranged on their upper and lower
plane faces (see Figure 4). The load was applied uniformly with a constant displacement rate of 0.5
+0.05 mm/min. The cylinders were always kept in the same position, the faces that were in contact
with the mould were placed on the base of the machine. The residual strength of the FRSC is
calculated according to Equation 6, proposed by Saludes (2006), where: fz,s, is the residual strength
for a vertical displacement 8,; Ps, is the residual load for a vertical displacement 6,; a is the diameter
of the steel disc; H is the height of the cylinder.

In the original test setup, the increment of the perimeter TCOD (total circumferential opening
displacement) was measured by a circumferential extensometer positioned at half the height of the
cylinder. To simplify the procedure and facilitate implementation in quality control, Pujadas et al.
(2013) proposed a model that converts the vertical displacement of the testing machine into the
TCOD without the need for the circumferential extensometer.
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Residual strength was calculated in different circumferential deformations TCOD. To transform the
vertical displacement of the machine (6,) into TCOD, Equations 7 and 8 proposed by Pujadas et al.
(2013) were used. Where: n is the number of radial cracks formed in the test; a is the diameter of
the steel disc; / is the length of the wedge formed under the steel discs, 26.8 mm and 40.2 mm for
the small and large cylinders, respectively; P is the load at the calculated point; P.- and &,,c- are the
load and vertical displacement at the maximum load point, respectively; Pro and &pr,0 are the load
and the vertical displacement at the starting point of the residual strength, respectively.

Figure 4: DPT on a small cylinder with a height and diameter of 100 mm.

4.Psp

fR"SP = omaH (6)
X
TCOD = n.%“f'o.sing. (1 - PL), Oper <6y <bpro (7)
. cr
_ a . PRro
TCOD = n.——.sin—. [6,, —8pcr t 6p R0 (1 ~ P )] » 6p > 8p R0 (8)

2.6 DEWS test

The DEWS test was performed on six specimens per each nominal content. The nominal content of
60 kg/m? was analyzed with five specimens as one was discarded. The test was performed on an
EMIC DL 10000 universal machine with a capacity of 100 kN in an open-loop system, according to
the recommendations of Borges et al. (2019). The loading speed was 0.12 mm/min until the matrix
cracked, and 0.30 mm/min from the point of the first crack until the end of the test. The crack-
opening displacement was measured by an LVDT positioned on each face of the specimen. The
crack-opening w was the average of the measurements of the two LVDTs (see Figure 5).

The parameters provided by the machine were load versus crack-opening. The tensile strength was
obtained according to Di Prisco; Ferrara; Lamperti (2013). The effective load acting on the specimen
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Peswas calculated using Equation 9, where: P is the load applied by the test machine; u is the friction
coefficient between the cylindrical rollers and the steel plates, the value adopted was 0.15; © is the
angle formed between the wedge surface and the notch centre line, that is 45°. The tensile strength
o was calculated using Equation 10, where: Peis the effective load; b is the width of the cross-section
of the specimen; hj, is the distance between the ends of the two notches.

Figure 5: DEWS test performed on a prismatic specimen extracted from the beams.

_ (cos8—p.sin0)
7 " (sinB+p.cosH)

Pes (9)

_ Per

= (10)

3. Results and analysis

3.1 Effective fibre content

Table 2 shows the results of average fibre content (C;) obtained by the inductive test and crushing
the specimens. Table 3 shows the average fibre incorporation in each axis (C) by the inductive test.
The standard deviation (SD), coefficient of variation (CV), and sample size (N) are also provided in
both tables.

Table 2 - Fibre content (Cy) in kg/m? by the inductive test and crushing.

Csin kg/m?® by the inductive test Csin kg/m?3 by crushing
DPT #100 x 100 mm DPT @150 x 150 mm EN 14488-3 beams DEWS prisms
SB 30 SB 60 SB 80 |LB 30 LB60 LB8|F30 F60 FB80 |D30 D60 D_80
Mean 34 63 75 47 80 77 29 55 77 28 54 78
SD 4 7 10 2 6 9 3 3 5 3 4 4
CV (%) 13 12 14 5 7 11 12 6 7 10 8 5
N 23 30 30 6 6 6 3 4 3 6 5 6
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Table 3 - Fibre incorporation on each axis (Cy, C,, C,) by the inductive method.

