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Abstract A bending test was selected by mod-
ern codes as a reference test for fibre-reinforced
concrete (FRC) mechanical characterization. How-
ever, specimen dimensions, lack of laboratories
adequately equipped, and its complexity hinder its
use. This study aims to evaluate the so-called Mon-
tevideo (MVD) test as an alternative to the results of
EN14651 bending tests, simplifying FRC mechanical
evaluation. A strong correlation was obtained using
the results of experimental campaigns carried out in
three countries. Using two linear transformations,
MVD loads can be converted to the EN14651 ones,
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both for the limit of proportionality and for the resid-
ual loads, which are valid for all the CMOD reported
in EN14651. These general rules seem valid for dif-
ferent types of concretes (conventional, Self-Com-
pacting, Ultra High-Performance, Micro and Sprayed
concrete), blended with different fibre types (plastic
and steel) and a wide range of contents, which show
both softening and hardening behaviour.

Keywords Bending test - Montevideo test -
EN14651 - Synthetic fibres - Steel fibres

1 Introduction

There is a growing interest in fibre reinforced con-
crete (FRC) due to some improvements that the use of
this type of material could provide, such as reduced
construction time, labour costs and enhanced proper-
ties for structural elements, such as enhanced crack
control [1]. Despite some limitations, such as the
reduction of the workability of the composite with
the increase of the fibre content [2], new applica-
tions regularly emerge with fibres as partial or total
substitution of conventional reinforcement. The
recent increase in FRC use is intensified by the intro-
duction of fibres as a structural material by several
codes, guidelines and standards in different coun-
tries (e.g. Europe [3], USA [4], Brazil [5], Australia
[6], Singapore [7], fib [8]). In these codes, design
rules are based on material characterization to obtain
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constitutive equations required for the design of struc-
tural applications [9]. Regular quality control should
also be established focusing on the material proper-
ties verification, to ensure the required structural
performance.

The increase in the residual (post-cracking) ten-
sile strength is the main contribution of fibres to plain
concrete, which must be measured for FRC design
[9]. For this, fib Model Code [8], among other recent
codes, standards and recommendations (e.g. The
Concrete Society TR34 [10], Spanish concrete code
(EHE-08) [11], Brazil FRC standard [5], Singapore
FRC standard [7], ITA report 24 [12]) have selected
the three-point bending (3PB) test on a notched beam,
according to EN 14651 [13], for FRC mechanical
characterization. In this test, a deflection is imposed
on the beam, and the load is registered for the dif-
ferent values of crack mouth opening displacement
(CMOD), which are measured by a clip gage posi-
tioned in the notch. Alternatively, deflection can be
measured instead of the CMOD. According to the
EN14651 standard [13], four values of the residual
strength (fgy, fro» fr3» and frs) should be calculated
and reported, corresponding to a CMOD of 0.5, 1.5,
2.5 and 3.5 mm, respectively.

The design codes provide rules to convert these
residual strengths obtained in the bending test to con-
stitutive equations, which can be used for the design
of FRC elements. Only two values of residual strength
are usually used (one associated with the service limit
state—SLS and the other for ultimate limit state—
ULS analysis). Many codes, including the fib Model
Code, have selected fg; and f5 for the FRC classifica-
tion, but there are examples of other choices, such as
TR34 [10] for designing FRC in industrial pavements,
which has selected fg, and f, instead.

Despite the increase in the use of engineering prin-
ciples for the design of FRC, there are technological
restrictions as well as practical drawbacks that hinder
the use of the EN14651 test, namely: (a) the specimen
dimensions (150 % 150 x 550 mm) eventually make its
weight high, around 30 kg, which makes its handling
difficult and increases the risk of occupational inju-
ries; (b) it is practically impossible to extract large
prismatic cores from existing structures, which may
be needed to investigate deficiencies detected under
the service life or directly from a non-conforming
quality control evaluation under its construction; (c)
there is a lack of laboratories adequately equipped

with the testing machines required for the EN14651
test, i.e. with a closed loop displacement control sys-
tem; (d) specific testing machine and the use of clip
gage make EN14651 a complex test with a difficult
execution, which requires specialised technicians.

With these drawbacks under consideration, sev-
eral codes [5, 8, 11] allow the use of other tests for
the quality control of FRC if a correlation can be
established between the proposed test and EN14651.
Alternative tests that can be conducted in simpler
and faster ways to facilitate the control system were
already proposed, minimizing some of the drawbacks
explained before, such as the Montevideo (MVD) test
[14]; the double punch or Barcelona test (BCN) [15];
or the double-edge wedge-splitting (DEWS) test [16].

All the aforementioned use compact specimens,
usually smaller than 4 L, always weighing <10 kg.
The use of smaller specimens has some advantages,
such as material saving, simplified execution, the pos-
sibility of testing cores, and even evaluating the effect
of fibre orientation. However, some tests also present
drawbacks, such as post-peak instabilities in DEWS
and BCN, due to unstable crack propagation, which
results in a lack of information regarding small crack
openings [17-20]. Also, the BCN test is based on a
complex failure mechanism, and the DEWS test has a
complex specimen preparation.

