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With the increasing number of applications in practice, the demand for standardised test methods and
design rules for Steel Fibre Reinforced Concrete (SFRC) arises. Test methods need to be practical,
which means that they have to be relatively cheap and simple to carry out. Design models should be
easy to use and reliable.

This paper presents a procedure to develop a post-cracking material relation for SFRC by means of
inverse analysis. It shows that mean experimental results from three-point bending tests can be
simulated with high accuracy using a bilinear stress-crack width relation. After determining the
correct procedure to calculate the characteristic values, material safety factors are proposed dependent
on the scatter in the post-cracking behaviour. Finally, a material relation is proposed that can be used
for structural design purposes.
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1. Introduction

Fibre Reinforced Cementitious Composites (FRCC) is the generic term for a large group of compos-
ites with a variety of properties. Cementitious composites, such as concrete, are materials that are
characterised by brittle failure behaviour in tension. The reason for adding fibres to cementitious
composites is to improve this tensile behaviour. Generally speaking, fibres can increase the tensile
strength and the ductility of brittle materials. To what extent the tensile behaviour can be improved
depends on a number of parameters.

In the past decades a lot of research has been carried out on SFRC. Various efforts have resulted in
an increasing number of applications over the past years. Pavements, for example, have been con-
structed with SFRC in different countries all over the world. Quite recently, SFRC has also been
implemented in pilot projects for other applications, such as for the underwater concrete floor at the
Potsdamer Platz in Berlin [Falkner & Henke, 1996] and in the prefabricated tunnel segments for a
tube section in the Second Heinenoord tunnel, near Rotterdam [Kooiman et al., 1999].

With the increasing number of applications in practice, the demand for standardised test methods
and design rules for SFRC arises. Test methods need to be practical, which means they have to be
relatively cheap and simple to carry out and design models should be effective, easy to use and reli-
able. Quite recently, the RILEM Technical Committee 162-TDF published Draft Recommendations
on how to test the behaviour of SFRC by means of a standard three-point bending test and how to
model the uni-axial behaviour by means of a stress-strain relation [RILEM TC 162-TDF, 2000], as
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illustrated by Figure 1. It is the first serious attempt to meet the demand for practical test methods
and reliable material relations.
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Figure 1: Stress-strain relation for SFRC [RILEM TC 162-TDF, 2000]

Several issues were encountered when modelling the post-cracking behaviour of SFRC according to
the stress-strain approach [Kooiman et al., 1997]. One issue was that the derivation of the tensile
part of the stress-strain relation, which is illustrated in Figure 1, follows a remarkable procedure.
According to this procedure the stress values at specific strain limits in the constitutive material
relation are derived from load-deflection diagrams. The curiosity is that these deflections are verti-
cal deformations, measured at mid-span of the beam specimens, and that the procedure relates
these deflections of the beam to horizontal strains in the constitutive material relation.

Another important issue encountered was that crack width control, which is important for Service-
ability Limit State (SLS) calculations of a SFRC structure, was impossible since the strains could not
be translated to discrete deformations.

In addition, test results on standard SFRC beams show that the scatter in the post-cracking behav-
iour is relatively large compared to the scatter in plain concrete. It was, therefore, unclear whether
the material safety factors for plain concrete also apply to the post-cracking behaviour of SFRC.

In this paper, a procedure is proposed to develop a constitutive material relation for the uni-axial
post-cracking behaviour of SFRC by means of inverse analysis of load-displacement diagrams,
resulting from three-point bending tests on notched SFRC beams. The procedure is developed in
such a way that the horizontal deformations in the constitutive material relation can be directly
related to the measurements and that the material relation is suitable for crack width control in SLS
calculations. Based on experimental research on the scatter in the post-cracking behaviour and

standard reliability methods, a design relation is developed for structural design purposes.
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Section 2 shows how test results have been obtained and demonstrates that the scatter in the post-
cracking behaviour of standard test beams is relatively large when compared to specimens with
larger cross-sections. The procedure to compute load-displacement diagrams is explained in
Section 3, in which they are compared to mean test results. In Section 4, standard reliability meth-
ods have been used to convert the mean material relation into a design relation. It is shown how to
calculate characteristic values and how to determine the material safety factor for the post-cracking
behaviour of SFRC. Finally, the concluding remarks and future perspectives provide thoughts on
the applicability of the design model and future research topics.