DPT @150 mm x 150 mm
LB_30 LB_60 LB_80
G G G G G ol G (o8 C
Mean 0.35 0.38 0.27 0.38 0.36 0.26 0.39 0.41 0.20
SD 002 002 003 | 003 002 002 | 002 004 0.02
cv(%) |007 004 011 | 007 004 008 | 006 009  0.08
N 6 6 6 6 6 6 6 6 6
DPT @100 mm x 100 mm
SB 30 SB_60 SB_80
G (o8 G G (o8 ol G (o8 C
Mean 039 037 024 | 038 037 025 | 040 040 0.20
SD 0.04 0.04 0.02 0.03 0.03 0.03 0.03 0.03 0.03
cv(%) |009 010 010 | 007 009 014 | 009 007  0.15
N 23 23 23 30 30 30 30 30 30

Table 2 shows that there was a natural variation in the fibre content incorporated in the elements
compared to the nominal content due to the spraying process and phenomenon of rebound. Despite
that, for each nominal content, the fibre incorporated in the specimens remains nearly in the same
range. However, the DPT on large cylinders LB_30 and LB_60 show higher contents, due to the
increase caused by the uncertainty around the remaining material in the machine pump and hose.

It is noted that the DPT in small cylinders has a higher CV compared to other specimens. This greater
variation is associated with the small volume of the specimen and by the fact that the fibre used has
a low aspect-ratio (A = 25), which implies a smaller number of fibres present in the sample. The CV
might also have increased because these cylinders were extracted from different panels.

Table 3 shows that the smallest fibre contribution is found in the plane parallel to the spraying
direction (C;), mean value of 0.24. The fibre contribution in the x and y axes (Cx and C,) are similar,
both with a mean value of 0.38. The sum of C and C, assesses the XY in-plane fibre contribution
parallel to the surface equal to 0.76, that is consistent with those by Segura-Castillo et al. (2018) and
Galobardes et al. (2019) who found 0.85 and 0.80, respectively. The high degree of anisotropy is
caused by the effect of the spraying process, which tends to align fibres parallel to the spraying
surface (Banthia; Trottier; Beaupré, 1994; Robins; Austin; Jones, 2003).

3.2 Strength results

The load-displacement curves of the EN 14488-3 test, DPT in large and small cylinder, and the load-
crack opening curves of the DEWS test are shown in Figure 6. All curves were considered from the
peak load using the same criteria adopted by Nogueira et al. (2020). These curves were converted
into stress-crack opening curves utilizing Equations 4 to 10. The average stress-crack opening curves
are shown in Figure 7. The mean values, the standard deviation (SD), the coefficient of variation (CV)
and the sample size (N) of the maximum and residual strength results are provided in Table 4.
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Table 4: Maximum strength (fmax) and residual strengths results at crack-openings of 0.5, 1.5 and 2.5 mm (fos, f15, f25) in
MPa, for flexural beam test EN 14488-3, DEWS test, DPT in a large (@ 150 mm x 150 mm) and small (3 100 mm x 100 mm)

cylinder.
Flexural beam test EN 14488-3 - f (MPa)
F_30 F_60 F_80
fmax f0.5 f1.5 _f2.5 _fmax f0.5 f1.5 f2.5 fmax fD.S f1.5 f2.5
Mean 5.1 1.4 0.8 0.6 5.0 2.0 1.4 1.0 5.0 3.1 2.4 1.7
SD 1.0 0.2 0.1 0.2 0.5 0.3 0.2 0.1 0.2 0.2 0.2 0.2
CV (%) 19 15 15 29 10 13 13 6 3 7 13
N 3 3 3 3 4 4 4 4 3 3 3 3
DEWS test - f (MPa)
D_30 D_60 D_80
fmax f0.5 f1.5 _f2.5 _fmax f0.5 f1.5 f2.5 fmax fD.S f1.5 f2.5
Mean 1.8 0.5 0.3 0.2 1.7 0.8 0.4 0.3 2.0 1.1 0.8 0.6
SD 0.4 0.2 0.2 0.1 0.3 0.4 0.2 0.1 0.5 0.2 0.1 0.1
CV (%) 21 49 60 66 19 50 35 47 24 22 12 17
N 6 6 6 6 5 5 5 5 6 6 6 6
DPT @150 mm x 150 mm - f (MPa)
LB_30 LB_60 LB_80

fmax  fos fis f25 | fmax  fos fis f25 | fmax  fos f1s f2s
Mean 3.4 0.9 0.5 0.3 2.9 1.6 0.9 0.7 3.5 1.9 1.1 0.8