Several attempts were made to correlate beam test
results with the other types of tests (including the
BCN test [17, 21, 22], DEWS test [21], and panels
tests [23-25]), with different degrees of success. One
drawback found in these works is that the equations
obtained to correlate the results could not be general-
ized for all FRC composites, requiring a personalised
correlation for each mix, or a less accurate general
correlation [17, 21, 23]. Also, analysis of the BCN
test showed that due to the more complex nature
of the test, parameters such as force and energy are
needed in the correlation, which is not valid for low
CMOD values, due to the aforementioned post-peak
instabilities [17, 18, 22].

Many similarities were found between the MVD
and the EN14651 test in preliminary tests [14]. Both
tests have the same testing area (150% 125 mm), and
they obtain a qualitatively similar cracking pattern
(vertically inverted), i.e. a crack that starts at the notch
end and propagates towards the base of the specimen.
Load-CMOD curves are also qualitatively similar in
both tests. Also, previous results have shown a stable
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crack propagation in the MVD test, even when small
open-loop testing machines are used. However, more
tests were needed to consolidate a robust and general
correlation between their results. In that sense, the
objective of this study was to evaluate the capacity
of the Montevideo (MVD) test to predict the results
of the 3PB test, performed by the EN14651 standard.
The goal was to obtain a robust correlation between
the MVD and the 3PB tests, which may be used for
FRC mechanical characterization for structural appli-
cations. For this, experimental campaigns were car-
ried out in three different countries using 22 different
types of FRC mixes with varying matrices, types of
fibres and test set-ups.

2 Montevideo test
2.1 Test set-up

The MVD test [14] is mainly based on the wedge-
splitting test (WST) [26], but some changes are
introduced to simplify it to make it a viable test for
routine quality control, namely: smaller test speci-
mens, simpler testing machines and reduced speci-
men preparation. In addition, this method is intended
to be potentially applicable to specimens prepared
from extracted cores. The complex load mechanism
of the WST is substituted by only a wedge (Fig. 1a).
The specimen geometry and its preparation are thus
also reduced to just a notch, with the same cross-
section dimensions (Fig. 1d) as the specimen of the
EN14651 test [14]. This notch could be executed in
cast or extracted specimens. An image during the test
is shown in Fig. 1b.

Steel pieces are glued to the notch sides to provide
a steel-to-steel contact (Fig. 1c). Immediately before
starting the test, a multi-function lubricant (e.g.
WD-40) is applied to the contact surface to reduce
friction. This contact preparation minimizes any dam-
age to the wedge and the specimen, allowing testing
FRC with softening or hardening behaviour. Also, it
produces a more stable friction coefficient, obtaining
a stable opening force acting towards the specimen,
reducing intrinsic uncertainties and scatter, besides
producing smaller loads during the test.

Post-peak instability probabilities are increased
when testing machines with low stiffness are
used (which provide greater energy transfer to the

specimen) and when FRC with low residual strengths
are tested [27]. Although closed-loop systems can
counteract these deficiencies, there still have been
cases reported in which instabilities occur with these
systems [28].

On the other hand, in open systems, instabilities
are more common, also worsening when machines
with low stiffness are used and when FRC with low
fibre contents are tested [20].

No instabilities or abrupt failures were registered
in more than a hundred MVD tests performed so far,
even in the cases that are known to provoke instabili-
ties: FRC with low plastic fibre contents; using small
testing machines, like the usually used in CBR tests
(see Fig. 3d); or performing the test controlled by
the stroke displacement (open system) of the test-
ing machine. The reduced possibility of a post-peak
instability may be due to the reduced loads used in
the test, especially at peak load (In the BCN test peak
load ranges from 150 and 300 kN [29, 30], whereas in
the Montevideo test it ranges between 10 and 20 kN
[14, 31]), and the smaller amount of energy stored in
the specimen in a WST [32].

Two different set-ups for the test were used, as
shown in Fig. le. First, tests were carried out with
a “Fixed” wedge, restricting the movement of the
wedge in contact with the plate of the test machine.
Therefore, the wedge was not allowed to move dur-
ing the test. In this set-up, the wedge most likely had
an uneven contact with the notch borders, producing
an unsymmetric bending in the specimen. To avoid
this uncertainty, a steel roller was placed between
the wedge and the test machine plate, allowing a free
rotation of the wedge in its main plane. This set-up,
called “Hinged”, allows a smoother application of the
force to the specimen.

2.2 Crack mouth opening displacement

The MVD test can be controlled by the stroke dis-
placement (d) of the test machine. This is possible in
most electromechanical testing machines, since they
usually have a crosshead displacement sensor, and
in servo-controlled hydraulic presses which have an
internal crosshead displacement sensor. A constant
speed (0.5 mm/min) was used in general for the tests.
The required displacement needed to complete the
test is usually around 10 mm; therefore, the running
time of the test is around 20 min. In Fig. 2a, a typical
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Fig. 1 a Comparison of MVD and WST tests (adapted from [14]); b MVD test set-up; ¢ detail of wedge and steel corners contact; d
dimensions parameters and kinematic idealization; e hinged and fixed set-up of the test

Load vs. Stroke Displacement result for the MVD test
is shown in the dark line. The result corresponds to a
FRC with softening behaviour. Crack Mouth Opening
Displacements (CMOD) vs. Stroke Displacement are
also plotted in Fig. 2a in a grey line.