Experimental research on the post-cracking behaviour of SFRC

Research parameters

The coefficient of variation is a measure for the scatter. As it will be shown in Section 4, the coeffi-
cient of variation is an important parameter in the determination of design values in the material
model for structural design purposes. Until now, it has never been investigated in what way and to
what extent the scatter in the post-cracking behaviour is affected by fibre additions. Before investi-
gating the occurrence of scatter in the post-cracking behaviour of SFRC, it is important to determine
the main research parameters. Kooiman [Kooiman, 2000] showed that many parameters influence
the post-cracking behaviour of SFRC. It was shown that fibre characteristics, fibre quantity, fibre
distribution in the matrix, fibre orientation with regard to the crack plane and the quality of the
cementitious matrix surrounding the fibres all affect this behaviour at the same time. Although it is
hard to influence fibre orientation and fibre distribution, it is obvious that varying the matrix qual-
ity, the fibre characteristics and/or the fibre volume will cause a change in the post-peak behaviour.
Table 1 shows the parameters varied in the experimental research carried out within the scope of
this research to investigate the occurrence of scatter in the post-cracking behaviour.

Table 1. Main research parameters to investigate scatter in the post-cracking behaviour

Research variables Parameter Range
Matrix quality Compressive strength 59.3 - 81.1 MPa
Fibre volume Fibre dosage 40 - 60 kg/m? (V; = 0.51-0.77 %)
Fibre characteristics Aspect ratio L,/d; 60 - 80
Tensile strength fibres 1100 - 2700 N /mm?

Table 2 shows the mix compositions that have been used in this experimental research in order to
provide a difference in matrix quality. In both mixtures glacial river gravel was used with a maxi-
mum grain size of 16 mm.
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Table 2. Concrete mix compositions used in experiments

Mix components mix 1 mix 2

Portland cement 87.5kg/m® CEM152,5 87.5kg/m* CEM 152,5
Blast furnace cement 262.5kg/ m® CEM III/B 52,5 262.5kg/ m® CEMIII/B 42,5
Sand 0-4 mm 43 % 48 %

Gravel 4-16 mm 57 % 52 %

Superplasticiser 1.4 % (relative to cement) 1.0 % (relative to cement)
Water/binder ratio 0.42 0.45

Table 3 shows the mean cube compressive strength f,.., and the mean tensile splitting strength
f

fctm,sp!

L,/d; of 60/0.75 and a tensile strength of 1200 N/mm?”.

, of mix 1 and 2, reinforced with 60 kg/m® hooked-end steel wire fibres, having an aspect ratio

Table 3. Mean compressive and tensile splitting strengths

fieem (N/mim?) ffctm,spl (N/mm?)
mix 1 81.1 4.6
mix 2 59.3 35

Testing method

In the experimental programme carried out within the scope of this research, the three-point bend-
ing test on notched specimens was chosen to investigate the variation in the post-cracking behav-
iour of SFRC. This choice is based on several arguments.

Firstly, a simple, cheap and reliable test method is necessary to meet the demand from practice for a
standard test. The three-point bending test is a reasonably simple, cheap and reliable testing
method.

Secondly, structural applications of SFRC (slabs on grade, underwater concrete slabs, shield tunnel
linings) mainly concern loading by bending moments. Because of the possibility of redistributing
stresses in such statically indeterminate structures, the application of SFRC can increase the load-
bearing capacity enormously when compared to the load-bearing capacity of statically determinate
members [Schniitgen, 2000]. Before studying the load-bearing capacity of such a structure, the pos-
sibility of multiple cracking needs to be examined. However, when testing SFRC mix compositions
that are used for slabs and underwater concrete by means of a bending test, only one crack occurs.
The location of this single crack cannot be accurately predicted in case of a four-point bending test.
A three-point bending test with a notch is much more convenient, because crack initiation is fixed at

mid-span.



Thirdly, Kooiman [Kooiman, 1997] showed that in case of SFRC with a relatively high compressive
strength and a maximum practical fibre volume, multiple cracking can be observed in a four-point
bending test. It was found, however, that the occurrence of more than one crack depended on geo-
metrical boundary conditions, such as the distance between the two point loads on top of the beam.
However, before studying crack patterns and crack distances, it is necessary to be able to analyse a
single cross-section in bending. The three-point bending test enables the analyses of a single cross-
section.

Finally, the three-point bending test has been recommended by a RILEM Committee to test and
model the softening behaviour of SFRC [RILEM TC 162-TDF].
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Figure 2: Set-up three-point bending test

Testing frame

The tests were carried out in a stiff, steel test frame. In this frame, the specimens were supported by
steel roller supports that were placed on roller support systems (see Figure 2). The central support
was connected to a load cell that was fixed to the test frame.

