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Abstract
Ductalâ  is a range of ultra-high performance concrete (UHPFRC), co-operatively
developed by BOUYGUES-LAFARGE-RHODIA. Ductalâ  is a technological breakthrough
offering compressive strength of 160 to 240 MPa and tensile strength of over 10 MPa,
with true ductile behaviour. Nevertheless, a key question for using ultra-high
performance concrete for building and housing is to have available design codes and
characterisation methods for such UHPFRC.
This paper synthesises the method for a complete characterisation of tensile properties
of Ductal®. According to the new French Recommendations for UHPFRC, the
characterisation is done in two steps. The first step deals with the limit of
proportionality or strength to localise the first crack. Taking into account scale effect in
flexure, the first-crack strength in direct tension is obtained. The second step deals with
the post-crack resistance. Starting with three points bend tests on notched specimens, an
inverse analysis allows to extract the tensile strength versus crack opening relationship.
Finally, an analysis of the variability is presented and comparison of the previous
approach with direct tensile tests confirms its validity.

1. Introduction

Ductalâ  is a range of ultra-high performance concrete (UHPFRC), co-operatively
developed by BOUYGUES-LAFARGE-RHODIA. Ductalâ  is a technological breakthrough
offering compressive strength of 160 to 240 MPa and tensile strength of over 10 MPa,
with true ductile behaviour. This technology offers the possibility to build structural
elements without passive reinforcements in structural elements and to combine
innovation, lightness, and extreme durability.  Nevertheless, a key question for using
ultra-high performance concrete for building and housing is to have available design
codes and characterisation methods for such UHPFRC.
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This crucial issue was addressed by a working group in France over the period 1999 to
2002. A guide containing scientific and technical recommendations is now available,
meaning that design engineers can now consider the benefits of including metal fibres in
structural elements [1]. This guide is divided into three parts. The first focuses on the
material and the methods of characterising its performance. The second part of this
document covers structural element design basis recommendations, identifying the limit
states and normal and shear stresses involved. The third and final part discusses
durability aspects.
Our aim in this paper is to fully characterise the tensile mechanical performance of a
Ductal® formula, as defined in the French recommendations. We intend to begin by
characterising the first-crack stress, before looking at post-cracking behaviour. Various
experimental programmes have been set up to assess all aspects of the material's tensile
behaviour. We will then establish the relationship between flexural behaviour and direct
tensile behaviour, which will provide a basis for addressing the notion of scale effect.

2. Descr iption of the Ductal® FM formula

Ductal �  concrete has been optimised to satisfy rheological criteria (excellent
workability and self-placing capability), mechanical criteria (very high compressive
strength and non-brittle tensile behaviour) and durability criteria (near-total
invulnerability to all conventional aggressions). These specifications resulted in some
major departures from conventional wisdom in the field of concrete formulation.
Ductal's W/C ratio is in the region of 0.2, meaning that a much smaller quantity of water
is needed than that required from a stœchiometric perspective for the cement. The sand
used has a fine grading, with the largest grains not exceeding around 600 µm in
diameter. The addition of silica fume and optimised use of admixtures are both
absolutely essential. Last but not least, the concrete is reinforced with metal fibres,
which have also been optimised for several criteria. This involved optimising not only
the behaviour of the individual fibres, but also their interactions within the matrix.
A content of 2% by volume of 13-15 mm long fibres with diameters of around 0.2 mm
emerged as a good compromise. Calculating the mean spacing of these fibres in the
matrix gives a result of around 1.6 mm, which is perfectly compatible with the sand
grading used. Furthermore, we can prove that at a 2% dosage, each fibre has sufficient
mobility to satisfy the rheology criterion, without forming clusters, while there is still a
space saturation effect that ensures proper spatial distribution of the fibres throughout
the volume.

3. Character isation tests

Before a structural element©s design basis can be calculated, we need to identify the
material©s tensile behaviour law. Tests must therefore be conducted to ascertain this
tensile performance. The use of direct tensile tests is one avenue, which appears to be
the most direct, although in practice can be very tricky to implement. UHPFRC
concretes release a great deal of energy during crack initiation, and few mechanical
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testing machines are capable of controlling and monitoring this type of experiment. In
addition, even with notched specimens, the exceptional performance of these materials
imposes extremely stringent conditions for direct tensile tests (e.g. a good quality bond
between the specimen and cap, perfect alignment to prevent interference by flexural
stresses, etc.), which make for very long test procedures.

Bending tests are commonly used as a means of evaluating the tensile potential of
concretes (and other materials). It is widely known that the flexural tensile strength of a
material does not exactly match its direct tensile strength. However, certain theoretical
methods involving the scale effect concept make it possible to convert from one
strength to the other. We will come back to this point later.