The two differential stages that characterize the
MVD test are marked in Fig. 2. The first stage takes
place from the start of the test until the initiation
of cracking in the matrix (J,). In the first stage,
the wedge penetration into the notch gradually
increases the applied load. While relatively large

displacements of the stroke take place (with values
from approximately 1 to up to 3 mm), the CMOD
is negligible as only elastic strains develop, which
are very small compared to the post-crack ones.
Therefore, the entire first stage is discarded in the
test analysis. The first stage finishes when the con-
crete matrix reaches the tensile strength and a crack
is formed in the matrix, turning the specimen into
two rigid bodies rotating over the base of the speci-
men (Point “O” in Fig. 1d). In the second stage, for
FRC with softening behaviour (Fig. 2a), there is a
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Fig. 2 a Typical Load and CMOD versus displacement curve for softening FRC; b typical load versus displacement curve for hard-

ening FRC

load drop as the fibres bridge the crack and take the
loads.

After cracking, a linear correlation can be seen
between the CMOD and the stroke displacement. The
relationship follows the theoretical model obtained
under the rigid body assumption, which allows the
extrapolation of the results also to the Crack Tip
Opening Displacement (CTOD) [14]. The displace-
ment in which the crack is formed (5, see Fig. 2a)
was also shown [14] to approximately correspond
to the peak load for FRC with softening behav-
iour. Therefore, the CMOD values of the test can
be directly calculated based on the aforementioned
parameters and the wedge geometry, with the follow-
ing equation:

CMOD = (6 - ;) -2 - tana (1)

where a is the angle between the wedge side and the
vertical direction (Fig. 1d). Considering the wedge
angle proposed («=15°), Eq. 1 yields:

CMOD = (6 - §,) - 0.536 2)

In particular, the four CMOD, used in the 3PB test
according to the EN14651 standard (CMOD=0.5,
1.5, 2.5 and 3.5 mm, corresponding to i=1, 2, 3 and
4, respectively) corresponds to four stroke displace-
ments (6;), which can be directly calculated once
0y is determined. The usual values of CMOD and
o; used in the 3PB and MVD tests are summarized

Table 1 Usual CMOD; and §; for EN14651 and MVD tests

i CMOD; [mm] o,[mm]
L 0.0 o

1 0.5 0.93+56,
2 1.5 2.80+6,
3 2.5 4.66+6
4 35 6.53+6,
* 4.0 74646,

*End of test

in Table 1 and represented in Fig. 2. Controlling the
test by the stroke displacement allows for avoiding a
direct crack opening measure (e.g. with clip gages)
or an external displacement measure (e.g. by a lin-
ear transducer), reducing preparation labour and
possible experimental errors.

For FRC with hardening behaviour (Fig. 2b),
it is possible to use the same equations. However,
as in this case, the beginning of the cracking does
not correspond to the peak load, it may be difficult
to evaluate the displacement at the first crack (J;).
This difficulty may also be found in flexural tests
performed with FRC with strain hardening behav-
iour. One possibility is evaluating the change in the
slope of the plot. When the matrix cracks, the slope
decreases, indicating the end of stage 1. Alterna-
tively, a direct measure of CMOD may be used.
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2.3 Residual load

F %VD Is the load corresponding with each
CMOD = CMOD, or 6 = §; (i=1, 2, 3, 4), and F¥''P
is the load corresponding to the LOP or 6 = §,,. All
of them are also represented in Fig. 2. The proposal
is that MVD test loads, both for the residual loads
(Fy"P) corresponding to each CMOD; and for the
LOP (F)'*P), can be transformed to the correspond-
ing loads of the 3PB test, just by a linear transforma-
tion. The transformation can generally be expressed
by Eq. 3:

FiSPB(MVD) — kﬁl/]VD . FIMVD 3)
where FMVP is the load obtained by the MVD test;
KMVP is MVD transformation parameter, a constant
parameter for the transformation; and F?PB(MVD) is
the load which would be obtained by the 3PB test
(as defined by the EN14651 standard). The previ-
ous three parameters are valid for both the limit of
proportionality (i=L) and the residual loads in each
CMOD,; (i=1,2,3,4).

3 Experimental programme

The experimental campaign consisted of 22 mixes
produced with different concrete matrices, types of
fibres and fibre contents. These FRCs were tested by
the 3PB test and the MVD test. Three to five speci-
mens per sample were tested for every mix and test.
A total of 64 3PB and 80 MVD tests were carried out.