Support systems

For three-point bending tests, Guinea et al. [Guinea et al., 1992] analysed the influence of the exper-
imental equipment on the fracture energy of plain concrete. It was found that energy dissipation at
fixed supports resulted in a considerable contribution to the apparent fracture energy, when com-
pared to results with roller bearings. To avoid as much frictional resistance as possible, roller sup-
port systems were used to support the beams in the research described below. Two steel rolls with a
diameter of 60 mm were fixed on top of the roller support systems. Although in this case both sup-
port systems were able to move freely in horizontal direction they slightly differed from each other,
as Figure 3 shows. Rubber strips made it possible for one roll to rotate freely so that a restrained
deformation as a result of torsion could not occur. Torsion was expected as a result of non-symmet-
rical size differences and a non-homogeneous fibre distribution in the cross-section.
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Figure 3: Roll support systems

Deformation-controlled testing

To investigate the post-cracking behaviour of steel fibre reinforced concrete it was necessary that
the tests were performed on a deformation-controlled basis. This was provided by a closed-loop
system, controlled by the deformation measured at the notch tip. Due to the fact that fibres tend to
segregate when test specimens are compacted, there is a difference in deformation between both
sides. Therefore, it was decided to control the test by averaging the measured deformations on both
sides of the specimen. In the initial test series, the deformation rate of testing was 1 mm/s. Later, in
the second test series the beams have been loaded up to very large deformations (> 20 mm). The
rate of testing in that case was also 1 mm/s. However, after a crack opening displacement of 5 mm
had been reached, the rate of testing was increased up to 50 mm/s.

Measurements

To measure the applied loads a load cell was connected to the steel roll on top of the beam that
introduced the point load at mid-span. The capacity of this load cell was 400 kN with a measure-
ment accuracy of 0.05 kN. On top of the load cell a hinge was applied to prevent possible effects of
restrained deformations due to torsion. Linear variable displacement transducers (LVDT’s) were
used to measure the crack opening displacement (COD), i.e. the horizontal displacement of the
LVDT at the notch tip (see Figure 2), on both sides of the beam. In the initial test series the maxi-
mum displacement of these LVDT’s was 5 mm with an accuracy of 1.2 pm and the measuring
length was 40 mm. In the second test series, the beams were loaded up to larger deformations (> 20
mm) and the maximum displacement of the LVDT’s was 100 mm with an accuracy of 21 um. The

measuring length in that case was 100 mm.
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Test specimens

The initial test series consisted of six test beams and six cubes of which three cubes have been used
to determine the compressive strength and three to check the tensile splitting strength. The rib
length of these cubes was 150 mm. These standard compressive and splitting tests were carried out
by force-control in a hydraulic press. In case of the tensile splitting tests, 3 mm thick and 15 mm
wide strips of triplex were interposed between the loading platens and the specimen. Small test
beams (150x150x600 mm?®) were initially poured in steel moulds (size accuracy + 1.5 mm). These
‘standard’ beam specimens were compacted by placing the moulds on a vibration table. In addition
to the ‘standard’ beam specimens, larger specimens were also cast (see Figure 4). These specimens
were poured in a larger mould with a size accuracy of + 3.0 mm. They were compacted by means of
vibration motors underneath the mould in which they were poured.

According to Bazant [Bazant, 1984], the span length to beam depth ratio 1/h has to be higher than
2'/2 to prevent energy dissipation at the supports. Furthermore, the notch depth to beam depth
ratio a/h should be in the range of 0.15-0.5 and the notch width should be smaller than half the
maximum grain size. The experiments carried out within the scope of this research met the
demands of Bazant concerning the dimensions of the test specimens.
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Figure 4: Specimen sizes tested within the scope of this research

In a second test programme, it was decided to pay more attention to the production conditions since
these conditions can seriously affect the test results. The latter will be shown in the next section. The
procedure for casting the specimens and filling the moulds is shown in Figure 5a, according to the
Draft Recommendation of the RILEM TC 162 TDF [RILEM TC 162-TDF, 2000]. All specimen sizes
were cast in one large mould so that the vibration conditions were similar for all specimen sizes.
After the specimens were compacted, plastic cover sheets were used to prevent early drying of the
specimens. All specimens were stored in the laboratory for 1 or 2 days (at a temperature varying
from 18 to 24 degrees Celcius) until they could be demoulded and placed into a climate-conditioned
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room at a constant temperature of 20 degrees Celcius and a relative humidity of approximately
99%. All test specimens were tested at an age of 28 days + 1 day. The loading direction was perpen-
dicular to the pouring direction (see Figure 5b). Before testing, the specimens were notched with the

help of a diamond saw.

top surface during casting
S
S

T
t
;
| notch
t 'Y
:
2 1 2 !
t
H . .
Py ! cross-section specimen
v
i
;

numerals indicate the order of casting

(a) Filling order (b) Filling direction
Figure 5: Filling procedure for casting the specimen [RILEM TC 162-TDF, 2000]

Test results

Determination of energy absorption capacity Gy and coefficient of variation Vg

To analyse the post-cracking behaviour of SFRC, it is common practice to determine toughness val-
ues. The toughness of steel fibre reinforced concrete Dy, is determined by calculating the area under
the load-displacement curve [ACI Committee 544, 1988]. In case of SFRC, the ductility increases
considerably compared to plain concrete. Therefore the tail of the load-displacement diagram is
often cut at displacements that are 10 to 20 times larger than the maximum displacement for plain
concrete, [RILEM TC 162-TDF, 2000]. Usually the surface below the linear elastic part of the load-
displacement diagram is subtracted from the total toughness value of SFRC to determine the effect
of the fibre addition. In case of low fibre volumes, this is necessary to determine the real contribu-
tion of the fibre addition. In case of the fibre volumes applied within the scope of this research, how-
ever, the surface beneath the linear elastic branch of the load-displacement diagrams is negligible
compared to the considered toughness values of SERC. Therefore, the contribution of the concrete
matrix has been taken into account in the toughness values presented hereafter.

