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ABSTRACT

The double punch test (DPT) is increasingly used internationally for quality control of steel fiber reinforced
shotcrete (SFRS). This study intends to verify the influence of the DPT specimens’ diameter on the residual
strength behavior of the SFRS. The experimental program aims to evaluate the dynamics of the test in terms of
the results obtained from the analytical conversion of the axial displacement into total circumferential opening
displacement (TCOD). The results are compared to those obtained through the 3D digital image correlation
(DIC3D) to evaluate its applicability as a quality control method of the SFRS. The results demonstrated that the
TCOD could be easily obtained by analytical conversion with reliable accuracy. The analysis of the DPT results
could consider the crack opening level to obtain constitutive equations. The diameter of the DPT specimens
directly influences the structural parameters of the SFRS. Smaller specimens may show a 35% reduction in
residual strength associated with the service limit state. As the coefficient of variation of the residual strength
associated with the ultimate limit state practically doubles when smaller specimens are used, for the same
reliability, the sample sizing of the specimens of 10 cm is twice the quantity of the 15 cm.

Keywords: Steel fiber reinforced shotcrete; Tunneling quality control; Double punch test; Inductive test; Digital
image correlation.

1. INTRODUCTION

Over the years, fiber reinforced shotcrete (FRS) has widely spread in infrastructure construction. FRS is particu-
larly interesting for slope contention works and tunnel linings in geotechnical applications. This last application
is strongly linked to the NATM (New Austrian Tunneling Method). It aims to mobilize the soil strength capacity
to ensure lower stress levels in the structural lining since loads are redistributed without loss of structural com-
petence [1].

During the application of the FRS, most of the shotcrete volume remains at the surface, but part of the
constituent materials is non-uniformly rebounded [2]. The rebound intensity varies depending on several factors,
such as spraying velocity and impacting surface [3, 4]. One of the constituents that may have its composition
most affected by the rebound phenomenon is steel fiber [5, 6]. These facts may result in a divergence between
the designed fiber content from that incorporated and the mechanical properties of FRS. These divergences lead
to uncertainties regarding the structural behavior of the FRS.

The post-crack strength capacity is correlated with the fiber-matrix interaction of the FRS, which justifies
that quality control of the composite is historically carried out by assessing the toughness-related properties [7]
and the fresh state [8]. In this context, the most common tests in FRS guidelines to perform the residual strength
capacity quality control are the square panel test (EN14488-5 [9]) and the bending beam test (EN14488-3 [10]).
Using these test methods allows classified FRS according to the energy absorbed by the specimen performing
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the square panel test or considering the post-crack strengths measured with the flexural beam test. Both pro-
cedures are unfeasible for extracting the specimen directly from the structure [3, 11]. In that sense, the double
punch test (DPT) can be easily performed using cores extracted from the tunnel lining.

The steel fiber content incorporated is typically assessed by washing the FRS and counting or weighing
the fibers (EN14488-7 [12]). However, there are non-destructive alternatives for smaller specimens, such as the
inductive test, which is preferable for being a faster and more robust method [13—15]. In addition, this method-
ology is feasible to assess the orientation of the fibers in the specimen, which is a relevant input in numerical
models for residual capacity behavior prediction [15-20]. Consequently, a single core extracted from the tunnel
lining can provide relevant information on fiber content and assess the mechanical behavior.

Nowadays, there is a growing concern to improve the monitoring and evaluation [21, 22] of the structural
condition of infrastructure projects. In this sense, special techniques such as acoustic emission [23] and piezo-
electric transducers [24] can be very useful for checking the health conditions of the structure. However, there
will still be difficulties in connecting this information with the typical requirements used for the specification
and design of tunnel linings, such as energy absorption [25] and material parameterization to obtain constitutive
models [11]. The double punch test could be a suitable complement to the evaluation of structures integrating
these two approaches [26] together with other monitoring techniques.

A significant concern is related to the safety of test operators in laboratories. In this context, the DPT is
also an attractive alternative test once the specimens are smaller, 15 cm or 10 cm in height and diameter, and
easier to handle concerning the traditional tests. Therefore, there is a reduction in the risk of injuries during its
manipulation, and it is possible to increase the frequency of tests with lower volumes of shotcrete. Considering
these advantages, some studies endorse the DPT as a feasible alternative for FRS control [3, 27]. In addition, this
test method correlates well with energy absorption and residual stress-focused methods, such as the EN14488-5
square panel test [25] and the EN14488-3 bending beam test [3, 11, 18], respectively.