Details of each series are described in Table 2,
including the name of the series, fibre and matrix
types, fibre contents, general behaviour of the FRC,
control of the CMOD, type of specimen and set up
in the MVD test. The previous items are described
hereafter. The description of the series is given in the
form “i-XX-Y-ZZ”, where “i” is a number given in
sequential order; “XX” are two letters indicating the
place where the tests were performed (BR: Sao Paulo
University, Brazil; UY: University of the Republic,
Uruguay; CH: Xi’an Jiaotong Liverpool University,
China), and “Y-ZZ” describe the fibre reinforcement,
where “Y” is the material of the fibres (S: Steel and
P: Plastic); and “ZZ” is a number describing the fibre
content in the mix, as the weight of fibres per cubic

metre of concrete (kg/m3). The content of fibre as a
percentage of the volume of fibres over the total con-
crete volume is also included in the next column of
the table.

Several types of concrete matrices were used.
Each matrix is described by two-letter acronyms and
a number. The acronyms indicate the type of matrix,
meaning: Conventional concrete (CC); Self-compact-
ing concrete (SC); Ultra high-performance concrete
(UH); Micro-concrete (MC), characterized by a maxi-
mum aggregate size of 10 mm; and Sprayed concrete
(SP), where the specimens were cut out from larger
sprayed panels. The number indicates the nominal
characteristic compressive strength (f.) of the mix,
which ranged from 30 to 150 MPa. For these concrete
matrixes and fibre content, both softening (“Soft.”)
and hardening (“Hard.”) behaviour were observed for
the FRC under the 3PB test.

CMOD control was directly measured by a trans-
ducer in the first series carried out (named “direct”).
As previously shown, an excellent correlation was
obtained between the CMOD and the stroke dis-
placement (Eq. 2) [14]. This procedure was used to
indirectly obtain the CMOD values by converting
the stroke displacement measured during the test
(“Indirect”).

Four different procedures were used to obtain the
MVD test specimens. They are shown and repre-
sented in Fig. 3. “LB” (“Lateral of Beams”) speci-
mens were obtained from one of the halves of a
beam previously tested under the EN14651 test.
These halves were prepared just by notching (“LBa”,
Fig. 3a), thus obtaining a specimen of approximately
(150 150 % 300 mm?), or by trimming the ends of
the beams to obtain a cubic specimen (150 mm wide)
and then notching it (“LBb”, Fig. 3b). Obtaining the
specimen from the beam tested under the 3PB has
the advantage of testing the same material with both
tests. However, it presents two disadvantages. First,
the test is usually performed with some days of delay
to have time to prepare the specimens. Secondly, the
fibre orientation may be different, because the pro-
cedure indicated in the EN14651 standard to fill the
mould aims to obtain the least altered specimen in the
centre of the beam, and the mixture of different incre-
ments during filling may occur towards the side of the
beam.

“CM” (“Cubic mould”, Fig. 3c) specimens were
obtained by a direct cast of a cubic specimen 150
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Table 2 Summary of the experimental programme

Series FRC details MVD setup
Fibre content (%) Concrete matrix FRC behaviour CMOD measure Type of Wedge rotation
specimen

1-Br-S-10 0.13* CC-55 Soft DIRECT LBb FIXED
2-Br-S-20 0.25% CC-55 Soft DIRECT LBb FIXED
3-Br-S-30 0.38* CC-55 Soft DIRECT LBb FIXED
4-Br-S-10 0.13° CC-55 Soft DIRECT LBb FIXED
5-Br-S-20 0.25° CC-55 Soft DIRECT LBb FIXED
6-Br-S-30 0.38° CC-55 Soft DIRECT LBb FIXED
7-Ch-S-80 1.00 UH-150 Hard INDIRECT LBa FIXED
8-Ch-S-160 2.00 UH-150 Hard INDIRECT LBa FIXED
9-Ch-S-200 2.50 UH-150 Hard INDIRECT LBa FIXED
10-Uy-S-90 1.15 SC-60 Hard INDIRECT PM FIXED
11-Uy-S-35 0.44 SP-40 Soft INDIRECT LBa HINGED
12-Uy-S-56 0.71 SP-40 Hard INDIRECT LBa HINGED
13-Uy-S-35 0.44 MC-40 Soft INDIRECT CM HINGED
14-Uy-S-35°¢ 0.44 MC-40 Soft INDIRECT LBa HINGED
15-Uy-P-6 0.53 CC-45 Soft INDIRECT LBa HINGED
16-Uy-P-12 1.26 CC-45 Soft INDIRECT LBa HINGED
17-Uy-P-5 0.56 CC-30 Soft INDIRECT CM FIXED
18-Uy-P-5¢ 0.56 CC-30 Soft INDIRECT LBa FIXED
19-Uy-P-5¢F  0.56 CC-30 Soft INDIRECT LBa FIXED
20-Uy-P-3 0.33 CC-30 Soft INDIRECT CM FIXED
21-Uy-P-3° 0.33 CC-30 Soft INDIRECT LBa FIXED
22-Uy-P-3%f 0.33 CC-30 Soft INDIRECT LBa FIXED

#Low carbon fibres

bMedium carbon fibres

¢Same set of 3PB sample than 13-Uy-S-35 series, compared with a different set of MVD sample (LBa)
dSame set of 3PB sample than 17-Uy-P-5 series, compared with a different set of MVD sample (LBa)
€Same set of 3PB sample than 20-Uy-P-3 series, compared with a different set of MVD sample (LBa)
fMVD tests were carried out using a different speed: 2 mm/min (i.e. 4 times faster than the usual speed)