SD 0.2 0.3 0.1 0.1 0.3 0.3 0.2 0.2 0.1 0.3 0.3 0.3
CV (%) 6 28 28 20 9 21 19 22 3 16 26 35
N 6 6 6 6 6 6 6 6 6 6 6 6
DPT @100 mm x 100 mm - f (MPa)
SB_30 SB_60 SB_80

fmax fD.S f1.5 f2.5 fmax f0.5 .f1.5 .f2.5 .fmax .f0.5 .f1.5 f2.5
Mean 3.5 0.9 0.5 0.3 3.1 15 0.8 0.6 3.4 1.7 0.9 0.7

SD 0.3 0.4 0.2 0.2 0.4 0.3 0.3 0.3 0.4 0.4 0.3 0.2
CcV (%) 8 40 44 47 14 21 36 43 12 24 29 31
N 23 23 23 23 30 30 30 30 30 30 30 30

From Figures 6-7, all curves present strain-softening behaviour. In general, it appears that the
residual strength increases with the fibre content, thus obeying a fundamental technological aspect
of the FRC: the higher the fibre content, the greater the number of fibres acting as a stress transfer
bridge at the crack (Bentur; Mindess 2007). From Table 4, considering the peak-load strengths, the
highest CV is presented in DEWS test (mean CV = 21%). The flexural beam test EN 14488-3 and DPT
in small cylinder show nearly the same variation (mean CV = 11%). The DPT in large cylinder has the
lowest variation (mean CV = 6%). This can be attributed to the larger fracture surface and to the
greater robustness of the cylinder in relation to the other specimens, having a greater capacity to
absorb the rupture energy.

Greater cracking load tends to be achieved in larger specimens due to their bigger fracture surface.
This should lead to bigger pre-cracking energy absorption in large cylinder as opposed to the
observed in other specimens. As the cracking area increases, the number of fibres also increases,
leading to bigger resistant load and energy absorption capacity. As observed by Cavalaro and
Aguado (2015), the variability in the total number of fibres mobilised reduces with the increase of
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the cracked section. Therefore, larger cracking area should lead to smaller coefficient of variation in
terms of resistant load and energy absorption.

Considering the residual strengths in the crack-openings evaluated, the largest CVs are shown in the
DEWS test (mean CV = 40%) and DPT in small cylinder (mean CV = 35%). This can be justified by the
smaller fracture surface, exacerbated by the scarce number of fibres crossing the cracking sections,
since the fibre has a low aspect-ratio (A = 25). In an intermediate situation is found the DPT in large
cylinder that has the larger fracture surface (mean CV = 24%). Even with small fracture surface, the
lowest CV is shown in the flexural beam test EN 14488-3 (mean CV = 13%). This can be justified
because this test was the only one performed on a machine with a closed-loop system, thus reducing
the effect of post-cracking instability. In almost all tests, the CV decreases as the fibre content
increases, except for the DPT in large cylinder, which presents an almost constant CV in the
evaluated mixtures, around 24%. The variation in the number of fibres could be one of the causes
of the behaviour observed, albeit a conclusive answer could not be achieved based on the data
available.

3.3 Comparative analysis of strength results

As expected, there is no influence of the fibre content in the maximum strengths as the softening
behaviour was observed (Bentur; Mindess, 2007). Figure 8a shows the comparison of individual
results of maximum strengths obtained from different tests associated with the actual fibre content.
The average strengths are shown in continuous lines. Confidence intervals, obtained according to
the method of Freund and Simon (2002) for a 90% confidence, are shown in dashed lines. The
highest mean strength (5.03 MPa) was obtained in flexural beam test EN 14488-3, followed by DPT
in large and small cylinder (both with mean strength of 3.29 MPa), the lowest mean strength was
obtained in DEWS test (1.86 MPa). It is noticed that the mean strength of the DEWS test is almost a
third of that obtained in the flexural beam test. According to the fib Model Code (2010) in a rigid
plastic linear model, the uniaxial tensile strength could be considered as a third of the flexural
strength.