According to the original DPT configuration proposed and standardized by UNE83515 [28], the perim-
eter increase must be measured by a circumferential extensometer in the mid-height of the cylinder, which
creates difficulties in the test implementation in most laboratories due to its elevated cost. The complexity of
the test leads to the search for simplification in standards that may compromise the accuracy of the analysis.
An analytical model for converting the vertical displacement measurement into total circumferential opening
displacement (TCOD) was proposed [29] to dispense the use of the extensometer and make the test procedure
casier. This proposal was validated experimentally with an error lower than 6.7% [30], indicating reduced vari-
ability. Extra validation into the analytical conversion model by different measurement methods could provide
more trustworthiness to the DPT. Regarding that, innovative methods such as the 3D digital image correlation
(DIC3D) have emerged as reliable [31] and, over time, gradually easier to access alternatives for all abroad labo-
ratories. Although this, some standard procedures, such as the Brazilian Standard ABNT NBR16939 [32], allow
the use of different dimensions of cylinders using only displacement control and excluding the requirement of
controlling the TCOD by a circumferential extensometer.

The DPT still deserves a better understanding of the test mechanism, which depends on a series of
fiber-matrix interactions that are more complex than the bending tests [33]. In addition, the test setup itself can
alter the test responses influencing the instability extension level and, consequently, the determination of resid-
ual strengths in the region of low displacement level [34]. However, this aspect was not evaluated in terms of
the dimensions of the specimens.

Although previous studies provide good correlations between the DPT and other methods to control
FRS[11, 25], it is essential to consider the crack opening level and not only the level of displacement. It occurs
because the crack opening is directly linked to the assessment of the material qualification for structural pur-
poses in terms of residual strength associated with the service limit state (SLS) and ultimate limit state (ULS)
[35], which is a new trend regarding FRS applied in tunnel linings [36]. Therefore, the present experimental
study provides a better understanding of the DPT mechanism to evaluate its applicability as a quality control
method for FRS structural behavior. In that sense, the scope of the study is to verify the influence of the diameter
of the specimens on the control of the material by axial displacement monitoring, considering the determination
of residual strengths associated with the SLS and ULS.

2. EXPERIMENTAL PROGRAM

To guarantee the adequate replication of the conditions of the shotcrete application as a tunnel lining material,
the specimens were produced from extracted cores from test panels produced in a tunnel construction site in Sdo
Paulo, Brazil (“Rodoanel - Lote 5” by the Construcap-Copasa consortium) according to the Brazilian Standard
ABNT NBR13070 [37]. A wet-mix shotcrete equipment was used during the shooting process.
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2.1. Raw materials and mix design

The contractor group (Construcap-Copasa) supplied the raw materials and developed the shotcrete mix design
used in the experimental program and tunnel lining production. The mix design of FRS and the geometrical and
mechanical properties of the steel fibers are shown in Table 1 and Table 2, respectively. The maximum size of the
aggregates was 10 mm, which is typically used in shotcrete to avoid clogging, and it is in accordance with the
ACI aggregate grading n. 2 [38]. The steel fiber used in the experiment is typical hooked-end fiber, as illustrated
in Figure 1. The specified characteristic compressive strength of the shotcrete was 30 MPa.

2.2. Production of the specimens

The specimens were produced from extracted cores from test panels with the geometry presented in Figure 2.
A total of 21 specimens were tested, including 12 specimens with 10 cm diameter and 9 with 15 cm diameter.
The cores were extracted from three different test panels (Figure 3). After the extractions, the specimens have
identified their top and bottom surfaces to guarantee that all specimens are tested with the same orientation and
position at the test machine. The face in contact with the test panel mold was assigned as the “bottom” and the
opposite as the “top”.

Table 1: Mix design of FRS.

High strength Portland type cement (kg/m?) 430
Natural sand (kg/m?) 263

Artificial sand (kg/m?) 1004

Coarse aggregate (kg/m?) 434

Water (kg/m?) 206

Plasticizer (Glenium) (I/m?) 2.58
Accelerator (MasterRoc*) (I/m?) 13

*The subspecifications of the GLENIUM® and MasterRoc® additives used in the concrete mix design were not informed.

Table 2: Geometrical and mechanical properties of the steel fibers (data provided by the manufacturer).

TYPE OF FIBER DRAMIX® 3D 45/35 BL
Length L . 35 mm
Diameter & 0.75 mm
Aspect ratio L f/ 9] 45
Tensile strength f, p 1225 MPa
Young’s modulus £, 210 GPa
Poisson’s ratio v 0.3

Figure 1: Steel fiber used in the experimental program.
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Figure 2: Geometry of the test panels used in the experiment: (a) bottom view; and (b) cross-section.
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Figure 3: Arrangement used for the extraction of cores from shotcrete panels.