Fig. 3 Procedures to obtain "LBa" Bl "LBb"
MVD specimens: a half of specimen specimen
the beam; b trimmed half >

specimen

imen :
S during

casting

[b] “cM” "PM" [d]  Top surface [€]

of the beam; ¢ cast cubic Notch
specimen; d cast beam
specimen; e position of
notch relative to cast
Tested EN14651 beam hsp
L h |

) beam cast as
Cubic mould  En14651 Cross-section

of test
specimen

81
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mm wide. Two advantages of this method can be
mentioned. Firstly, it is a practical method as it
uses small specimens. Secondly, there is less vari-
ability in how the specimens may be filled and,
therefore, a similar to the 3PB fibre orientation may
be expected. However, a drawback was observed
in a preliminary test: cubic specimens may show
odd results testing FRC with hardening behaviour,
with a crack forming outside of the vertical plane.
Finally, casting different specimens for the beam
and the MVD tests enables performing both tests at
the same age.

“PM” (“Prismatic mould”, Fig. 3d) specimens
were obtained by casting a beam as indicated in
EN14651. Despite being an inefficient choice for reg-
ular quality control (as it has all the drawbacks asso-
ciated with the use of large specimens), it was used
following the research objective of correlating both
tests, as the same conditions apply for the specimens
used in both tests (e.g. same material, fibre distribu-
tion and orientation). It also allows performing both
tests at the same age.

In the LB and PM procedures, the specimens were
obtained from, or they directly were, beams cast fol-
lowing EN14651. In the “CM” procedure, the cube
also has the same cross-section. Specimens were
rotated over 90° around their longitudinal axis or any
of the two horizontals axis in the CM procedure and
then sawn through the width of the specimen at mid-
span (Fig. 3e). Furthermore, in all types of tests, the
notch dimension results in a distance between the
tip of the notch and the top of the specimen (hg,) of
125+ 1 mm. Therefore, in the four procedures, the
cross-section of the MVD test is the same as the
EN14651 test.

The two options of the MVD test set-ups previ-
ously described, regarding the wedge movement,
were used in the different series; “hinged” when the
edge was connected to the plate of the test machine
through a hinge (as shown in Fig. 3a), or “fixed”
where the edge was in full contact with the fixed plate
of the test machine (as shown in Fig. 3b and c).

4 Results
4.1 General correlation

Figure 4a shows the residual loads obtained by the
3PB test (F?P B) plotted against the residual load
obtained by the MVD test (FZM VD). for each i=1, 2,
3 and 4. 3PB test residual loads (F’ 1.3P BY are as defined
by EN14651. The spreadsheet containing the com-
plete results is included as Electronic Supplemen-
tary Material (ESM) in the electronic version of the
paper. In this paper, the superscript “3PB” is added to
the notation given in the standard (“F,”) to explicitly
differentiate it from the results from the MVD test.
MYVD test residual loads were defined in Sect. 2.3.
Each point represents the average result of the
specimens tested for each series. At each point, error
bars are shown, representing the standard deviation of
the value for each test. As very different FRC mixes
were used, the range of residual loads of the 3PB test
obtained for the different series is large, ranging from
around 2 to 80 kN. Correspondingly, the residual
loads of the MVD ranged from around 2 to 50 kN.
The best fitting line going through the origin is
included in Fig. 4a. As observed, there is an excellent
fit (R>=0.986) for the linear correlation between the

Fig. 4 Correlation of 80 50
average load from 3PB and 70 L 45 L
MVD tests: a residual loads
(Fgy): b limit of v 60 0T
l.‘:i)’(LOl;;ll N dpmpor ton- y = 1.412x 35 L y=1.098x
ay 0acs =50 | R2=0.986 = R2=0.814
= = 30
= >
=40 —25 r
T30 | T2
15 it
20 r
= 10 + »
10 Figa® 5 L
0 f 1 1 1 1 1 J 0 1 1 1 1 J
0 10 20 30 40 50 60 0 10 20 30 40 50
2] POy, (kN) (o] PO, (kN)

niem
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results of both tests. This indicates that despite very
different types of FRC being involved in the analysis,
a strong linear correlation was obtained between the
residual loads of both tests. The excellent correlation
between tests shows the robustness of the MVD test
to predict 3PB results for any FRC used.

Figure 4b shows the load corresponding to the
Limit of Proportionality (LOP) obtained by the
3PB test (F>'%) plotted against the LOP obtained be
the MVD test (F)'*?). As happened for the residual
loads, each point represents the average of the speci-
mens tested in the series. Standard deviation and the
best fitting line are also included. Although a good
correlation still exists between the results, the cor-
relation coefficient was lower (R>=0.814) than for
the residual loads. This could be associated with the
lower number of average results as we have just one
LOP value achieved in each test against four resid-
ual strength values. Also, there is a cluster of values
(highlighted with a dotted circle) corresponding to
series 1-6 (Brazilian Experimental program) which
fall outside the general trend. This could be caused by
the specificity of the test machine support apparatus.
Despite the lower correlation, this is still an advance,
as no correlation was found for the LOP in previous
studies analysed.