According to RILEM TC-89 FMT [RILEM TC-89 FMT, 1990], the energy absorption capacity G, of
the cross-section can be calculated by dividing the toughness D;, by the beam’s cross-section. With
the beam width b, beam depth h and notch depth a, this becomes:

Dy (8) )
Gte® = 5 h=a)

In the determination of the total toughness D, the effect of the specimen’s weight is accounted for
by the additional toughness AD,, ,,, illustrated by the shaded area in Figure 6. In this case, the tests
were stopped at a deformation §. To account for the weight-effect, in this chapter only the contribu-
tion AD,
is not accounted for, as its contribution to D, is negligible. AD,. , as displayed in Figure 6, however,

up to the deformation at test stop is taken into account (see Figure 6). The triangle OO’O”

fe,w



is considerably exaggerated for reasons of illustration. Calculations showed that in case of the SFRC
mixtures under consideration, the contribution to the energy absorption capacity of the triangle
OO’0” was less than 1% at §, = 2.0 mm. In addition, the dead load that was accounted for in these
calculations was less than 1% of the maximum load.
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Figure 6: Contribution to the total toughness of the specimen’s weight

With G',(3) as the energy absorption capacity of the i* test specimen at crack opening displacement
8 and Gy,,,(8) as the mean value of the energy absorption capacity of the test series (consisting of n
tests), the standard deviation s;(8) was calculated as follows:

()]

i 2
2(Gg(® = Gen(®)
i=1

SG(S) =
n—1
The scatter in the post-cracking behaviour of SFRC can be quite large, which causes a high standard
deviation. At the same time the mean value of the energy absorption capacity can vary significantly.
To visualise the combined effect, the coefficient of variation V can be determined by the following
equation:

SG(®) 3)

Effect of matrix quality on mean Gy, values and coefficient of variation Vg

Characteristic load-displacement (P-8) curves as a result of bending tests on ‘standard’ SFRC speci-
mens (150x150x600 mm?®) are shown in Figures 7 and 8 for mix 1 and 2 of Table 2. To both mixtures
0.77 % (or 60 kg/m®) of hooked-end (low carbon) steel wire fibres were added with an aspect ratio
of 80 (L,/d;=60/0.75). As Figures 7 and 8 show, a considerable scatter occurred in the post-cracking
stage of the test results. It is obvious that the scatter in the higher strength SFRC of mix 1 exceeds the
scatter in the test results of mix 2.
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Figure 7: Load-displacement curves mix 1
(freom = 81.1 N/mm?, V= 0.77%, L¢/ d; = 60/0.75)
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Figure 8: Load-displacement curves mix 2
(freem = 59.3 N/mm?, V= 0.77%, L,/ d; = 60/0.75)

Figure 9 shows the effect of the concrete strength on the mean energy absorption capacity Gq,,. The

mean G,, values for crack openings up to 2.5 mm are lower for the lower strength concrete. It can be

seen that within the tested range of deformation, the energy absorption capacity G, of the cross-

section increases almost linearly. Figure 10 shows that the coefficient of variation V, which is a

function of the displacement, is considerably smaller for the lower strength SERC of mix 2. Initially,
it was thought that this was due to the fact that the fibres tended to break in the high strength
matrix of mix 1, which was clearly heard during execution of the tests. Hereafter, however, it will be

shown that fibre rupture has nothing to do with the steep increase in V, just after first cracking.
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Figure 9: Effect of concrete strength on Gy,
(low carbon fibres: Vf =0:77%, L/df= 60/0.75)
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Figure 10: Effect of concrete strength on V
(low carbon fibres: V= 0.77%, L/df =60/0.75)



Effect of fibre characteristics on mean Gy, values and coefficient of variation Vg

To investigate the effect of fibre rupture on the magnitude of scatter in the post-cracking behaviour,
the high strength concrete matrix of mix 1 has also been tested with two other fibre additions. The
first was 0.77% of hooked-end high carbon steel wire fibres with a tensile strength of 2700 N/mm?
(and L,/d; = 60/0.75) and the second was 0.77% of hooked-end low carbon steel wire fibres with a
tensile strength of 1100 N/mm? (and L;/d; = 60/0.92). These fibre additions were chosen such that
fibre rupture was prevented.