The cores extractions were conducted as illustrated in Figure 4. Subsequently, the extra height in each
core was cut off to ensure that the cylindrical specimens had heights of 10 cm and 15 cm, maintaining the 1:1
height:diameter proportion. At last, the top surfaces of the cylinders were also rectified and polished. This proce-
dure guaranteed a good contact surface with the steel loading discs, avoiding any undesired stress concentration
in this region [39].

2.3. Test methods

All the tests were performed when the shotcrete was over 50 days old. This procedure mitigates any possible
influence of the hydration conditions of the material once accelerators and high early-strength cement are used
in the shotcrete. Previously to the DPT, each specimen was evaluated by the inductive test method to determine
the steel fiber content. 3 specimens were tracked by DIC3D equipment for each series, totalizing 6 DPT tests
monitored by this method. As these tests are not frequently described in standards, a more detailed explanation
is provided in the following items.

2.3.1. Inductive test method

The inductive method measures the inductance variation caused by the steel fibers present in each specimen
[13—15]. The procedure was previously used to determine the fiber content in shotcrete [3, 11] and allows
the use of the same cylindrical specimen for the DPT. The inductive method consists of an LCR impedance
analyzer and a circular coil that receives an electric current and generates a magnetic field. In the configura-
tion used in the experiment, the coil is circular, with two windings of 1200 turns each, produced with copper
wire 0.3 mm in diameter. As the magnetic field formed is not altered by the plain concrete, the alterations
can be associated with the amount of steel fibers present in the specimen. The determinations are made with
three positioning orientations of the specimen inside the coil: axial (Z), initial diametrical (0°) and orthogonal
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(a) (b)

Figure 4: The core extractions: (a) extraction arrangement; (b) cylinders extraction procedure; (c) square panel aspect after
the extraction; and (d) surface polishing.

diametrical to anterior (90°). The correlation with the fiber content is then performed using the total induc-
tance corresponding to the sum of the inductances obtained in the three measurement directions.

A calibration should be carried out previously to the test program using the same steel fiber type with
similar content. The dosages used for the calibration varied from 15 and 45 kg/m® to cover the more typical range
used in tunnel lining and the content used in this experimental plan. The fibers were introduced in styrofoam
cylinders with the geometry of the real shotcrete specimens. The volumes of the cylinders were 785.40 cm® and
2650.72 ¢cm?® for the diameter of 10 cm and 15 cm, respectively, in which were inserted the amounts of 11.78
and 35.34 g for the ones with 10 cm, representing respectively 15 and 45 kg/m?, and, as the same proportion,
39.78 and 119.24 g for the ones with 15 cm. The calibration results are shown in Table 3 and Figure 5. The
fiber content determination is the same used by CACERES et al. [11]. For this, the dimensions of height and
circumferences of the base and top of the specimens were measured, as well as the inductance levels inferred
from the fiber mass.

2.3.2. Digital image correlation analysis

In this study, a partial circumferential displacement of the specimen was measured by a DIC3D system during
the DPT. This method was chosen because it provides better measurement accuracy on cylindrical surfaces than
other methods applicable to flat surfaces [40, 41]. The methodology was applied during the DPT execution of
3 cylinders of each diameter, and then the measurements were compared against the TCOD obtained analytically
by the equations described forward.
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Table 3: Inductance calibration.

TEST ORIENTATION SPECIMENS: 10 cm SPECIMENS: 15 cm
MEASUREMENT
Axial Z 0.312 mH 0911 mH 0.903 mH 2.740 mH
Diametrical 0° 0.467 mH 0.989 mH 1.078 mH 3.465 mH
Diametrical 90° 0.307 mH 1.056 mH 1.179 mH 3.651 mH
TOTAL INDUCTANCE 1.083 mH 2.956 mH 3.160 mH 9.857 mH
12
10 y=0,2182x °
R? = 0,9999 .

® diameter: 10cm

Total indutance (mH)
o

4 e diameter: 15cm
o v ®
ol o e y = 0,0663x
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Figure 5: Interpolation calibration results for specimens with 10 cm and 15 cm diameters.

The digital image correlation (DIC) is a non-contact and non-destructive measurement photogrammetry
method, proven accurate and widely accepted in civil, mechanical, and aerospace engineering [31, 42, 43].
However, two or more cameras must be used for depth measurements and tridimensional results to allow trian-
gulation algorithms application to determine depth data.

This photogrammetry method allows an alternative to the DPT extensometer chain in this experiment.
One of the main advantages is that DIC does not present contact and slipping problems like traditional methods.
Also, this method verifies the specimen’s circumferential deformation over the entire height and not only in
the central line. This condition provides a greater range of evaluation and a substantial amount of data that can
eventually be confronted with numerical models that simulate the DPT conditions.