The experimental value of k" can be obtained
from the slope of each of the plots in Fig. 4: k}"P
=1.098, and kRMiVD= kRM]VD= %VDz kIAéVD= k%tVD
=1.412. Based on the results, and introducing a neg-
ligible error (<1%) for the sake of simplicity, the
following MVD transformation parameters are pro-
posed to be used in practice: k)'"P=1.1 for the LOP
and ky"P=1.4 for all the CMOD; of the residual loads
used in practice (i=1, 2, 3, 4). Considering these fac-
tors, Eq. 3 yields the following correlation equations
(Egs. 4 and 5), which can be used in practice:

3PB(MVD
FrPMP) = 1.4 pYVD )
FIPVD) = 1. pMVD )

The change in the MVD transformation parameter
from the LOP to the residual loads is coherent with
the change in behaviour of the specimen, after the
concrete matrix cracks.

4.2 Analysis of correlation factor by parameters
The analysis of the correlation made in general to

all the series in Sect. 4.1 was repeated for the resid-
ual loads (F?PB and F?”VD) of each of the CMOD,;

Table 3 MVD

Y Parameter Value n KMVD AKMYD(%) R?
transﬁ)rmatl()}’l parameter

for different test parameters General All values 88 1412 0.0 0.986
CMOD; i=1 (0,5 mm) 22 1.413 0.1 0.990

i=2 (1,5 mm) 22 1.404 -0.6 0.989

i=3 (2,5 mm) 22 1.430 1.3 0.983

i=4 (3,5 mm) 22 1.401 -0.7 0.972

Country Brazil 24 1.463 3.6 0.665

Uruguay 52 1.366 -3.3 0.975

China 12 1.420 0.5 0.980

Behaviour Hardening 20 1.408 -0.2 0.981

Softening 68 1.448 2.6 0.765

Wedge Hinged 24 1.476 4.5 0.921

rotation Fixed 64 1.408 -0.2 0.987

Type of MVD specimen CM 12 1.364 -34 0.944

PM 4 1.318 —-6.7 0.975

LBa 48 1.424 0.8 0.993

LBb 24 1.463 3.6 0.665

Type of fibre Steel 56 1.413 0.0 0.984

Plastic 32 1.375 —-2.6 0.797
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(i=1, 2, 3, 4) and for groups of results the same
value of a certain property of the test (e.g. Coun-
try, Behaviour, etc.). The results are summarized
in Table 3. The table shows the number of points
(n) that form each group, the MVD transformation
parameter (kM'P) obtained for that group, and the
difference in percentage in the MVD transformation
parameter obtained for that group (4k"P), com-
pared to the general MVD transformation parameter
(kMVP=1.412) obtained in Sect. 4.1, and the strength
of the correlation (given by Pearson correlation
coefficient: R?).

Very similar MVD transformation parameters
were obtained for all the series, although this compar-
ison is not based on rigorous analysis, as series with
a different number of points and ranges are compared.
The largest differences were 3.6% above or 6.7%
below the general MVD transformation parameter. If
the results are grouped for different CMODs, the rela-
tive difference, in percentage, of the MVD transfor-
mation parameter with the general MVD transforma-
tion parameter, is smaller than 2%. This means it is
valid to use the same MVD transformation parameter
for all the residual strengths corresponding to differ-
ent CMOD,; usually used (i=1, 2, 3, 4).

Similar results are obtained analysing the other
parameters, such as country of testing (AKM"P
<3.6%), the behaviour of the FRC (<2.6%), the
wedge rotation (<4.5%), the type of specimen
(<6.7%), and the type of fibre (<2.6%). Obtaining a
similar MVD transformation parameter (kMVP=1.4)
despite the very different test set up were used, and
performing the test in three different countries, dem-
onstrates the robustness of the MVD test. This is a
major advantage of the test compared with other tests,

Fig. S Comparison of Indi- 70
vidual behaviour of 3PB
and corrected MVD test: a
hardening FRC, b softening
FRC

8-Ch-$-160

B w1 (=
o o o

w
o

F3PB, F3PB(MVD) [|(N]

20

12-Uy-5-56

which need a tailored correlation for each mix and
CMOD, or an even less accurate general correlation
[17,21, 23].

All the series showed a good to excellent corre-
lation, most of them with R? above 0.90. The worst
correlation (R?=0.665) was obtained in the tests car-
ried out in Brazil, coinciding with the only campaign
made with the “LBb” type of specimens. The series
with the lower correlation (R>=0.665) still show
a similar MVD transformation parameter (AKMYP
=3.6%).

4.3 Individual series behaviour

Individual results for different series are shown in
Fig. 5. The figure simultaneously shows the average
load vs CMOD plot obtained by the 3PB tests (con-
tinuous lines) and by the MVD test (dashed lines); the
latter corrected by the MVD transformation param-
eter for residual loads (Eq. 4). Four series with hard-
ening behaviour (Fig. 5a) and four with softening
behaviour (Fig. 5b) were chosen to represent all the
range of strengths tested, including mixes with both
plastic (P) and steel (S) fibres. Note the scales of the
plots, which include results with residual loads rang-
ing from 10 to 70 kN for the results with hardening,
and from 2 to 9 kN for the results with softening.