Figure 11 shows that the mean G, values were not very sensitive to the change in aspect ratio (from
80 to 65) and to an increase in fibre strength (1100 N/mm? for low carbon fibres and 2700 N/ mm?
for high carbon fibres). Figure 12 shows that the aspect ratio and the fibre strength do not really
affect the coefficient of variation V; in this particular range of deformations. It seems as if the fibre
type does not influence the post-cracking behaviour as much as the concrete strength.
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Figure 11: Effect of fibre characteristics on G, Figure 12: Effect of fibre characteristics on Vg
(mix 1: £ = 81.1 N/mm?* V= 0.77%) (mix 1: £, = 81.1 N/mm?% V= 0.77%)

In a second experimental programme various bending tests have been carried out up to very large
deformations. In this case mix 2 was used instead of mix 1. Not only a 60 kg/m? fibre addition was
tested with an aspect ratio of 60/0.75 = 80, but also a mixture with fibres having an aspect ratio of
30/0.5 = 60. The mean values of the energy absorption capacity have been plotted in Figure 13. It is
obvious that the aspect ratio significantly influences the mean energy absorption capacity at larger
deformations than 2.5 mm. On the other hand, Figure 14 confirms that the effect of the aspect ratio
on the coefficient of variation Vg is relatively small.
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Figure 13: Effect of aspect ratio on Gy, Figure 14: Effect of aspect ratio on Vg
(mix 2: £, = 59.3 Nfmm?, V= 0.77%) (mix 2: £, = 59.3 Njmm?, V, = 0.77%)

Effect of fibre volume on mean Gy, values and coefficient of variation Vg

To investigate the effect of fibre volume on the occurrence of scatter in the post-cracking behaviour
two different fibre volumes have been added to mix 2. Figure 15, as expected, shows that the mean
G,. values decreased as the added fibre volume was decreased. At the same time Figure 16 shows
that the coefficient of variation is much higher for the mix with the lower fibre volume. It is obvious
that the scatter in the post-cracking behaviour increases considerably as the added fibre quantity is
lowered. Again the steep increase occurs just after cracking, within the first 0.5 mm of deformation.
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Figure 15: Effect of fibre characteristics on G, Figure 16: Effect of fibre characteristics on Vg
(mix 2: £, = 59.3 Nfmm?, L,/d, = 60/0.75) (mix 2: £, = 59.3 Nfmm?, V, = 0.77%)

Effect of an increasing beam width on the mean G, values and scatter
To determine the effect of the beam width b, mean G,-values at a crack opening displacement of 2.0

mm (G, ,,) have been compared for different beam widths. Figure 17a shows the G, ,,-values of



specimens manufactured with mix 1 for three beam widths. In Figure 17b, G, is presented for
mix 2.

Quite surprisingly, the value of Gy, ,, increased with an increasing beam width b, although the
increase is relatively small after b = 300 mm. G, ,, was expected to be independent of the beam
width, according to equation (1). If any influence could be expected, this would be a decrease in
Giemp0 With b, because of a smaller boundary effect. This large deviation can only be caused by dif-
ferences in the filling and compacting procedure between the ‘standard’ beams (b = 150 mm) and
the wider test specimens, since all other conditions (mix composition, fibre addition, dimensions)
were held constant.
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Figure 17: Effect of beam width on energy absorption capacity Gy, and standard deviation s

As it was mentioned earlier, in a second test programme the production techniques used to manu-
facture the test specimens were kept as similar as possible for all specimen sizes. After repeating the
test series on mix 2, Figure 18 shows that the energy absorption capacity G, ,, is more or less con-
stant. The Gy, -values do not deviate much from one another and are comparable to the G, , -
values shown in Figure 17b, except for the ‘standard’ test specimens with b = 150 mm.
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Figure 18: Effect of increasing beam width on Gy, ,,
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To investigate this phenomenon, the number of fibres in the cross-sections was counted after breaking
the test specimens and dividing the crack faces into five layers of each 25 mm deep (see Figure 19).

Figure 19: Determination of the number of fibres in a cross-section

In Figure 20 and 21 the number of fibres per cross-sectional area is plotted for mix 2 and increasing
beam widths. Figure 20 presents the mean number of fibres per cm? in the beams of the initial test
series of which the Gy, ,, values were shown in Figure 17b. Figure 21 represents the mean number
of fibres in the beams of the second test series of which the G, ,, values are shown in Figure 18.
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Figure 20: Number of fibres per cm? in 1* test series  Figure 21: Number of fibres per cm? in 2™ test series

Figure 20 shows that the number of fibres per cm? is lower in the 150 mm wide beams than in the
wider beams. This is rather strange since the added fibre quantity was not altered. On the other
hand, Figure 21 shows that the number of fibres per cross-sectional area was more or less constant
in case of the additional test series, in which all beams were poured and compacted in the same
way. In the first test series, the filling mode of the moulds and the compacting process of the small
beams caused a smaller number of fibres at mid-span.