This type of monitoring equipment can be used to observe particularities that occurred during the tests.
For example, the singular case of the FRS DPT allows the evaluation of possible discrepancies along with the
cylinders’ height, like a possible difference between the perimeter increase at the upper and lower sections.

The superficial defects were filled up by plastering for the specimens’ preparation to guarantee a smooth
surface. Once the defects were corrected, three layers of white paint were applied by spray. The plastering layer
was only applied at specific and discontinuous points so that there were no crack propagation contingencies.

After that, one last random black dot layer, also referred to as a “speckle pattern”, was applied by an
equipment device similar to a rubber stamp on the specimen surface to obtain references for the DIC use. These
procedures are illustrated in Figure 6.

The specimens were monitored by two 5.0 megapixels cameras throughout their entire execution (aver-
age time of 14 minutes) using image capture at a rate of 1/3 frame per second (fps), and properly referenced in
the testing setup. The setup measured about 1/3 of the cylinder perimeter or equivalent to 120°. Figure 7 shows
the equipment set used and how it was displayed. The company LYNX provided the equipment, and the images
were processed using the VIC-3D software from Correlated Solutions at UFABC (Federal University of ABC,
Brazil) Aerospace Engineering Laboratory.
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Figure 6: Preparation of the specimens for the DIC: a) specimen extracted from the panel; b) specimen with the plastering
fill and white painting layer; and c) specimen with the random black dot pattern layer.

Figure 7: Test arrangement: a) DIC3D equipment setup; and b) representation of the hardware displaying and surface
monitoring.

The DIC algorithmic process analyzes a sequence of images to divide the monitored area into regions of
subsets of points to track out the deformation (the number of subsets in the monitored area can also be manually
defined). The strain field is then calculated from the overlaying of subsets over time, where the positioning of
each point is compared with its origin referentially (where the current image is compared with the reference
image from the beginning of the trial) or incrementally (comparison of the current image with the previous one).
In this study, the correlation of the images is presented by a referential approach since the incremental analysis
could result in the accumulation of errors. Figure 8 illustrates the algorithmic process that takes place. Notably,
applying the black dot layer (speckle pattern) to be random is important, as it allows the algorithm to differenti-
ate the subsets in the monitored area. Otherwise, the tracking of displacements would be compromised.

Similarly, to control specimens that have three-dimensional surfaces (cylinders, in the case of this
study), the use of two cameras allows the triangulation of the points in the subsets and, through computing the
cylinder transformation, the possibility of monitoring new variables R, Z (cylinders) and Theta, as well as dR,
dZ (cylinders) and dTheta. These refer to the radius (distance from the polar axis), axial coordinate, and rotation
angle (in radians), respectively.
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Figure 8: Representation of the subsets and control made by the software (adapted from SUTTON et al. [44]).

Despite the scarcity of application of the methodology in civil engineering, the method still stands out for
its portability and capacity to obtain true magnitude data, in addition to real-time analysis of strain fields [31].

In this study, the data from DIC3D was used to correlate the load applied and the average diameter
increase (dR) of the entire monitored region from the peak load point forward. All results were anchored to the
same referential dumping previous variations that may have occurred due to the specimen accommodation in the
equipment. Subsequently, the dR data was compared with the TCOD obtained from the analytical conversion
of the DPT.

Still exploring the versatility of the DIC3D, the diametrical increments were analyzed separately in the
upper and lower portions of the specimens, in addition to the perimeter evaluation simulating a circumference
extensometer in the center of the cylinder. Figures 9 and 10 illustrate the data monitored during the tests, with
S0 and S1 being the upper and lower portions, respectively, and EO the virtual strain gauge used.

2.3.3. Double punch test

The DPT tests were carried out according to the standard procedures of ABNT NBR 16939 [32]. The tests were
performed in a Shimadzu universal testing machine with a capacity of 200 tf and closed-loop configuration,
which is essential for ensuring minor influence in the post-cracking strength determination due to instabilities
[34]. According to Brazilian Standard ABNT NBR 16939 [32], the residual strength load values must be con-
trolled by axial displacement referential points of 0.5; 1.5; 2.5 and 3.5 mm from the cracking point (Pf), respec-
tively P0.5, P1.5, P2.5 and P3.5. These displacement values are applied indistinctly to specimens 10 or 15 cm
in diameter.

The loading is applied with a constant displacement rate of 0.5 mm/min during the test. The steel discs
used to apply the load at the top and bottom part of the specimen have a diameter of 1/4 of the cored cylinder
and a height of 1/5 of the specimen. The specimens were always placed with the same orientation, the bottom
facing the upper disc and the top facing the lower one. This procedure was followed to mitigate a variable that
could interfere with the results. The tensile strength of the FRS is calculated using Equation 1. The parameters
used in this calculation are illustrated in Figure 11.

