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Abstract

The need to measure the total circumferential opening displacement (TCOD) of the
specimen in the Barcelona test entails the use of a circumferential extensometer, which is
an expensive equipment uncommon in most control laboratories. This fact limits
considerably the application of the aforementioned test. In order to simplify and to make
the test more accessible, different authors have developed models to convert the axial
displacement of the press (J) to the TCOD, allowing the generalization of the Barcelona
test by using the J to determine the toughness and residual strength of the FRC. In this
paper a complete review, analysis and validation of those models was done comparing the
experimental results with different types and dosages of fibres with the prediction obtained
with the models presented.
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1. Introduction

Most European codes and guidelines use bending tests to characterize the postcracking
response of FRC and to determine the parameters defining their constitutive models.
However, there are several test methods to identify, directly or indirectly, the post-cracking
response of FRC. The majority of methods currently used to characterize the post-cracking
behaviour of FRC [1] are based on bending tests of prismatic beams [2] loaded at mid span
[3] or with two loads applied at one third of the span [4, 5]. However, several studiesin the
literature report a significant scatter in the results of all these test methods [6-8], frequently
around 20%.

1 PUJADAS Pablo, UPC, Jordi Girona 1-3 Building C1 Room 202 08034 Barcelona (Spain), pablo.pujads@upc.edu

2 BLANCO Ana, UPC, Jordi Girona 1-3 Building C1 Room 202 08034 Barcelona (Spain), ana.blanco@upc.edu

3 CAVALARO Sergio, UPC, Jordi Girona 1-3 Building B1 Room 106 08034 Barcelona (Spain), sergio.piaarissi@upc.edu

4 DE LA FUENTE Albert, UPC, Jordi Girona 1-3 Buildi ng C1 Room 202 08034 Barcelona (Spain), abert.de.la.fuente@upc.edu
> AGUADO Antonio, UPC, Jordi Girona 1-3 Building C1 Room 202 08034 Barcel ona (Spain), antonio.aguado@upc.edu

1




FIBRE CONCRETE 2013
September 12-13, 2013, Prague, Czech Republic

To overcome these drawbacks, a modified double punching test known as Barcelona test
was developed to measure the tensile behaviour of FRC [7] and is now a standardized
method according to [8]. In fact, several researchers [7, 10-11] highlighted the advantages
of this test in comparison with the bending test such as material and time saving, larger
specific failure surface and, therefore, less scatter in the results, lighter specimens and the
possibility of testing cores bored from real structural €l ements.

In the latter, two steel cylindrical punches arranged concentrically above and below the
specimen transmit the load applied by the plates of the press that approach each other at a
constant relative rate (Fig. 1a). This generates a radial tensile stress that causes between 2
and 4 radia cracks as well as the formation of two conical wedges at the specimen, as
shown in Fig. 1b. During the test, the load applied by the press and the total circumferential
opening displacement (TCOD) measured with a circumferential extensometer are recorded
[9]. These results are then used to estimate FRC residual strength and toughness.

Fig. 1. @) Barcelonatest setup and b) typical cracking patterns (Blanco, 2013)

Despite these advantages, the fact that a circumferential extensometer is necessary to
measure the TCOD restricts the widespread use of the Barcelona test.

In order to simplify and make the test more accessible, an alternative measuring procedure
was proposed by [11] to avoid using the circumferential extensometer. [11] attempted to
correlate the results of toughness calculated with circumferential displacement E(TCOD)
and the obtained with the axial displacement T(d). According to [11], a linear relation
between both values exists for the range of axial displacements between 1.0 and 4.0 mm.
Thisrelation is found by means of alinear regression using experimental results. The same
may be performed using the model proposed previously.

Despite the good correlation achieved by [11], the approach proposed is only valid to a
restricted range of 6 between 1 mm and 4 mm. Furthermore, it does not represent the
physical resistant mechanisms involved in the tensile failure of the FRC during the test.
This limits the application of the correlation to the types of fibres and concrete used in the
experimental program proposed by the author. In this context a more recent study by [12]
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presented a more general, straightforward and accurate analytical model to convert the d
into the TCOD for the whole extent of the curve and for any type of FRC.

Given the positive repercussion to the application of the Barcelona test and to make the
characterization of the tensile behavior of FRC more accessible, this paper pursues the
objective of validate the model proposed using the data from several experimental
programs with different types of concrete as well as severa types and amounts of fibers.

2. Proposalsfor the generalization of the Bar celona test
2.1 Malatesta et al. 2012

The toughness of the FRC is defined as the capacity of the material to absorb energy. In the
Barcelona test, two different types of toughness may be estimated depending on the
displacement used. If the axial displacement (5) is considered, this property is calculated
according with equation 1 that represents the area below the graph load (P) - axial
displacement (5). On the other hand, if the TCOD is considered, the toughness is calculated
in equation 2, which gives the area below the graph load (P) — TCOD.