When comparing Figure 20 to Figure 17b and Figure 21 to Figure 18 it looks like the energy absorp-
tion capacity is related to the number of fibres in the crack plane. This confirms the findings of
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Stroband [Stroband, 1998] who found a strong correlation between the number of fibres in the
cross-section and the fracture energy derived from uni-axial tensile tests.

Effect of the beam depth on the mean Gy, values and scatter

Figure 22 shows the effect of the beam depth h on the mean energy absorption capacity G, and the
standard deviation s at a crack opening of 2.0 mm. The presented figure results from the test series
on 450 mm wide beams made of mix 1 of Table 2. It looks like there is no size-effect, since the mean
values do not deviate much from each other (< 10%). Furthermore, it seems that the beam depth
does not influence the scatter. Figure 23 shows that the coefficient of variation is quite small (5%) in
this range of deformation.

35 Gfem,2.0 [KN/mm] 25 Vg [%]
3.0 v [} s 150 x 450 mm2
AT B 20 = = = = 300 x 450 mm?
2.5 s 450 x 450 mm?
-5 mix | 10F
1.0 I8t test programme -
60 kg/m3 high carbon fibres S5H
0.5 (L= 60/0.75)
0 | | L 0 Il i Il
0 150 300 450 600 0 0.5 1.0 1.5 2.0 2.5
h [mm] 8 [mm]
Figure 22: Effect of beam depth on G, 5, Figure 23: Effect of beam depth on V4

Discussion of test results

The test results showed that the concrete strength, the fibre volume and the specimen size are the
most dominating parameters that cause scatter in the post-cracking behaviour of SFRC.

After increasing the concrete quality (from f,, = 59.3 N/mm? of mix 2 to f, = 81.1 N/mm? of mix
1), the coefficient of variation increased considerably. The combination of concrete quality and fibre
volume seemed very critical. The matrix strength was increased to such a level that at crack initia-
tion the mean pull-out load per fibre in the section of the beam just above the notch approached the
maximum pull-out load of the fibre type. In the case that there were few fibres located near the
mostly stressed zone, the fibres immediately broke/slipped and the load-displacement curve
dropped after crack initiation (see the three ‘dropping’ curves in Figure 7). On the other hand, in the
cases that many fibres were located in the most stressed zone, the applied load in the bending test
increased after crack initiation. This can be explained by the fact that the mean pull-out load per
fibre is lower than the maximum pull-out load. Obviously, the fibre distribution starts to play an
important role at the considered critical combination of concrete strength (f;, = 81.1 N/mm?) and
fibre volume (V; = 0.77%).

fecem
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By decreasing the fibre volume in mix 2 (from V;= 0.77% to V= 0.5%), it was confirmed that the
scatter increased as the number of fibres decreased. The considered combination of concrete
strength (f.,, = 59.3 N/mm?) and fibre volume (V, = 0.5%) resulted in a similar magnitude of the
coefficient of variation as in case of the critical combination of mix 1 (f,,, = 81.1 N/mm?) and

60 kg/m® (V; = 0.77%) of hooked-end steel wire fibres.

Although material size effects in the post-cracking behaviour of SFRC were not observed, some
size-related effects were found that seem to be of significance when modelling the post-cracking
behaviour of SFRC. The size of the cross-section, for instance, strongly affects the scatter in the post-
cracking behaviour. It was observed that in case of critical combinations of matrix quality and fibre

volume, the scatter decreased considerably when the size of the loaded cross-section was increased.

3. Modelling the post-cracking behaviour of SFRC

3.1 Computational procedure
As Section 2 showed, the three-point bending test was chosen to test the post-cracking behaviour of
SFRC. The tests, however, do not immediately result in a stress-crack opening relation that is

suitable for the use in design calculations.
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Figure 24: Inverse modelling procedure [Roelfstra & Wittman, 1986]
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Figure 24 shows a schematic representation of the inverse modelling procedure according to Roelf-
stra and Wittmann [Roelfstra & Wittman, 1986]. It can be subdivided into four levels. The first level
is the input level. On this level geometrical boundary conditions are set and assumptions are made
concerning the uni-axial behaviour of the composite material. The second level is the numerical
level where the fracture geometry under consideration is analysed, which in this case is the cross-
section of a notched SFRC beam. The third level is the level where the accuracy of the load-crack
opening displacement is checked. On this level, the deviation between the computational and
experimental results is calculated. Depending on this deviation and the permissible error, the analy-
sis is repeated using a modified softening diagram until the error is smaller than the predefined
accuracy. The fourth level is the output level, presenting the final parameters of the tensile softening

diagram.