Thus, for the purposes of the Recommendations and this paper, the tensile behaviour of
Ductal �  is characterised primarily using bending tests. We will nevertheless describe the
procedure for validating the analysis of these results with tensile tests.
We adopted the following configurations from the French Recommendations :
- First-crack stress: four-point bending test on unnotched specimens. This test leads

to a constant bending moment in the central area, with no shear force.
Consequently, the first crack forms in the weakest part of this area, characterising
the dispersion of the material's first-crack strength.

- Post-cracking behaviour: Three-point bending test on a specimen with a notch in
the central section measuring 10% of the specimen height. Here, the aim is not to
evaluate the first-crack stress, but to characterise the contribution of the fibres as
reinforcement of a cracked section. The notch ensures that the fracture occurs in the
central area, reproducing the cracking mechanism. Furthermore, as under flexural
behaviour UHPFRCC entails severe strain hardening, the three-point bending test
on notched specimen reduces the risk of multiple cracking on either side of the
central section.

It should also be noted that the specimen size must be such that the effects of fibre
orientation during manufacture are limited. The Recommendations propose a minimum
dimension of five times the length of the fibres, which in the case of Ductal �  authorises
the use of prism-shaped specimens with a 70*70 mm cross-section.

4. Character ising the mater ial's first-crack strength

The tests were performed on 70*70*280 mm prism-shaped specimens. A device
attached to the specimen enabled the true deflection to be measured (fig. 1). The
deflection during the test was controlled by a LVDT sensor at a rate of 0.1 mm/min.
Using this four-point bending test configuration, it is possible to determine the
material's flexural elastic limit or the first-crack stress in flexure. Figure 2 shows a
series of tests conducted on six specimens; in all, three series have been done in order to
obtain a good estimate of the mechanical properties, the elastic limit and the modulus of
rupture calculated on the basis of the maximum load.
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Figure 1: Deflection measuring device
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Figure 2: Four-point bending test on 70*70*280 mm Ductal �  prism-shape specimens

Figure 2 shows very low dispersion of the material in the linear range, right up to the
maximum equivalent stress. Furthermore, this figure clearly reveals the ductile nature of
Ductalâ  in flexion as the first-crack stress is reached at a deflection of around 80 µm,
while the maximum effort corresponds to a deflection of 0.9 mm, obtained thanks to
fine multiple cracking in the area subject to the greatest moment (photo 1).

Table 1: Four-point bending test results (average of 6 specimens per series)
Elastic limit ( MPa) Max. equivalent stress ( MPa)

Ser ies 1 19.4 SD* =  0.7 43.0 (min. 36.2  max. 47.1) SD* =  3.7
Ser ies 2 18.6 SD =  0.4 43.5 (min. 42.3  max. 44.7) SD =  0.8
Ser ies 3 18.5 SD =  1.1 52.9 (min. 45.1  max. 60.7) SD =  5.3

*SD: Standard deviation
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Photo 1 : Multiple cracking on tensile specimen face after four-point bending test

After the peak, the main crack's location is established and its opening mechanism
depends directly on its tortuosity, location and on how well the fibres are anchored in
the matrix. This accounts for the fact that the softening behaviour varies slightly from
one specimen to another [2].
Table 1 synthesises the obtained mechanical properties and shows a very slight
variation of the results along the elastic limit, with an average slightly below 19 MPa
and a standard deviation of less than one. However, the values obtained for the modulus
of rupture are markedly more dispersed, with standard deviations varying between one
and five. This observation justifies the choice not to use this four-point bending test to
characterise the post-crack behaviour of UHPFRCC.
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Figure 3 : Histogram showing the distribution of the modulus of rupture

As the results are distributed according to a gaussian law (fig. 3), and considering that
the 18 specimens are representative of an infinite population, we can perform a more
precise statistical analysis in order to calculate the properties that characterise this
Ductal �  formula, the elastic limit and the modulus of rupture, with a confidence interval
of 95%. Table 2 summarises this global analysis.
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Table 2: Statistical analysis based on the results from 18 specimens
Elastic limit ( MPa) MOR  ( MPa)

Average (18 specimens) 18.8 46.6

Standard deviation 0.53 5.59

Delta at 95% C.I . 0.3 2.8

Lower  limit 18.5 43.7

Upper  limit 19.1 49.2

The confidence interval of 95% was calculated on the basis of the standard deviations
obtained and the reverse Student's law. Thus, the elastic limit can be said with a 95%
degree of certainty to lie between 18.5 MPa and 19.1 MPa. Similarly, the maximum
equivalent stress is 46.6 MPa ± 2.8 MPa, with a 95% confidence interval. Figure 4
shows the mean curve obtained from the 18 four-point bending tests, and illustrates the
above statistical analysis by means of error bars for the elastic limit and modulus of
rupture.
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Figure 4: Mean curve for the four-point bending tests on 7*7*28 cm specimens