_ it
T(8) = [, P(8)déd 1)

E(TCOD) = [ -

“°” p(TCOD) d(TCOD) )

[11] attempted to correlate the results of toughness calculated with circumferential
displacement E(TCOD) and the obtained with the axial displacement T(d). According to
[16], a linear relation between both values exists for the range of axial displacements

between 1.0 and 4.0 mm. This relation is found by means of a linear regression using
experimental results (equation 3 for SFRC and equation 4 for PFRC):

E(TCoD) = 1.0410T(5,)+ 8z.611 (3)

E(TCOD) = 1.0427 T(§,)+ 73.271 4

2.2 Pujadaset al. 2013. Analytical model to convert d to TCOD

The equations developed in [12] provide a clear physical understanding of the main
mechanism observed in the three Stages that the specimen undergoes during the Barcelona
test. During the test, the specimen undergoes three different phases depending on its
integrity and the governing resistant mechanism:

The Stage 1 coincides with the initial application of load. The internal stress
generated is resisted by the concrete matrix that presents no major cracks.

Once the stress reaches the tensile strength of the material, the specimen enters
Stage 2. The major radia cracks appear and the conical wedges are abruptly
formed.

3
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As the cracks stabilize, the Stage 3 begins, following a kinematic mechanism that
involves dliding between the conical wedge and the fragments of the cracked
specimen.

A more detailed description of the specificities and the expressions governing each stage
are presented in[12].
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Fig. 1. Representation of @) load vs. TCOD curve, b) load vs. axia displacement
(8) curve and c) detail of casting imperfection in surface of specimen

Based on the aforementioned mechanisms, according to [12] the correlation between
TCOD and 6 can be described by the tri-linear model presented below:

TCOD = 0 §5< 8,
T abpe . owf F C e
TCOD = n- "% 5in™ (1 :) 5. <8 < By )
a . om . -~ -~ Fpa ~ -
TCOD = n-— -sin-- [(‘) 6o+ 040" ("1 rR H 02 Ogp

The application of the model proposed in [12] is direct and valid for the whole extent of
the load-axial displacement (5) curve. It depends only on the definition of 6 physical input
parameters. Fe, dcr, Fro, 0ro, N, @nd |. All these parameters are either obtained during the
Barcelona test or assessed afterwards upon a visual inspection of the specimen. Then, the
equations defined previoudy are used to convert each value of axial displacement (5) to a
corresponding TCOD. This allows the definition of the resulting load-TCOD curve.

3. Validation of the experimental results

3.1 Validation of Pujadaset al. 2013

A wide range of FRC in terms of strength (with softening and hardening), fiber type and
fiber content was considered. Results from 3 concrete mixes were used: 1 FRC with
polypropylene fibres (PF), 1 FRC with steel fibres (SF) and 1 Ultra High Fiber Reinforced
Concrete (UHPFRC) with steel microfibres (SMF).
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The fibre content added to the mix and the nomenclature adopted to distinguish between
these concretes are presented in Table 1. The main characteristics of the fibres used are

presented in Table 2.

Tab.1: Types of concrete

Nomenclature Typeof Fiber type Fiber content
concrete
FRC PF 9 N FRC PF 9 kg/m’
FRC_SF 40 N FRC SF1 40 kg/m®
UHPFRC_SMF 130 N UHPFRC SMF 130 kg/m®

Tab.2: Fiber characteristics (data provided by the manufacturer).

Char acteristics Polypropylene Fiber Steel Fiber

PF Sk M SF
Length (mm) 48mm 50 12
Equivalent diameter (mm) - 0,62 0,20
Aspect ratio - 80 60
Tensile strength (MPa) 550 1270 1270
Modulus of elagticity (GPa) 6.0 210 210
Number of fibers per kg >35.000 8.100 -

The Barcelona test was performed in al specimens following the [9]. Both the TCOD and
axia displacement () of the press were measured during the test. According to the
validation procedure defined, initially the parameters required for the application of the
model proposed in this paper are identified (see Table 3). The values of Fg, de, Fro and
oro, Were estimated directly in the curve load-axial displacement of each specimen. A
length of the conical wedge (I) of 40 mm was used for all specimens since the direct
measurement could not be performed. The number of cracks was assessed visualy in
some cases and the reference value of 3 was assumed in specimens without any

information regarding this number.