Level I: the input level
In the input level of the inverse modelling approach, geometrical boundary conditions and the uni-

axial material behaviour are set. In this modelling procedure, the effective beam depth h;,, (beam

Tig
depth minus notch depth), the beam width b and the span length 1 are input parameters cf)ncerning
the geometry of the specimen. In addition, the uni-axial material behaviour of SFRC is defined by
setting three material relations:

1. A stress-strain diagram for SFRC in compression (see Figure 25a). In the analyses of SFRC cross-
sections, the compressive behaviour is described by the mean compressive strength and an
assumption concerning the linear elastic and ultimate strain limits. The linear elastic strain limit
in compression is set at 1.75%o, which corresponds to the design codes for structural concrete.
Kooiman [Kooiman, 2000] showed that the influence of the initially assumed post-peak behav-
iour in compression can be relatively large. It was shown that assuming a linear post-peak
behaviour up to an ultimate strain limit of 10%. leads to good results.

2. A stress-strain diagram for SFRC in linear elastic tension. The linear elastic behaviour in tension
is determined by the uni-axial tensile strength of the SFRC under consideration and the linear
elastic strain limit. The uni-axial tensile strength f; . . is related to the tensile splitting strength
ficimsp1 Of the mix composition under consideration. Kérmeling [Kérmeling, 1986] showed that in
the case of SFRC test specimens made of similar mix compositions as were used in the scope of
this research, the axial tensile strength to splitting strength ratio was in the range of 0.7-0.8. The
linear elastic strain limit is chosen in such a way that the linear elastic branch of the computed P-
d curves fits the elastic part of the measured curves.

3. A stress-crack width relation for the post-cracking behaviour of SFRC. As the next Section will
show, a bilinear softening relation for SFRC can satisfy both demands, depending on the param-
eters in this relation (see Figure 25b) and the other input parameters in the inverse modelling
procedure. For physical reasons, the input value of w, cannot exceed the maximum embedded
fibre length of /2 L;. Kooiman [Kooiman, 2000] showed that the crack width w, can be related to
the average projected embedded fibre length. The only parameters to be varied in the inverse

modelling procedure are the equivalent post-cracking strength f , and the characteristic

fctm,eq,bil
crack width w.
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Figure 25: Material relations for SFRC

Level II: the simulation level

The simulation procedure used in level II of the inverse modelling procedure is based on the so-
called multi-layer procedure developed by Hordijk [Hordijk, 1991]. This simulation procedure was
used by Hordijk to study the bending behaviour of plain concrete. The reason for analysing SFRC
cross-sections by means of the multi-layer procedure is because of the simplicity of the model. It can
be easily programmed in a spreadsheet, in which parameters can be easily varied to investigate the
effect of each parameter. :

In contrast to Hordijk, who simulated load-deflection curves for plain concrete, the multi-layer procedure
was used in the scope of this research to simulate and analyse load-crack opening displacement dia-
grams, such as those resulting from three-point bending tests as described in Section 2.

L

Bnotch

Figure 26: First basic principle of the multi-layer simulation procedure [Hordijk, 1991]



The multi-layer procedure is based on three principles. Figure 26 demonstrates the first principle of the
multi-layer procedure. It shows that the beam is divided into two halves, which are connected by springs
above the notch. Each spring represents the behaviour of a small layer. Furthermore, it is assumed that a
linear displacement distribution describes the deformation over the effective beam depth.

The second principle of the procedure is demonstrated in Figure 27. For each spring the deforma-
tion is determined by calculating the average deformation in the corresponding layer. For each
layer, the stress can be determined from the stress-displacement relation of the springs. From the
linear deformation distribution the corresponding contributions to the normal force N and the
bending moment M are calculated for each layer. After adding the contributions of all layers, the
internal force N and bending moment M are known. Equilibrium is found when N is equal to zero.
The corresponding internal bending moment is equal to the external bending moment caused by
the applied load on the beam. As a result, the external load can be easily determined from the inter-

nal bending moment.
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Figure 27: Second basic principle of the multi-layer simulation procedure [Hordijk, 1991]

The third principle of the model is the incremental procedure. In small steps the displacement at the
notch tip is increased with a marginal displacement AS, ;.. After each step, iteration is necessary to
accomplish the equilibrium of forces in the cross-section: the displacement at the top of the beam d,
is adjusted until N is equal to zero. At this state of equilibrium, the crack opening displacement at
the notch tip 8, and the bending load P that corresponds to the bending moment M, are plotted.
By repeating the incremental steps, the load-crack opening displacement diagram is simulated, as
Figure 28 demonstrates.
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Figure 28: Third basic principle of the multi-layer simulation procedure

The multi-layer simulation seems quite straightforward to carry out. However, the stress-displace-
ment characteristic of the springs is a combination of the uni-axial material relations set in the input
level: the stress-strain relation for the compressive zone, the linear elastic tensile relation for the
uncracked tensile zone and the stress-crack width relation for the cracked tensile zone. To combine
these relations and produce a linear deformation distribution over the beam depth (as shown in
Figure 28), Hordijk introduced the influence length I, By multiplying this parameter with relative
deformations in compression and in linear elastic tension, strains are converted to discrete displace-
ments so that load-crack opening displacement diagrams can be computed and compared to the
mean results of three-point bending tests.