Besides the excellent quantitative correspondence
shown in the previous section, it can now be visu-
ally observed that the corrected MVD test results also
show a qualitative correspondence with the 3PB test,
capturing the different increments and reductions of
the residual loads for the wide range of FRC mixes
tested. The correspondence seems more precise for
the results with softening behaviour (Fig. 5b).
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As depicted by the fib Model Code [8] and previ-
ous research [33], the same mix of FRC can show a
different response depending on the testing method.
For example, a FRC mix can present softening if it is
tested under uni-axial tensile tests or hardening if it
is tested under a bending test. The MVD test works
as a combined mode between flexion and tension
and, therefore, a FRC mix may also show a change in
response if tested with an MVD or 3PB test, as previ-
ously described.

It is thus also worth mentioning the case of series
12-Uy-S-56, which reflects the nature of the MVD
test. In this series, the result from the 3PB test showed
a barely hardening behaviour, with a F; value (13.97
kN) just above the F;p value (12.30 kN). In turn, the
results of the MVD test show a value of F%VD (9.27
kN) below the FQ’IVD value (11.20 kN), which would
correspond to a softening behaviour. However, if
the MVD test results are corrected by the correction
factors (Egs. 4 and 5), it shows a value of F?:B(MVD)
(13.09 kN) and F;"*™"” (12.30 kN) corresponding
to a hardening behaviour of the 3PB test. Therefore,
also regarding the hardening and softening behaviour,
the MVD test can predict the correct behaviour of the
3PB test.

Figure 6 shows two specimens at the end of the
3PB test and two after the MVD test (inverted). Simi-
lar cracking patterns are obtained with both tests. In
the MVD test, the cracks started at the notch tip and
subsequently propagated smoothly towards the base
of the specimen. A progressive and stable formation
of cracks was observed during the tests, even for low
fibre contents, whereby the 3PB test is more suscep-
tible to cracking instabilities. The MVD test can also
register the different types of cracks which are usually
registered by the 3PB test. From the more straight,
single-branched crack associated with FRC with

lower fibre contents, to cracks with several branches
and increased tortuosity, associated with FRC with
higher fibre contents.

4.4 Scatter of results

The Coefficient of Variation (CV), in percentage, of
the 3PB against the CV of the MVD tests is plot-
ted in Fig. 7. Each point represents the average CV
(CV,,.) of a group of results, which are defined by the
value of the residual load corresponding to the 3PB
test. The range of values of each group is included in
a label next to each point. The number of values of
each group (n) is also shown. Two points representing
the CV of the LOP are also included.

In general, the range of the CV for the residual loads
is between 10 and 30%, which is the usual range for
FRC [23, 34]. For large residual loads (usually associ-
ated with more fibre content), results show less scatter

40%

35%
30% 1010 15kN o o OtOSKN
25% (n=13) (n=38)
@ Rl
g ecs S45kN ®5t010kN
© 5% 30t0 45kN " (n=5) (n=21)
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Fig.7 Correlation of average coefficients of variation (CV)
obtained for the results with each test

Fig. 6 Cracking patterns: a 3PB tests; b MVD tests (inverted)
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than for low fibre content. The LOP is mainly governed
by the tensile strength of the concrete matrix, which
usually has a smaller scatter than the residual loads
in FRC. This was observed for the series with LOP
smaller than 20 kN, which had a CV smaller than 10%,
whereas the series with larger LOP showed a larger
standard deviation. Also, for large LOP values, the scat-
ter is particularly large in the results from the MVD test
(above 20%), probably due to the aforementioned dif-
ficulties to accurately evaluate the cracking point.

Comparing both tests, it can be seen that for the LOP
series and all the series of residual strength but one
(10-15 kN), the MVD test shows a larger average CV
(more points below the identity line). Considering all
data, the average CV in the MVD test is 3.9% larger in
LOP, and 3.0% larger in residual loads, than in the 3PB
test.

With the results from this paper, it seems that the
average value for the LOP and residual loads of any
FRC mix can be appropriately determined using the
MVD test, with an error similar to the one obtained by
the 3PB test. Thus, for the design of elements based
on the average results (such as industrial pavements
designed by the TR34), the MVD test may be used in
the current state. In turn, although the estimation of the
characteristic values of the FRC mix is still possible by
the MVD test, it would give conservative values as the
MVD test shows a slightly higher dispersion than that
obtained by the 3PB test. More research should be done
into this aspect to correctly correlate the dispersion
obtained by both tests, allowing predicting the charac-
teristic values more precisely.

5 Design and control of FRC based on MVD test

The limit of proportionality (LOP) and residual flexural
tensile strengths (f ), according to the 3PB test given
by EN14651, can be obtained by the MVD test using
the equations given in the standard and the correlation
equations described in this paper, as follows.