Figure 8b, 8c and 8d show the comparison of individual results of residual strengths by fibre content
at crack-openings of 0.5, 1.5 and 2.5 mm. The linear regressions are shown on continuous lines and
the confidence intervals on dashed lines. All correlations are linear and pass through the origin. The
highest correlation is obtained in the flexural beam test EN 14488-3 (R? between 0.98 and 0.99),
followed by the DPT in large cylinder (R? between 0.93 and 0.96). The DPT in small cylinder and the
DEWS test have the lowest correlation, R? between 0.89 and 0.95 the former and between 0.90 and
0.94 the latter. The highest strengths were obtained in the flexural beam test EN 14488-3, followed
by the DPT in large and small cylinders, which practically maintain the same trend line. This shows
that any of the specimen sizes subjected to the DPT here can be used in the evaluation of residual
strength, as they provide similar results. The lowest strengths correspond to the DEWS test.
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To test the equality of the residual strengths of the DPT in the large and small cylinder, a t-student
statistical analysis was performed, comparing the means of the two samples (Ho: 1z = uz), with a
confidence of 95% (tiabulated 1.96). The tearuiated Values of the residual strengths for the crack-openings
at 0.5, 1.5 and 2.5 mm were: 0.76, 0.75 and 0.67, respectively, being within the acceptance region
(teatcutated < trabuiated), thus proving the equality of the population averages.
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Figure 8 - Comparison of maximum strengths (a); and residual strength results at 0.5 mm (b), 1.5 mm (c) and 2.5 mm (d)

crack-openings by fibre content between the flexural beam test EN 14488-3, DPT in large - DPT (L) and small - DPT (S)

cylinder and DEWS test.

To correlate the tests, residual strengths were obtained from linear regression equation in Figure 8.
Since the DPT on both cylinder sizes does not show significant differences, a single linear regression
was adopted for each crack-opening considering both datasets. The linear regression equations
were: at 0.5 mm (y = 0.0227x), at 1.5 mm (y = 0.0127x) and at 2.5 mm (y = 0.0092x). Table 5 shows
the residual strengths found for each crack-opening. Figure 9 shows the correlations obtained
between the residual strengths obtained with the flexural test and the alternative tests.
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Table 5: Residual strengths for each crack-opening (fo.s mm, f1.5mm, f2.5mm) in MPa in fibre contents of 30, 60 and 80 kg/m?3,
according to the linear regression equations for EN 14488-3, DPT and DEWS tests.

Residual strengths (MPa) according to the linear regression equations

f0.5mm _f1.5mm f2.5mm
Cs (kg/m3) 30 60 80 30 60 80 30 60 80
EN 14488-3 1.2 2.4 3.1 0.9 1.7 2.3 0.6 1.2 1.6
DPT 0.7 1.4 1.8 0.4 0.8 1.0 0.3 0.6 0.7
DEWS 0.4 0.9 1.1 0.3 0.6 0.8 0.2 0.4 0.5
N ® DPT
= 6 /e ® DEWS
g3
; 0% o ®
«I') 2 4 -
88 A | y2= 2.876x
g ‘ e R? =0.9974
> | & y = 1.8895x
- R?=0.9846
0 . :

o

DPT/DEWS - f(MPa)
Figure 9 - Correlation of the residual strength results between the EN 14488-3 test with DPT and DEWS tests.

w

High correlations (R? above 0.98) were obtained between residual strength results of flexural beam
test EN 14488-3 and alternative tests. The highest correlation was obtained with the DEWS test (R?
=0.997), a fact that can be justified because the specimens of this test were extracted from the ends
of the beams used in the flexural test. Furthermore, in these two tests, there is no influence of the
internal friction of the matrix, which produces results with less influence of intervening variables.
The DPT has a slightly lower correlation, R? of 0.985. The excellent correlations obtained between
the proposed new tests and the flexural beam test EN 14488-3 indicate that these tests could be
used in the evaluation of the residual strength of the FRSC, replacing the EN 14488-3 test.
Nevertheless, the DEWS test is the most promising due to the advantage of being a test with a type
| fracture, directly providing the results of tensile strength by crack-opening. The following section
shows a more detailed assessment considering the post-cracking tensile results of the flexural beam
test EN 14488-3, according to the parameters established in the fib Model Code (2010).