4Pf
f = (D
OraH

where:

f, = tensile strength (MPa);

P, = cracking start load (N);

a = diameter of the loaded disc (mm);

H = specimen height (mm).

The fracture pattern that most often occurs in specimens presents three radial cracks, but, in some cases,
two or four cracks may occur [45]. These possible crack patterns are illustrated in Figure 12 with some tested
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Figure 9: Delimitations monitored on the cylinders: SO, S1 and EO.
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Figure 10: 3D digital image correlation: a) radial crack origin; b) upper section with higher perimeter increase; and c) lower
section with lesser perimeter increase.
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Figure 12: Most common fracture mechanisms occurred in the DPT: (a) two radial fractures; (b) three radial fractures; and
(c) four radial fractures.

specimens of the present study. Notably, the number of cracks is input data for the analytical conversion model
used to translate axial displacement into TCOD [29].

The wedge lengths of the cones formed during the loading were estimated considering the friction angle
of 65°[33, 46]. Figure 13 illustrates the reason employed to establish the correlation between axial displacement
and TCOD as described in Equations 2, 3 and 4 according to [29].

TCOD=0if 6 <9, 2)
ady, . w F ).
TCOD=n——=sin—|1-— | if 5, <6 <&, 3)
wedge n cr
. T FRO :
TCOD =n sin—| 8 =3, +0,, —F—’ if 6 20, 4)
n

wedge cr
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Figure 13: Configuration for the deduction of the axial displacement — TCOD conversion equations (adapted from
PUJADAS [29]).

where:
n = number of radial cracks - fracture mechanism;
a = diameter of the loading disc;
1 . =length of the wedge formed;

wedge

F

Fp ¢ 05, = force and displacement, respectively, at the starting point of residual strength.

Equation 1 also helps to determine the residual strength in different levels of circumferential deformation
(TCODx) — replacing tensile strength (ft) for residual strength (tTCODx) and first cracking load (Pf) for the
equivalent load to a circumferential deformation (PTCODXx).

8, = force and displacement, respectively, at the point of maximum load,;

cr’

For the strength versus TCOD analysis, a rationale is used to consider reference points and their respec-
tive loads associated with SLS and ULS. For the SLS, it was adopted a crack opening of 0.5 mm, which corre-
sponds to a TCOD = 1.5 mm considering the most frequent fracture mechanism of three radial fractures. This
adopted value is interesting because it is beyond the reach of the instabilities extents of the DPT. For the ULS,
the crack width of 1.5 mm is adopted and corresponds to a TCOD equal to 4.5 mm. Those values are in accor-
dance with the fib Model Code 2010 [47] recommendations for failure modes considerations in the ULS.

A sample sizing study was also done considering the residual strength results obtained from the two
specimen sizes used in the tests to verify the minimum number of specimens in the sample that provide a rep-
resentative result. The number of specimens (ns) in each sample was then calculated considering a student’s
t-distribution given by Equation 5:

7?-SD?

"= CV-AVGY ®

where:
Z = coefficient obtained directly from the student’s t-distribution table;
SD = standard deviation found in each sample;
CV = coefficient of variation in each sample;

AVG = average load of each sample.
3. RESULTS AND DISCUSSION

3.1. Fiber content

The average results of steel fiber contents are presented in Table 4 and demonstrate no significant difference
between the series. In addition, the variation of the results was significantly reduced once the coefficient of
variation was lower than 8%.
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Table 4: Average fiber content and respective standard deviations.

AVERAGE FIBER STANDARD COEFFICIENT OF
CONTENT (kg/m%) DEVIATION (kg/m?®) VARIATION (%)
10 cm 38.6 3.0 7.8
15 cm 383 2.7 7.0
AVERAGE 38.5 2.8 7.4
14
y=0,1668x

R*=0,9905

© Average dRXTCOD for 10

cm’s specimens

0 3 2 3

TCOD (mm)

Figure 14: Correlation between the analytical conversion and the DIC3D for the specimens with 10 cm diameter.

3.2. 3D Digital Image Correlation (DIC3D)

The average deformation results (dR) along the complete cylinder height and in its upper (dR S0) and lower (dR
S1) deformation portions are presented individually in the appendix with the results obtained from the virtual
extensometer EO. Although there are differences in the dR of SO and S1, these results have no significant dif-
ferences. The variations occurred randomly without any clear pattern. For the virtual extensometers, the results
showed a good correlation between the measurements, indicating that the average monitoring of dR along the
height of the cylinder is compatible with the control of the perimeter in the mid-height. The monitoring of the
average results in the complete portion is, therefore, more representative of the DPT DIC3D.

