The WST-method for fracture testing of fibre-reinforced concrete
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ABSTRACT

To evaluate the reproducibility of the wedge-splitting test method
(WST-method) and to provide guidelines, a round robin study was
conducted — financed by NORDTEST - in which three labs
participated; see Lofgren et al. [1]. The test results from each lab were
analysed and a study of the variation was performed. From the study of
the intra-lab variations, it is evident that the variations of the steel
fibre-reinforced concrete properties are significant. The investigation of
the inter-lab variation, based on an analysis of variance (ANOVA),
indicated no inter-lab variation. Furthermore, the tensile fracture
properties were interpreted from the test results as a bi-linear stress-
crack opening relationship using inverse analysis.

Key words: Fibre-reinforced concrete, fracture testing, wedge-splitting
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1. INTRODUCTION

Industrialisation of the building industry is presently a very important topic, and use of fibre
reinforcement as replacement for ordinary reinforcement of concrete could play an important
role in this development. In some types of structures like slabs on grade, foundations and walls,
fibres are likely to replace the ordinary reinforcement completely, while in other structures such



as beams and slabs, fibres can be used in combination with pre-stressed or ordinary
reinforcement. In both cases the potential benefits are due to economical factors, but also the
rationalisation and improvement of the working environment at the construction sites. However,
for this to be realised simple test methods have to be available to the concrete industry. This is
imperative for fibre reinforced concrete, where the industry lacks such a method for their daily
production quality control, and it would allow concrete producers to verify and further develop
their products. Further, it would provide the structural engineers with pertinent material data
allowing design of structures that are safe and cost-effective. Moreover, as the design tools of
the structural engineers are becoming more advanced and the design requirements more
complex, fracture mechanical properties are required for structural analysis. This endorses the
view that there is a need for a simple and robust test method for determining the fracture
properties of fibre-reinforced cementitious composites, which can be used by small and medium
size companies in their daily production without having to invest in expensive testing
equipment.

During the past four decades, different methods have been proposed and used to characterize the
tensile behaviour of fibre-reinforced concrete (FRC), for example: by measuring the flexural
strength, as in the early work of Romualdi and Mandel [2]; by determining the behaviour in
terms of dimensionless toughness indices (as prescribed in ACI 544 [3] and ASTM C 1018 [4]);
by determining the flexural toughness using the round panel test (see ASTM C 1550-2 [5]); or
by determine residual flexural strengths at prescribed deflections, see Gopalaratnam & Gettu [6],
Barr et al. [7], and RILEM TC 162-TDF [8]. The most recent recommendations on test methods
for steel-fibre reinforced concrete (SFRC) are those by RILEM technical committee TC 162-
TDF, “Test and design methods for steel fibre reinforced concrete”, see RILEM-Committee-
TDF-162 [8] and [9]. The proposed test methods are a uniaxial tension test (UTT) and a three-
point bending test (3PBT) on a notched beam. The three-point bending test on notched beams is
probably the most widespread method for determining the fracture properties; see RILEM TC-50
FMC [10] for conventional concrete and RILEM TC 162-TDF [8] for steel fibre-reinforced
concrete. The UTT requires sophisticated testing equipment, is quite time-consuming, and it has
been shown that the test results may be affected by machine specimen interaction; see e.g.
@stergaard [11]. Drawbacks to the 3PBT are that the specimen is quite large and heavy;
furthermore, the method is not suited for evaluation of material properties in existing structures.
The wedge splitting test (WST) method, originally proposed by Linsbauer and Tschegg [12] and
later developed by Briihwiler and Wittmann [13], is an interesting test method since it does not
require sophisticated test equipment; the test is stable and mechanical testing machines with a
constant actuator displacement rate can be used. Furthermore, a standard cube specimen is used,
but the test can also be performed on core-drilled samples. Researchers have used the WST-
method extensively, and recently there has been an increased interest in the method. The method
has proven itself to be successful for the determination of fracture properties of ordinary
concrete, at early age and later, see @stergaard [11] and Hansen et al. [14], and for autoclaved
aerated concrete, see Trunk et al. [15]. In addition, the method has been used for the study of
fatigue crack growth in high-strength concrete, see Kim and Kim [16], and fracture behaviour of
polypropylene fibre-reinforced concrete, see Elser et al. [17]. For steel fibre-reinforced concrete
a small number of references can be found; Meda et al. [18] used the WST-method (with three
specimen sizes) to determine a bi-linear stress crack opening relationship through inverse
analysis. Nemegeer et al. [19] used the WST-method to investigate the corrosion resistance of
cracked fibre-reinforced concrete. However, in an experimental study conducted by Lofgren [20]
it was demonstrated that horizontal cracks might develop and thus jeopardise the test; this was



also shown by Leite at el. [21]. However, to the authors’ knowledge no proper recommendations
exist for the testing of steel fibre-reinforced concrete using the WST-method (specimen size,
interpretation, etc).