5. Character ising the mater ial's post-crack behaviour

Three-point bending tests were used to characterise post-crack behaviour. These tests
were performed on 70*70*280 mm prism specimens with a 10 mm deep notch. Crack
opening was controlled by an extensometer attached to the specimen (fig. 5), at a rate of
40 µm/min.
This type of test can be used to characterise the material©s post-cracking flexural
behaviour according to the bending moment M in relation to the crack width w at the
notch that determines the crack location. Figure 6 shows the curves obtained from five
specimens, plus the mean curve.
Again, the material©s pseudo ductility is put in front. The material exhibits an essentially
elastoplastic behaviour up to w = 0.5 mm. As already mentioned, these tests do not



CHANVILLARD, Tensile properties of Ductal � , Page 7/14
Fax : (33) 4 74 82 80 00

Mail : gilles.chanvillard@pole-technologique.lafarge.com

provide a sound basis for stating a result for the elastic limit, because of the presence of
the notch.
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Figure 5: Crack width measuring principle for three-point bending test
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Figure 6: Three-point bending tests on notched Ductal �  specimens

However, one might be surprised at the dispersion of these curves, with a maximum
equivalent stress of 32.8 MPa on average with a standard deviation of 3.70, as the very
presence of the notch should limit the width of the curve pattern. Upon examining the
specimens, we noted that in some, between one and three cracks had initiated in the
notch, rather than the single crack theoretically expected. This was probably due to the
depth of the notch, which in view of the material's significant flexural strain-hardening
characteristics, was insufficient to concentrate the stresses in a single section.

6. Direct tensile tests

Tests were performed on 160 mm long prism specimens with a 70*70mm cross-section.
An extensometric device consisting in three LVDT displacement sensors was attached
to the specimen, in order to measure the extension, and the testing machine was
controlled taking the mean readings of these three sensors at a speed of 6 µm/min. The
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specimen was bonded using a metacrylate-based adhesive to aluminium caps fixed on
the testing machine.

6.1 Tests on notched specimens
Two notches were made on opposite sides of the specimen. Such test configuration
makes it possible to localise the cracking area, and then to identify the constitutive
equation relating the tensile stress as a function of crack width. Figure 7 shows the
results obtained, and the mean curve. The stress spikes in each graph reflect the
difficulties controlling the test rate during the sudden release of energy that occurred as
the crack grew.

0

2

4

6

8

10

12

14

16

18

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Crack opening (mm)

S
tr

es
s 

(M
P

a)

Fib118-1
Fib118-2
Fib118-3
Fib118-4
Fib118-5
Fib118-6
Fib118-moy

Figure 7: Direct tensile test on notched Ductal �  specimens

Photo 2 : Typical crack surface of notched specimen tested under pure tensile test

We were unable to estimate the material's elastic limit, for the same reasons as before.
Nevertheless, figure 7 clearly shows Ductalâ 's elastoplastic behaviour up to crack
widths of 0.35 mm. There were also several cracks that began in the notch, and as such
were responsible for these variations in terms of the maximum stresses reached during
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the test, i.e. 13.8 MPa to 17 MPa, with the average being 15.1 MPa and a standard
deviation of 1.23 MPa. Such values are very high and due to the very good efficiency of
the 2% volume content of fibres (photo 2).
It is interesting to compare this value with a very simplified approach to the material's
mechanical behaviour. The potential tensile strength of a fibre-reinforced concrete can
be calculated using the following formula:

S = Sf*Vf*k*g
Where: S is the material's potential direct tensile strength.

Sf is the direct tensile strength of the steel used in the fibres. Ductal �  contains
fibres with an elastic limit of 2,500 MPa.

Vf is the fibre content by volume: 2% in the case of Ductal � .
k is a coefficient that takes account of the orientation of the fibres in the

material. We have assumed a value of 0.6, representing an intermediate fibre
distribution between the 2D and 3D cases. For information, the orientation coefficient is
0.5, 2/p or 1 for 3D, 2D and 1D distributions, respectively.

g is a coefficient that takes account of the effectiveness of the fibre/matrix
combination. With an optimised combination, i.e. one where the fibre is most solicited
when perfectly centred relative to the crack, we can assume g=0.5, to allow for the loss
of efficiency of straight fibres whose anchored lengths vary from 0 to L/2.