Figures 14 and 15 show the correlation between the analytical conversion and the photogrammetry
method by specific displacements (dR/diameter and TCOD/perimeter). These correlations were made consider-
ing the mean values to minimize the effect of the dispersion of results in determining the geometric relationship
between the parameters. In this specific condition, the values of the correlation coefficients were very high and
close to one. This demonstrates that the relationship of the parameters is governed by a geometric condition. It
is important to mention that during the transition phase of the DPT (the moment right after the cracking loads,
where there is an abrupt increase of the diameter), there is less data measured once the pictures are taken in
regular intervals. It also reveals that the analytical TCOD corresponds to the results of average values of dR
independently of higher variation of this parameter in the regions near the bottom and up facings.

The fact that there is not a perfect relation equal to one between the specific strains measured by the
DIC3D and the obtained from the TCOD may be associated with the fact that the DIC3D does not cover the
entire perimeter of the specimen. In this sense, there may be a concentration of strain in the DIC3D observation
area, for example, which generates an increase in the specific strain. However, the correspondence remains
observed, and the average measurement can be considered representative of the existing strains along with the
specimen’s entire height.

3.3. Double Punch Test

3.3.1. Load versus axial displacement

The results of the load applied versus the axial displacements are shown in Figures 16 and 17 for the specimens
with diameters of 10 cm and 15 cm, respectively. The cracking loads (Pf) are equivalent to the peak load once
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Figure 15: Correlation between the analytical conversion and the DIC3D for the specimens with 15 cm diameter.
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Figure 16: Load applied versus axial displacement for the specimens with a diameter of 10 cm.
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Figure 17: Load applied versus axial displacement for the specimens with a diameter of 15 cm.
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Figure 19: Tensile strength versus TCOD for the specimens with a diameter of 10 cm.

there is post-crack softening behavior in all specimens. The abrupt drop indicates the instability associated with
the transition phase in the load-bearing capacity of the specimen [34, 39]. It is a typical behavior presented by
low fiber content concretes when the difference between the /7 and the residual strength is higher.

The data scatter of the samples is better visualized when considering the coefficient of variation (CV)
against axial displacement. The coefficient of variation is the ratio between the standard deviation and the
respective sample average value given in percentage. Figure 18 shows the CV values obtained in relation to the
axial displacement of the test. The CV values obtained with the specimens with 10 cm are much higher than the
ones obtained with specimens with 15 cm. Differences in CV variation trends with axial displacement observed
in Figure 18 in relation to different specimen sizes can be attributed to the higher stability level of the test in 15
cm specimens associated with the larger fracture area. In this situation, there is a smaller dispersion of the results
for larger displacements where the behavior is governed by the pullout of the fibers in the region of the crack.
As the behaviors were all softening, in which the average value is reduced with increasing displacement, this
condition conferred the stability observed for the CVs of these specimens up to a displacement of 3.5 mm. More
important, the difference between the CVs is greater in the range of controlled interval varying from 0.5 mm to
3.5 mm of axial displacement. As the resisted load values are lower for the smaller specimens and considering
that the standard deviations are relatively close, there is greater uncertainty for the 10 cm specimens in terms
of determining average values. This condition is intensified with the increase in displacement, which generates
a reduction of the average values due to the softening behavior and, consequently, an increase in CV values.

3.3.2. Tensile strength versus TCOD

According to the procedures described in section 2.3.3 by Equations 1 to 4, the results in Figures 19 and 20 are
presented as residual strength (MPa) versus TCOD (mm). The average values for f, | and f, ; are, respectively,
0.97 MPa and 0.58 MPa with 16.8% and 25.8% of the coefficient of variation for the 10 cm and 1.37 MPa and
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Figure 21: TCOD correlation for the same control points.

0.64 MPa with 18.9% and 16.9% CV for the 15 cm. Figure 21 presents the TCOD measured of each diameter
for the presented axial displacements control points, it is then possible to figure out that the reference loads,
associated with the vertical displacement, occur in the 15 cm specimens for TCOD levels 10% higher than in the
10 cm specimens. As a result, these forces do not perfectly correspond to the same average crack opening level.