The objectives of the project were to carry out a round robin test program (see Lofgren et al.
[1]), with three participating labs, in order to verify the reliability of measurements and to
provide guidelines for using the wedge splitting test method. The laboratories participating in
this project were:

DTU —Technical University of Denmark, Department of Civil Engineering;

CTH - Chalmers University of Technology, Department of Structural Engineering and
Mechanics; and

SP — Swedish National Testing and Research Institute.

2. INTRODUCTION TO THE WEDGE-SPLITTING TEST METHOD

In Figure 1 the specimen geometry and loading procedure are clarified. The specimen is
equipped with a groove (to be able to apply the splitting load) and a starter notch (to ensure the
crack propagation). Two steel platens with roller bearings are placed partly on top of the
specimen partly into the groove, and through a wedging device the splitting force, Fsp, is applied.
During a test, the load in the vertical direction, F,, and the crack mouth opening displacement
(CMOD) is monitored.

The applied horizontal splitting force, Fsy, is related to the vertical compressive load, Fy, through
(eq. 1), see RILEM Report 5 [22]:

_ Kk 1-m tan(a)
® "2 tan(a) 1+m cot(a)

(1)

were a is the wedge angle (here a = 15 degrees), and /7is the coefficient of friction for the roller
bearing. The coefficient of friction normally varies between 0.1% and 0.5%. If the friction is
neglected in (eq. 1) the splitting force, Fsp, is about 1.866 x F,, and the error introduced by this
is about 0.4% to 1.9%, see RILEM Report 5 [22].
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Figure 1. Schematic view of the equipment and test setup.

In the WST no measurements are made of the real crack opening — this is often due to
measurement technique or due to specific test circumstances. As can be seen in Figure 2, while
the CMOD is measured at some distance from the tip of the notch the crack tip opening
displacement (CTOD) is the crack opening at the tip of the notch. The CTOD, however,
represents a ‘true’ crack opening and, thus, is an important parameter when evaluating the
fracture properties. Relationships between the CMOD and the CTOD have been evaluated with
the aid of FE-analyses of test results on five different mixes.
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Figure 2. (@) Schematic view of a cracked specimen and the definition of CMOD and CTOD.
(b) The stress distribution in a cracked WST-specimen (h” denotes the total length of
the ligament and a the length of the fictitious crack). (c) Simplified stress
distribution based on the assumption of a constant residual tensile stress fir. X
denotes the height of the compressive zone, dy the distance (for the undeformed
specimen) between the loading points, and dy the distance from the bottom of the
specimen to the point where the splitting load is applied (for the undeformed
specimen).



For the 150- 150 mm? WST-specimens (see section 3.2), the following expression (based on five
mixes with the fibre content varying between 0.5% and 1.0 %) has been evaluated for the
relationship between the CMOD and the CTOD (eq. 2):

CTOD =0.551 CMOD - 0.0084 [mm] )

For the 200-200 mm? WST-specimens, the following expressions have been evaluated for the
relationship between the CMOD and the CTOD (eq. 3):

CTOD =0.533 CMOD -0.0110 [mm] 3)

As the main benefit from fibre reinforcement is the ability to transfer stress across a crack it is
important to characterise the stress-crack opening relationship. Inverse analysis has proven to be
successful for determining the non-linear fracture mechanics parameters from the experimental
result. Inverse analysis — also refereed to as parameter or function estimation — is achieved by
minimizing the differences between calculated displacements and target displacements obtained
from test results (e.g. CMOD), see Figure 3. In this manner, inverse analysis can be used for
determining a s-w relationship from test results of methods like the three point bending test on
notched beams and the WST. The stress-crack opening relationship can either be approximated
as bilinear, multilinear or non-linear. For regular concrete (i.e. without fibres), extensive
research has been carried out to determine the best approach for inverse analysis and different
strategies have been proposed. Of the available approaches, some define the shape of the s-w
relationship as bi-linear — see e.g. Roelfstra and Wittmann [23], Trunk et al., [15], Planas et al.
[24], Dstergaard [11], Bolzon et al. [25], and Que and Tin-Loi [26] — while others use a poly-
linear s-w relationship in conjunction with a stepwise analysis — see e.g. Kitsutaka [27],
Nanakorn and Horii [28]. Some methods have also been used for FRC; see e.g. Uchida et al.
[29], Kooiman [30], Meda et al. [18], Sousa et al. [31], and Lofgren et al. [32].
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Figure 3. Principle of inverse analysis.