3.4 Comparison of constitutive models

Codes (RILEM, 2003, CNR, 2006; CPH 2008; fib Model Code, 2010) and studies (Lok; Xiao, 1998;
Dupont, 2003; Vandewalle et al. 2003; Tlemat; Pilakoutas; Neocleous, 2006; di Prisco; Colombo;
Dozio, 2013; Thai; Nguyen; Nguyen, 2020) establish constitutive models based on flexural beam
tests for FRC. However, these references do not focus on FRSC. Since there is a current trend to
transfer the approach of the fib Model Code to FRSC technology (ITA, 2020; Larive et al., 2020) to
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obtain constitutive models for flexural beam test, it was considered necessary to apply the results
of the EN 14488-3 test to fib Model Code parameters. The residual strengths of the EN 14488-3 test
in Table 5 were converted into tensile strengths, using the constitutive equations of the fib Model
Code (Equations 11 - 12). These equations describe a linear post-cracking with strain-softening
behaviour (see Figure 10a), where: fers and ferz.5 are the tensile strengths at 0 and 2.5 mm of crack-
opening, respectively; fr; and fzrs are the residual strengths of the flexural beam test in 0.5 and 2.5
mm, respectively. The results obtained from the tensile strength of the EN 14488-3 test are shown
in Table 6. The post-cracking lines derived from these results are shown in Figures 11.
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Figure 10 — Linear post-cracking model by the fib Model Code (2010) utilized in the flexural beam test EN 14488-3 (a).
Simplified diagram o - € of the constitutive model for the DPT by Blanco et al. (2014).

frrs = 0.45fp, (11)

frr2s = 0.5fgs — 0.2fp4 (12)

Table 6: Tensile strength results in MPa of flexural beam test EN 14488-3 according to fib Model Code (2010).

EN 14488-3 - o (MPa)

G 30 kg/m3 60 kg/m3 80 kg/m3
Fers 0.5 1.1 1.4
Frras 0.1 0.1 0.2

To convert the strength results of DPT into tensile strength, it was necessary to use the constitutive
equations proposed by Blanco et al. (2014). These equations describe the post-cracking behaviour
of tensile strength by strain o - € at four levels of strain: €3, €5, €3, €4 (see Figure 10b). The increments
of the strain Ag; from the peak load are: Ae; = €, - €1 =0.1 %o, Ac2 = €3-€1=3.9 %o, Ae3=64-&1=
19.9 %o. The Ae; were converted into vertical displacement increments Ay using Equation 13,
where: R is the radius of the cylinder; n is the number of radial cracks formed in the test; f is half
the fracture angle of the conical wedge that appears under the load discs after performing the test,
i.e. 25°. Thus, the vertical displacement increments for large cylinders (3150 mm x 150 mm) are:
Abp; = 0.02 mm, Abp; = 0.75 mm and Adps = 4.00 mm. According to the results obtained in the DPT
on a larger cylinder, the Adp; correspond to ATCDOp; crack-opening increments of: ATCDOp; = 0.03
mm, ATCDOp; = 0.92 mm and ATCDOp; = 4.87 mm. In order to unify the results, since it was proved
that there is no significant difference between the residual strengths of the DPT in large and small
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cylinders and that they almost maintain the same trend line in Figure 8, these increments were
adopted for both cylinder sizes.

The tensile strength corresponding to peak load o; and each crack-opening increment from the peak
load garconri, Were calculated according to Equations 14 and 15, which were adapted from Blanco et
al. (2014). Where: Fpmax is the peak load; Farcopei is the load corresponding to the crack-opening
increments Arcpopi from the peak load; £ is 25°; ui is the kinetic friction coefficient, a value of 0.7 was
adopted; and A is the radial value of the cracked surface. For the calculation of A, Equation 16 was
used, where: d and H are the diameter and height of the cylinder, respectively; a is the diameter of
the load application disc, that is, 37.5 mm for the large cylinder and 25 mm for the small cylinder;
and fis 25 °.

Thus, the individual results of the tensile strength by fibre content of the DPT, which correspond to
the peak load and the crack-opening increments Arcpori, Were calculated. With these results, linear
regressions were performed passing through the origin, except for the peak load results, since this
property depends on the concrete matrix. For this particular case, the average value was adopted.
The tensile strength values at each Arcpopi Were calculated through linear regression for the fibre
contents of 30, 60 and 80 kg/m3. The results are shown in Table 7. From these results, the post-
cracking linear behaviour of the DPT was plotted (see Figure 11).

Ag;.m.R
ASp; = —L= 2
P n.tanB.sing "
F cos f—pig.sin
oy = Pmax . B-ux B (14)
2mA ~ sinB+pug.cosf
Fatcopp;  cos B—py.sin B
. == 1
OATCODp; A sin B+pg.cos 1ol
d.H a?
e (16)
4 4.tanf

Table 7: Tensile strength results in MPa of the DPT according to the constitutive equations of Blanco et al. (2014).