Also, it is possible to verify that both diameters have very similar results for the residual strengths asso-
ciated with the ULS and the Fcr, with a difference in the average values of 10,5% and 1,3%, respectively. In
opposition, residual strengths associated with the SLS presented significant differences from the mean value of
approximately 35%, as shown in Figure 22 and Tables 5 and 6. Thus, it is possible to conclude that there is a risk
of underestimating the residual strength of the FRS associated with the SLS when using smaller specimens in the
DPT test. It is essential to emphasize that the differences found in the steel fiber amount through the inductive
method were not significant since both diameters’ cores were extracted from the same panels. Thus, the differ-
ences in the results obtained for the post-cracking residual strength depend mainly on the DPT dynamics. The
execution of a paired t-test for the TCOD control points shows that from the 0.5 to 2.0 stretch, the hypothesis
of difference between the samples can be considered true and, in the other measures, this hypothesis can be
considered null, as shown in Table 7.

3.3.3. Sizing sample results for TCOD

The sizing of the sampling was performed using the data obtained for residual stresses in the cores for the
two diameters of the specimens. For this procedure, it was considered the reliability of 95% and a student’s t
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Table 5: Residual strength (MPa) at TCOD points — 10 cm specimens.

101 (102 | 103 | 104 | 10.5 | 106 | 10_7 | 10.8 | 109 | 10_10 | 10_11 | 10_12 | Average | Std. | Coef.
Dev. | Var.

F, | 298| 208 | 336 | 279 | 2.74 | 3.62 | 3.33 | 3.16 | 2.73 | 3.24 | 340 | 3.40 3.07 0.42 | 13.8%
F,o | 1.68 | 1.43 | 245 | 1.51 1.63 | 247 | 254 | 1.29 | 125 1.94 | 2.07 1.38 1.80 0.48 | 26.4%
F, | 120] 095 | 1.82 | 097 | 125 1.22 | 1.02 | 1.21 | 0.85 1.45 | 0.97 1.16 1.17 0.26 | 22.5%
F | 1.00| 085 | 1.00 | 085 1.03 | 099 | 0.89 | 1.23 | 0.77 124 | 0.72 1.05 0.97 0.16 | 16.8%
F,, 087 ] 085 | 072 | 0.71 | 094 | 090 | 0.79 | 1.16 | 0.74 1.13 | 0.61 0.95 0.86 0.17 | 19.1%
F,, | 081 | 0.84 | 0.65 | 0.61 | 0.89 | 0.86 | 0.74 | 1.08 | 0.70 1.00 | 0.56 | 0.86 0.80 0.16 | 19.4%
F,, 076 | 0.81 | 0.56 | 0.55 | 0.82 | 0.82 | 0.73 | 0.85 | 0.66 | 093 | 0.53 | 0.81 0.74 0.13 | 17.9%
F,, | 071 | 0.80 | 0.48 | 050 | 0.75 | 0.79 | 0.71 | 0.67 | 0.57 | 0.92 | 035 | 0.72 0.66 0.16 | 24.1%
F,, | 066 | 081 | 0.44 | 046 | 0.68 | 0.74 | 0.69 | 0.60 | 0.54 | 0.83 | 0.31 0.70 0.62 0.16 | 25.3%
F,, | 063 | 080 | 042 | 042 | 0.63 | 0.68 | 0.61 [ 0.55 | 0.50 | 0.76 | 0.29 | 0.68 0.58 0.15 | 25.8%

Table 6: Residual strength (MPa) at TCOD points — 15 cm specimens.

151 152 153 15_4 15_5 15_6 15_7 158 | 159 | Aver- Std. | Coef.
age Dev. Var.

F, 2.46 2.99 3.52 3.16 3.61 3.12 3.21 2.24 2.97 3.03 042 | 13.8%
F,, 1.83 232 2.56 292 3.42 2.21 2.85 1.67 2.33 2.46 0.52 | 21.0%
F, 1.36 1.49 1.78 2.25 2.77 1.46 2.17 1.37 1.83 1.83 0.45 | 24.8%
F . 1.19 0.93 1.45 1.70 1.72 1.18 1.61 1.15 1.40 1.37 026 | 18.9%
F,, 1.08 0.74 1.31 1.22 1.17 1.00 1.26 0.99 1.17 1.10 0.16 | 14.9%
F,, 1.00 0.69 1.19 1.01 1.04 0.83 1.08 0.87 1.07 0.98 0.14 | 14.7%
F,, 0.92 0.64 1.09 0.92 0.94 0.70 1.00 0.78 0.91 0.88 0.14 | 15.6%
F,, 0.85 0.60 0.89 0.86 0.86 0.55 0.92 0.71 0.88 0.79 0.13 | 16.3%
F,, 0.79 0.54 0.76 0.83 0.80 0.48 0.77 0.66 0.79 0.71 0.12 | 16.5%
F,, 0.74 0.49 0.64 0.80 0.71 0.44 0.69 0.61 0.68 0.64 0.11 | 16.9%
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Table 7: Paired samples t-test.