A simplified approach to determine a residual tensile stress is to use the given relationships
between CMOD and CTOD (eg. 2 & 3) and an assumption of the height of the compressive
zone. It is then possible to determine the residual tensile stress, fir, at a specific CMOD and
calculate the corresponding crack opening. Figure 2(b) shows the non-linear stress distribution
in a cracked WST-specimen. If this is simplified according to Figure 2(c), assuming a constant
residual tensile stress fir, and that the height of the compressive zone is given by (eq. 4):
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then the residual tensile stress, fir can be calculated by solving the equilibrium equation of forces
(eg. 5) and the equilibrium equation of moment with respect to the position of the neutral axis

(eq. 6):
FtR - Fc - Fsp =0 Fc = FtR - Fsp (5)
* 2
Fi h -x +F, 2y - Fgp dy—x——(CMOD/Z) -
2 3 dy -X
(6)
F, d,+CMOD -0
2 2

3. MATERIALS AND SPECIMEN PREPARATION

3.1 Concrete mix

In this study, all specimens were manufactured at one location and then shipped to the
participating laboratories. Two different mixes were investigated and for each lab six specimens
were prepared, a total of 18 specimens, for each mix. The concrete used in this investigation was
a self-compacting concrete, with a water to cement ratio (w/c) of 0.55 and a fibre content of 40
kg/m® (fibre type Dramix, from Bekaert). Two mixes were made with two different fibre
lengths; see Table 1 for mix composition. In Mix 1 the fibre length was 35 mm and in Mix 2 the
fibre length was 60 mm. The concrete was produced and delivered from a ready-mix concrete
company, AB Fardig Betong. After casting, the specimens were covered with plastic and stored
in a climate room with a constant temperature of 20°C and relative humidity of 65%. The
specimens were shipped after two weeks to the participating labs where they were stored in
water until the time of testing which in most cases took place 28 days after casting. One week
prior to testing the notches were prepared by using a wet diamond saw.

Table 1.  Concrete mix compositions.

Constituents Density Mix 1 Mix 2
[kg/m’]  [kg/m’] [kg/m”’]
CEM II/A-LL 425R 3100 350 350
Filler, micro glass 2500 80 80
Water 1000 189 189
wi/c-ratio - 0.55 0.55
Plasticizer, Sikament 56 1090 0.4 0.953
Aggregates:
00 - 08 mm 2535 971.76 971.76
08 — 16 mm 2637 667.40 667.40
Fibres, kg (Vi) 7800 40 (0.51%) 40 (0.51%)
(Aspect ratio/Length) (65/35) (65/60)
Measured fibre content [kg/m®] :  31.5 36.9
Measured air content” :  8.9% 10.8%

“measured at the concrete plant, 20 litres of concrete was taken out at the back of the truck.



3.2 Specimens

Two different specimen sizes were used, see Figure 4. For the shorter fibre (35 mm long) a
150x150 mm? specimen was used while for the longer fibre (60 mm long) a 200x200 mm?
specimen was used. Both specimen sizes had a thickness of 150 mm and were equipped with 25
mm deep guide notches (see Figure 4).
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Figure 4. Specimen geometries: (a) 150x150 mm? specimens used for concrete Mix 1 (35 mm
long fibres); and (b) 200%200 mm? specimens used for concrete Mix 2 (60 mm long
fibres).

4. TESTS PERFORMED AT THE LABORATORIES

The testing system consists of: frame, actuator, load cell, clip gauge (or other measuring device),
controller and data acquisition equipment as a minimum (see Figure 5). It is preferable to have a
closed-loop controlled testing machine, however, this is not required. The load shall be
measured with an accuracy of —1% of the maximum load value in the test. The accuracy of the
displacement-measuring device, measuring the CMOD, shall be better than —0.01 mm. The
specimens may be removed from the water 60 minutes prior to starting the test. The specimen is
then placed in the testing machine and should be pre-loaded to a level of 50 to 100 N. Thereafter
the test can begin and the testing machine should be operated so that, in the beginning of the
test, the measured CMOD increases at a constant rate of 25 to 50 mm/min for CMOD ranging
from 0 to 0.2 mm. For CMOD values between 0.2 and 2 mm a constant rate of 0.25 mm/min



should be applied. When ti@MOD is larger than 2 mm, the rate of loading may leedased to
0.5 mm/min. The changes in the loading rate shbaldhade progressively in such a way that it
influences the test result minimally — i.e. therais should not be too abrupt as this may result
in a sudden increase in the load. The IGAMOD diagram shall be determined by continuously
measuring and logging corresponding values of #réocal load F,, and theCMOD. During the
first two minutes, data shall be logged with a fregcy not less than 5 Hz; thereafter, until the
end of the test, the frequency shall not be less thHz.
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Figure 5. (a) Experimental setup used at SP (atrém 8501 universal testing machine). (b)
Experimental setup used at CTH (a deformation @blel testing machine - screw
driven).

5. COMPARISON OF TEST RESULTS

5.1 Splitting load-CMOD curves

The test results from each lab have been analysd\gerage splitting load-CMOD curves have
been constructed. Furthermore, an average splitbhad-CMOD curve based on the total test
population (i.e. the individual test results frofhlabs) have also been calculated. The average
curves for the 150x150 nfnspecimens can be seen in Figure 6(a) while theageecurves for
the 200x200 mMspecimens can be seen in Figure 6(b). For the IDmnt specimens, there
are only minor differences between the curves tR@R00x200 mimspecimens, the differences
seem to be larger, and mainly different levelshefpost-peak load are observed.