Arcopri DPT - Garcoppi (MPa)

(mm) 30 kg/m3 60 kg/m?3 80 kg/m3
0.00 1.9 1.9 1.9
0.03 0.6 1.2 1.6
0.92 0.3 0.6 0.8
4.87 0.1 0.2 0.2
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Figure 11 - Comparison between the tensile strength results by crack-opening (o - w) of flexural beam test EN 14488-3
according to the fib Model Code (2010), DPT according to the constitutive equations of Blanco et al. (2014) and DEWS test
for fibre contents of 30 kg/m?3 (a), 60 kg/m?3 (b) and 80 kg/m? (c).

Besides the post-cracking linear behaviour of the DPT and EN 14488-3 test, Figure 11 also includes
the lines that describe the post-cracking behaviour of the DEWS test in the contents of 30, 60 and
80 kg/m3, derived from strength results of Table 5. The stress-crack opening (o — w) of all tests are
similar. For crack openings bigger than 1.5 mm and the same fibre content, DEWS and DPT show
similar results that are consistently bigger than those observed in the EN 14488-3 tests. The biggest
difference between the tests is 0.3 MPa at 2.5 mm crack opening for the content of 80 kg/m?3. For
small crack openings (w < 1.5 mm) the EN 14488-3 and DEWS show similar results, which differ
slightly from the values obtained with the DPT. Interestingly, all test methods show nearly the same
results for 0.5 mm crack opening in each of the 3 fibre contents assessed here.

The good approximations of the linear post-cracking behaviour of the tests, confirm that the new
proposals of tests in smaller-scale can substitute the flexural beam test EN 14488-3 according to the
parameters of the fib Model Code. The DEWS has the advantage of being able to directly represent
the tensile strength response by crack-opening, as if it were a uniaxial direct tensile test, due to the
fracture type | that occurs in the specimens. The DPT on both cylinder sizes is also promising, but it
is necessary to develop an analytical process using constitutive equations, to obtain the post-
cracking response of tensile strength by crack-opening.
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4. Conclusions

The highest CV in the residual strengths was observed in the DEWS test (mean CV = 40%) and DPT
in small cylinder (mean CV = 35%). This can be attributed to the small fracture surface and by the
type of fibre used with a low aspect-ratio (A = 25). The DPT in large cylinder presented a mean CV of
24%, which remained almost constant for all mixtures. The flexural beam test EN 14488-3 showed
the lowest mean CV of 13%. However, this test was the only one performed in a closed-loop system
machine, thus reducing the effect of post-peak instability.

Although the high level of variation of results, high correlation factor were obtained with the flexural
beam test EN 14488-3 and the alternative tests showing excellent parallelism. The DEWS test
resulted in a R? correlation of 0.997 and is particularly compatible with the assessment of the
constitutive curve used in the design. The DEWS presents fracture type | and the tensile strength
results are obtained directly associate to crack-openings, similarly to an uniaxial direct tensile test.
Therefore, the constitutive models could be obtained in a more simplistic way. However, the DEWS
demands more time for the preparation of the specimens. Thus, this test becomes more suitable
for studies prior to the execution of the work, in the assessment of the constitutive equations of the
FRSC. Although the prisms of the DEWS test were obtained by cutting the ends of the tested beams,
it is noteworthy that this test can also be carried out from cores extracted from panels or the
structure.

The approach proposed in the study also showed that it is possible to predict the flexural beam test
EN 14488-3 based on the results of the DPT on both cylinder sizes, since a high correlation was
obtained (R? = 0.985). The DPT on cylinders with a height and diameter of 100 and 150 mm
practically show the same trend in terms of residual strength by fibre content in the evaluated crack-
openings. It was statistically proven that the residual strengths of both cylinders do not differ
significantly. The constitutive models obtained for FRSC from the DPT results were also close to that
of the EN 14488-3 test, although demanding a more complex analysis. This, in addition to the fact
that the specimens require very little preparation, opens the possibility of using the DPT as a
complementary and practical method in the control of FRSC structures, both in the routine control
of tunnel execution or even for existing structures evaluation.

The tests commonly used to determine the residual strength of the FRSC by flexural beam test EN
14488-3 are complex, as the beams need to be cut from previously sprayed panels, which can weigh
up to 110 kg, making handling difficult. This will be even more difficult if the EN 14651 is adopted
because the specimens are larger.

The proposed correlations represent a simple FRSC control tool based on smaller-scale tests. The
focus is also in line with the philosophy of the fib Model Code (2010) that prioritize the constitutive
model use and can serve as an example for future correlations using other types of fibres. However,
the correlations cannot be generalized. Further studies need to be done with different compressive
strengths levels, other types of fibres and spraying at different angles.
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