PAIRED SAMPLES T-TEST

STATISTICS gl p
10cm-F IS5em-F Student-t —0.260 8.00 0.802
10cm - F | 15cm-F | Student-t —2.881 8.00 0.020
10em-F I5em-F Student-t -3.471 8.00 0.008
10cm-F | I5em-F | Student-t -3.774 8.00 0.005
10cm-F, I15cm-F, Student-t -2.764 8.00 0.025
10em-F, I5em-F, Student-t -2.042 8.00 0.075
10cm-F, IS5em-F, Student-t -1.901 8.00 0.094
10cm - F, | 15cm-F, | Student-t -1.650 8.00 0.138
10em-F, I5em-F, Student-t -1.174 8.00 0.274
10em-F, I5em-F, Student-t —0.865 8.00 0.412
Noter H, My 1 vieasure2 7 0
Table 8: Sizing results considering the discussed inputs.
SPECIMENS - 10 cm SPECIMENS - 15 cm
RELIABILITY 95% RELIABILITY 95%
TENSILE AVERAGE Std Dev SIZING AVERAGE Std Dev SIZING
STRENGTH AT (MPa) (MPa) (ns) (MPa) (MPa) (ns)
THE TCOD POINTS

F, 3.07 0.42 2 3.03 0.44 3
SLS -F, 0.97 0.16 3 1.37 0.27 5

F,; 0.80 0.16 5 0.98 0.15 3

F. 0.66 0.16 7 0.79 0.14 4
ULS-F,, 0.58 0.15 8 0.64 0.12 4

distribution (10 cm: Z =2.201, 15 cm: Z = 2.306) and the sizing was obtained by Equation 5. The coefficient of
variation used for the sizing equations was 20%, which corresponds to approximately the average value found
on the tests during the residual phase of this study.

The sample results’ sizing shows differences in the demanded number of specimens (ns), as presented
in Table 8. In general, the specimens with a diameter of 15 cm require a reduced number of specimens in the
representative sample mainly because of the lower CV. Therefore, the 10 cm specimen proved advantageous
only for determining F_ and F ,, requiring fewer specimens. However, for the post-cracking behavior, the 15 cm
specimens proved more effective, requiring a smaller sampling for a higher level of CMOD.

4. CONCLUSIONS

This study focused on evaluating FRS used for structural applications through the double punching test to verify
its suitability for quality control. In addition, the study used the simplified displacement control methodology
and its verification through DIC3D. This verification proved that the displacement control method is applicable
once the analytical equations for converting displacement into TCOD are reliable.

The higher level of control of displacements and deformations used in this experimental study contrib-
uted to verifying the great influence of the specimens’ dimensions in the double punching test results. Smaller
specimens have a smaller fracture area, making the result more dispersed and underestimating the residual
strengths compared to those obtained with larger specimens.

Despite the specimens with a 10 cm dimension having been used in important previous works and being
permitted by the Spanish and Brazilian standards aiming the test method, it was verified that this dimension
underestimates the post-peak residual strengths results at low levels of TCOD associated with SLS in more
than 30%. This drawback may be associated with a higher level of post-peak instability, as already evaluated in
previous studies once no differences were observed in the actual fiber content.
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In addition, a higher number of specimens should be used to assess the results (especially those associ-
ated with the ULS) when 10 cm specimens are used. This finding indicates that quality control programs could
be hampered by the need to extract a greater number of cores to obtain several specimens suitable for each eval-
uation. Accordingly, to the exposed, it is evident that using specimens of 15 cm in diameter and height is more
effective and reliable for evaluating fiber reinforced shotcrete.

Finally, it is important to mention that the highest confidence level for establishing parameters for regular
quality control programs will only be obtained by monitoring real tunnel projects.
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Figure S1 - Axial force (kN) versus dR (mm) for specimen 10 with 10 cm diameter.

Figure S2 - Axial force (kN) versus dR (mm) for specimen 11 with 10 cm diameter.

Figure S3 - Axial force (kN) versus dR (mm) for specimen 12 with 10 cm diameter.

Figure S4 - Axial force (kN) versus dR (mm) for specimen 7 with 15 cm diameter.

Figure S5 - Axial force (kN) versus dR (mm) for specimen 8 with 15 cm diameter.

Figure S6 - Axial force (kN) versus dR (mm) for specimen 9 with 15 cm diameter.

Figure S7 - Comparison between the perimeter measured by the virtual extensometer EO and the diameter
increase results of dR for specimens with 10 cm diameter.

Figure S8 - Comparison between the perimeter measured by the virtual extensometer EO and the diameter
increase results of dR for the specimens with 15 cm diameter.
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