Tab.3: Input parameters used to predict the TCOD in the Barcelona Test

. Fis  0is  Fra O N |
Specimen kN [mm]  [kN] [mm] [] [mm]

FRC_PF 9 1 15260 136 9600 143 4 40
FRC_PF 9 2 149.50 1.70 84.50 1.82 3 40
FRC_PF 9 3 14095 157 8190 159 3 40
FRC_PF 9 4 15190 176 8800 179 4 40
FRC_PFO95 15530 185 8779 185 3 40
FRC_PF 9 6 155.30 2.36 71.71 2.39 3 40
FRC_SF 40 1 150.50 1.23 112.50 1.26 3* 40
FRC_SF 40 3 157.70 1.33 116.00 1.45 3* 40
FRC_SF 40 4 157.70 1.13 119.00 1.19 3* 40
FRC_SF 40 5 15837 137 11000 139 3* 40
FRC_SF 40 6 151.40 1.33 105.00 1.36 3* 40

UHPFRC_SMF 130 1 32300 106 32300 106 3* 40

UHPFRC_SMF 130 2 325.00 1.16 325.00 1.16 3* 40
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The data provided in Table 3 is used in the model defined in section 4 to convert the axial
displacement (3) to the TCOD. Finally, the latter is compared with the TCOD measured
during the test of each specimen.

Fig. 2 to 4 illustrates the results of the application of the model proposed in one specimen
representative of each type of concrete tested. In every figure, the first graph shows the
curve of the load applied and the axial displacement measured (8) during the test. The
second graph presents the curve relating the axial displacement (5) and the TCOD obtained
in the test and estimated with the model proposed in section 2.2.

Likewise, the third graph compares the final TCOD-load curve obtained experimentally

and the one estimated theoretically from the axial displacement (3).
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3.2 Comparison between both models

Table 4 presents the predicted values of E(TCOD<4mm) for each of the specimens tested
with both Carmona’s and the new model proposed, together with the experimental results
and the relative error of the prediction.

Tab.4: Comparison of experimental and predicted values of E(TCOD<4mm).

E(TCOD<4mm)
[KN-mm]
Specimen Carmonaet al. New Model

EXP. ERR. ERR.

PRED. %) PRED. %)

FRC_PF 9 1 316.04 357.80 -13.21 300.97 477
FRC_PF 9 2 244.68 357.26 -46.01 283.65 -15.93
FRC_PF 9 3 27351 353.93 -29.40 273.19 0.12
FRC_PF 9 4 281.29 362.19 -28.76 306.47 -8.95
FRC_PF 9 5 232.87 392.03 -68.35 296.81 -27.46
FRC_PF 9 6 246.44 291.16 -18.15 28541 -15.81
FRC_SF 40 1 308.22 407.38 -32.17 302.25 194
FRC_SF 40 3 304.17 406.07 -33.50 309.15 -1.64
FRC_SF 40 4 318.95 429.98 -34.81 33352 -4.57
FRC_SF 40 5 316.76 407.71 -28.71 306.52 3.23
FRC_SF 40 6 304.96 37237 -22.10 274.36 10.03
UHPFRC_SMF_130_1 | 876.03 131573 -50.19 867.69 0.95
UHPFRC_SMF 130 2 | 469.65 1086.90 -13143  583.36 -24.21

There is a good agreement between the experimental results and the predictions performed
with the new model of [12]. In some cases, however, a high relative error higher than 10%
may be found. These high values could be the product of the definition of a constant length
of the conical wedge (I = 40 mm) or number of cracks (n = 3), which were fixed in order to
avoid a biased analysis given the lack of detailed information.

It is reasonable to consider that an even better approximation of the experimental results
could be obtained if more data about the specimens tested was available.

The values obtained with the model from [11] clearly overestimate (in all cases) the
E(TCOD<4mm), leading to relative errors considerably higher than the obtained with the
new model (see Figure 5).
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4. Conclusions

The Barcelona Test has proved to be suitable for the systematic control of the tensile
properties of FRC.

Nevertheless, the need to measure the total circumferential opening displacement (TCOD)
of the specimen entails the use of an expensive circumferential extensometer, which limits
the application of the test. Different models to generalize this test were devel oped.

The main conclusions derived from the study performed in this paper are listed below:

The new model developed in [12] provided a clear physical understanding of the
main mechanism observed in the three stages that the specimen undergoes during
the Barcelonatest.

This model considers parameters like the length of the cone (I) and the number of
cracks (n) that may be measured after the test for each specimen.

The comparison with the experimental result indicate that the model is capable of
predicting accurately the entire curve, regardless of the type of concrete
(conventional FRC or UHPFRC), of the type of fibre (steel or plastic, micro or
macro) and of the post-cracking behaviour (with hardening or with softening).

A good agreement between the measured and the predicted values was found for
all cases. The average error of the estimation of the toughness with the
experimental equation from [11] yields a higher average error than [12] for the
same group of specimens.

The results obtained in this chapter validate the new model proposed, thus allowing
a positive simplification of the Barcelona test that can be performed with control of
axial displacement instead of with control of TCOD.

The development of this model alows at the same time the characterization of PFRC by
means of samples with a shape different form the cylindrical, such as the cubic specimen
used in the multidirectional punching test (MDPT) [13].
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