The limit of proportionality (LOP), fft ;» In Newton
per square millimetre, is given by the expression:

;3R Fy"Pl
ool T 2ph2 T bh? ©
sp sp

where F; is the load corresponding to the LOP, in
Newton, which can be obtained by the MVD test

through Eq. 5 (F, = F,""™P = 1.1. FMVP); [ is the
nominal span length of the EN14651 test, in millime-
tres (I = 500mm); b is the width of the specimen, in
millimetres; and hsp is the distance between the tip of
the notch and the top of the specimen, in millimetres.

Accordingly, the residual flexural tensile strengths
S, are given by the expression:

T

Ri—2pm2 7 bh? @
sp sp

where F; is the load corresponding to

CMOD = CMOD,(i = 1,2,3,4), in Newton, which
can be obtained by the MVD test through Eq. 4
(F; = F;fB(MVD) =14 F%VD); | is the nominal
span length of the EN14651 test, in millimetres
(I = 500mm); b is the width of the specimen, in mil-
limetres; and A, is the distance between the tip of the
notch and the top of the specimen, in millimetres.

Figure 8 shows the strengths (f?%) calculated
according to EN14651 standard, using the 3PB test,
plotted against the strengths (f"?) calculated by
Eqgs. 6 and 7 using the results of the MVD test. Nomi-
nal values were employed in the calculations (L=500
mm; hspz 125 mm and b=150 mm) since the errors
in the dimensions of the samples were, in most cases,
<2%. Each point represents the average result of the
specimens tested for each series, both for the residual
strengths (fg ;, shown in Fig. 8a) and for the LOP (f,, ;.
shown in Fig. 8b). The best fitting line passing through
the origin is included in Fig. 8.

In both cases, the best-fitting line closely aligns
with the identity line (y=x), indicating that, for a spe-
cific FRC, similar strengths can be achieved using both
the 3PB test and the MVD test. Furthermore, there is
an excellent (R>=0.986) and a good (R*=0.814) lin-
ear correlation between the results of both tests for the
residual strengths and LOP, respectively.

Hence, the MVD test can be directly used for the
design or quality control of FRC elements, following
the codes or recommendations that use the EN14651
standard (e.g. Model Code 2010, TR34, EHE-08,
ABNT NBR 16935).

6 Conclusions

A new configuration of the wedge splitting test, the
so-called Montevideo (MVD) test, to evaluate the



Materials and Structures (2024) 57:112 Page 13 of 15 112
Fig. 8 Correlation of 22 - 16 -
average strength, calculated 20
from 3PB and MVD tests: 18 | 14 r
a Residual flexural tensile 16 L - 1.009x 12 B
strengths (fz ;); b Limit —1a | ;;2; 0.986 _ y2—_0.998x
of Proportionality (LOP) & ’ g 10 | R=0814
strengths =2 r 2 gl
g 10 r g
£ gt g 6 f 2
6 4 L ’
O *
2 |2t Zr
O fl 1 1 1 1 1 1 1 1 1 J 0 1 1 1 1 1 1 1 ]

2]

tensile properties of FRC is analysed. This paper
presents the results from several experimental cam-
paigns carried out in three different countries to
obtain the qualitative and quantitative equivalence
between the MVD test and the 3PB test. The follow-
ing conclusions can be drawn:

A single set of correlation equations was obtained
between the MVD test and 3PB test, based on a lin-
ear transformation of the MVD test displacements
into the CMOD (Eq. 2), and a linear transformation
for both the proportional load (Eq. 5) and the resid-
ual loads (Eq. 4), which is valid for all the CMOD;
(i=1, 2, 3, 4) evaluated in the EN14651 standard.

The same set of correlation equations was shown
to be valid for all the different types of concretes
(which included conventional, Self-Compacting,
Ultra High-Performance, Micro and Sprayed con-
crete, with nominal characteristic compressive
strengths ranging from 30 to 150 MPa), blended
with different fibre types and contents (from 2 kg/
m® of plastic fibres to 200 kg/m® of steel fibres),
resulting in both softening and hardening behav-
iour, with tests carried out in three countries, using
different equipment, test set-up and types of testing
specimens.

The corrected MVD test results show an excellent
quantitative correspondence with the 3PB test, show-
ing a very similar MVD transformation parameter
for all the series studied. Also, it showed a qualita-
tive correspondence, capturing the different incre-
ments and reductions of the residual loads for the
wide range of FRC mixes tested. Furthermore, similar
cracking patterns are obtained in the specimens with
both tests.

0246 810121416182022
fo V0 (MPa)

0 2 4 6 8 10 12 14 16
2] fuo (pe

Therefore, it seems that, in contrast with other
simplified tests, a general set of correlation equa-
tions (for any FRC used) was obtained to convert the
results from the MVD test to the 3PB test. This cor-
relation equations covers all the parameters used to
obtain constitutive equations, which emphasizes the
ability of the MVD test to be used as an instrument
for FRC quality control for structural purposes. The
correlation can be used to obtain, in a simplified
way with the MVD test, the Limit of Proportional-
ity (Eq. 6) and the residual tensile strengths (Eq. 7)
of FRC as obtained by the EN14651 standard. It
allows the design, characterization, and control of
FRC mixes based on new recommendations, such as
fib Model Code, TR34, EHE-08, SS 674, or ABNT
NBR 16935.
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