This formula yields a potential strength of 15 MPa, which is totally consistent with our
direct tensile tests. The fact that this order of magnitude coincides with our
experimental results supports our view that the fibre/matrix combination used in
Ductal �  works well.

These results can also be compared with those obtained by a reverse analysis of the
bending test results. This method can be applied to the notched specimens' three-point
bending curves in order to deduce the material's tensile constitutive equation [3,4]. The
input parameter for this model is the relationship between the bending moment M and
the crack width w, with the first-crack moment M0 representing a crack width of zero.
This model is based on a kinematics assumption of compatibility between a cracked
area where the fibres are active and an uncracked area where the concrete has a linear
elastic behaviour [5]. This has been validated on many occasions with fibre-reinforced
concretes, and has now been included in the French recommendations on UHPFRCs,
both in relation to design tools and the methods used to characterise the performance of
these materials [1].
Figure 8 shows the mean curve derived from the direct tensile tests on notched
specimens, (see individual curves in figure 6) and the tensile behaviour determined by
reverse analysis on the mean curve calculated from the results illustrated on figure 5.
The experimental results correlate well with the theory. The oscillations in the model
are due to the numerical convergence methods used, and are not representative of the
model. The effect of the notch in the three-point bend tests rapidly disappears, as the
reverse analysis coincides with the experimental curve in terms of amplitude. However,
the crack widths obtained with the model were slightly overestimated, as sometimes
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several cracks initiated in the notch. In such cases, the extensometer (fig. 5) measured
total widths, whereas strictly speaking, the model is based on the growth mechanism for
a single crack. In practice, this multiple cracking does not affect the order of magnitude
of the stresses estimated using the reverse analysis method, inasmuch as the material
basically exhibits a perfect plastic behaviour.
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Figure 8: Results of the direct tensile tests and reverse analysis

6.2 Tests on unnotched specimens
Tests were performed on 160 mm long prism-shaped specimens with a 70*70 mm
cross-section. The extensometer's measuring span was 150 mm. Several tests were
performed, and a typical result is shown in figure 9. This test is very tricky to perform,
as it requires an extremely stiff testing machine and advanced servo-control equipment.
As the specimens are bonded, we repeatedly encountered bond failure problems at the
concrete-adhesive interface. Any defects liable to generate stress concentrations in the
concrete-adhesive interface are critical inasmuch as the adhesive imparts a direct tensile
strength of around 15 MPa to the concrete-aluminium system.
It is interesting to note that the material's elastic limit is in the region of 11.5 MPa, when
the average from several tests is calculated. The curve contains breaks of varying sizes,
which can be attributed to the test control mechanism.  The testing machine had trouble
maintaining the setpoint speed of 6 µm/min when a new crack formed, because a large
amount of energy is suddenly released when a crack initiates, the material becomes
temporarily unstable and a short time is required for the fibres to take up the load. Each
break in the curve represents a new crack; Ductal � 's direct tensile behaviour is
characterised by multiple cracking and strain-hardening (photo 3).
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Figure 9: Direct tensile test on Ductal �  unnotched specimens

Photo 3 : Multiple cracking of Ductal �  in pure tensile test

Another important parameter is given by this test : the elastic modulus represented by
the slope of the linear section. Calculating the average over several tests gives the
relatively high value of 58,000 MPa.
The degree to which the fibres affect the elastic limit can be assessed by using a law of
mixtures to calculate the elastic modulus of the matrix, as the volume and Young's
modulus of the fibres are known, (2% by volume, Ef=210,000 MPa). This simplified
approach is possible on the assumption that the material is homogenous and the fibres
close enough together. On the basis of the above results, this calculation yields:
- Contribution of the fibres to the Young's modulus (law of mixtures): 4,200 MPa
- Elastic modulus of the matrix only: 5,8000 – 4,200 = 53,800 MPa
- Strain at first crack under tensile load: ec = 11.5/58,000 = 1.9.10-4,
- Tensile stress taken up by the matrix: Sm = 1.9.10-4*53,800 = 10.6 MPa.

Thus, the fibres contribute approximately 1 MPa, or less than 9%, to the elastic limit.
This result is very interesting as il leads to the conclusion that the fibres in Ductal �

contribute both at material level (first crack strength) and at the structural level (post-
crack strength).
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7. Scale effect

We have seen that Ductal � 's elastic limit in flexural tension (table 2) is 18.8 MPa,
compared with only 11.5 MPa in direct tension. It is the latter value, however, that is
used in structural design basis calculations. The reason behind this difference is a
phenomenon known as the scale effect. This effect does not exist with perfectly brittle
materials, and is dependent among other things on the specimen's geometry and the
material's damage mechanism. This means that during a bending test, the specimen is
subjected to a compressive-tensile stress gradient, and the material is damaged by
micro-cracking ahead of the crack front, in order to reduce the stress concentrations.
This fracture area enables load transfer to be maintained and creates the scale effect.
Models based on the concept of a cohesive crack seek to model this load transfer in the
damaged area, and are now capable of accurately reproducing what is observed
experimentally. Such models notably introduce an essential mechanical quantity – the
cracking energy – which incorporates the material©s ability to dissipate energy as a crack
grows [6]. To allow for this scale effect, the CEB-FIP code [7] uses the following
simplified formula; the coefficient a depends on the concrete formulation, and varies
between 1 and 2 depending on the concrete©s brittleness:
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In order to determine the value of the a coefficient, we conducted a series of tests on the
basic Ductal �  matrix with no fibre reinforcement, using specimens of varying sizes.
Table 3 summarises the results obtained, and figure 13 shows the scale effect for an a
coefficient of 2.5. The corresponding direct tensile strength is 10.8 MPa, which
coincides perfectly with the value obtained by deduction from the direct tensile tests
after taking into account the contribution made by the fibres.

Table 3 : Evaluation of scale effect on experimental results
Specimen size MOR (exper imental) MOR/St ratio

40*40*160 cm 19.0 MPa 1.76
70*70*280 cm 16.3 MPa 1.51
100*100*400 cm 15.3 MPa 1.42
Direct tension 10.8 MPa

h : specimen height (mm),
h0 = 100mm,
Sf : Flexural strength,
St : Direct tensile strength.
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Figure 13 : Comparison of experimental and theoretical scale effect

It may be surprising to see that the a coefficient required in order to correctly define the
scale effect on the fibre-less matrix is relatively high. This directly reflects the more
brittle nature of UHPFRCCs compared with standard concretes, on account of the much
more compact cement paste and the small size of the largest aggregate grades. Applying
the a coefficient to the tensile and bend test results obtained with the metal fibre-
reinforced Ductal �  yields 18.8/1.51 = 12.45 MPa, compared to a value of 11.5 MPa
obtained experimentally in direct tension. Therefore, in order to faithfully reproduce the
scale effect with these two values, an a coefficient value of 2 must be adopted, which
for a 70 mm high specimen gives:

Sf  = 1.64*St hence St = 18.8 MPa/1.64 = 11.5 MPa

It can be seen that with the fibre-reinforced material the a coefficient must be reduced.
This indicates that the fibres contribute to the scale effect by reducing the material's
brittleness; the fibres also allow more energy to be dissipated, even during the micro-
cracking phase and is totally in accordance with the fact that steel fibres in Ductal �

contribute to the first crack strength.

To conclude on scale effect, we have done a lot of bending tests using various specimen
size. It appears clearly that the variation of the modulus of rupture depends on the fibre
orientation as a main factor and is not subjected to a scale effect.

8. Conclusion

Ductalâ  is a range of ultra-high performance concrete (UHPFRC) whose tensile
performance is such that it need no longer be disregarded in structural design basis
calculations. In simple terms, the Ductal � 's behaviour is elastoplastic up to crack widths
of around 300 µm. Despite this, Ductal �  is not a brittle material, which can be
demonstrated by bending tests on specimens of various sizes. The contribution of the
fibres was revealed in several areas. They significantly improve the first-crack stress
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and provide ductility as cracks open. They also reduce the material's brittleness by
increasing the scale effect.
Lastly, we proved that it was possible to fully characterise the tensile performance of
UHPFRCs by means of three- and four-point bending tests and by using a method based
on the reverse analysis of these materials' behaviour. We obtained very good correlation
with the results from direct tensile tests, which are more problematic to conduct.
The constitutive equation that characterises tensile behaviour is split into two parts, one
covering the stress-strain relationship up to the cracking limit, and the other dealing
with the stress-crack width strain-hardening aspect.
There remains some difficulty in using this second part of the curve in structural design
basis calculations. This is because the failure mechanism systematically causes multiple
cracking, and although the load balance can still be calculated by considering a
particular cross-section, evaluating structural deflection is trickier. Multiple cracking
must be taken into account. One possible way to go is to convert the crack opening into
equivalent plastic strains. Then such non linear approach can be directly integrated in
numerical software [8]. It quickly becomes clear that these multiple cracking materials
actually offer huge ductile potential on a structural scale, comparable, from a design
perspective, to that of reinforced concrete structures.
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