In his multi-layer simulations, Hordijk [Hordijk, 1991] showed that the influence length I; strongly
affects the maximum load-bearing capacity of plain concrete cross-sections in bending and hardly
influences the tail of the load-deflection curves. To check whether or not the same effects apply on
the load-crack opening displacement diagrams, the exercise done by Hordijk was repeated. Figure
29 shows the input relations that describe the uni-axial behaviour of the concrete under considera-
tion.

Occ G(;I/fclm, ax Gct/fclm,a_\
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(a) o—€relation for compression  (b) Linear elastic tensile behaviour  (c) Tensile softening behaviour

Figure 29: Input relations for plain concrete
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For concrete in compression, Figure 29a illustrates the bilinear stress-strain relation according to the
Dutch design regulations for concrete structures. The simulations are carried out for mix 2 of Table
2, without the addition of fibres. As the concrete compressive strength is not influenced by the addi-
tion of fibres, the mean cube compressive strength is assumed to be equal to 59.3 N/mm?. The linear
elastic behaviour in tension is often defined by the uni-axial tensile strength f; . and the corre-
sponding strain limit €, ,, (see Figure 29b). According to tensile tests carried out by Kérmeling
[Kérmeling, 1986] on plain concrete with a mean cube compressive strength .. of 55-60 N/mm?,
the displacement at the peak load was equal to 0.02 mm. The measuring length applied by
Kormeling was 100 mm. Hence, the strain limit was equal to 0.2 %o. The mean uni-axial tensile
strength £,

ctm,ax

in case of the tests of Kormeling was equal to 2.8 N/mm? for a testing rate of

0.125 pum per second. Figure 29c illustrates the assumed bilinear tensile softening relation for plain
concrete, as proposed by Wittmann et al. [Wittmann et al., 1988]. In this case, the crack width 0
was set at 0.5 mm.

Using the input material relations of Figure 29 in the multi-layer procedure, Figure 30 shows the
effect of the influence length 1, in case of ‘standard’ beam specimens (see Section 2.3). Obviously,
the influence length has the same impact on the load-crack opening displacement diagrams as
Hordijk’s fictitious length on the load-deflection diagrams. Figure 30a shows that the peak load
decreases when the influence length increases and that the tail of the bending behaviour is not
affected. It can also be observed that the effect of the influence length on the pre-peak behaviour is
relatively large. This is no surprise since the concrete stiffness in the procedure is directly related to
the influence length (8, = &;..1,).

In SFRC for practical applications, the uni-axial compressive and tensile strength is not really
affected by adding steel fibres to the mix. When it is assumed that these strength values remain the
same as in Figure 30a, Figure 30b shows that the effect of the influence length on the flexural behav-
iour of SFRC is much smaller than in case of plain concrete. Figure 30b is the result of multi-layer
simulations in which the post-peak behaviour is adjusted according to the assumptions considering
the material relations, as was mentioned before.

Although the maximum load-bearing capacity of SFRC is not very sensitive to the exact value of the
influence length 1, the effect of |; on the rotational capacity of the cross-section is relatively large.
The exact definition of the influence length is, therefore, quite a relevant issue. Pederson [Pederson,
1996], compared similar calculations with finite element calculations and found that |, = 0.5hy;, is
suitable.
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Figure 30: Effect of the influence length 1, on simulated P-8 curves

In addition to the influence length, the number of layers n applied in the multi-layer model also
affects the computed P-8 curves. Figure 31 shows the effect of the applied number of layers n;. Obvi-
ously, the number of layers influences the peak load. Just like in Finite Element calculations, a bal-
ance needs to be found between the accuracy of simulations and the computational time that is
necessary to carry out the analysis. In the scope of this research, this balance was found at n, = 500.
An increase in the number of layers hardly affects the P-3 curve, but strongly increases the compu-
tational time.

load P [kN]

!
0 0.5 1.0 1.5 20
displacement,d [mm]

Figure 31: Effect of the number of layers in the multi-layer simulations

Level I1I: the accuracy check

In the inverse modelling procedure carried out in this paper, two checks are programmed to deter-
mine the accuracy of the simulations. Firstly, the area under the simulated P-8 curve is compared to
the area under the measured P-§ curve. The simulated results are rejected when the maximum devi-



ation in toughness AD;_ ... of 10% is exceeded (see Figure 32). In reality, the displacements do not

reach a final value. For that reason, the tail is cut at a displacement where the tail of the P-8 curve is

almost horizontal. In case of 30 mm long fibres, the tail was cut at a displacement of 20 mm,

whereas for 60 mm long fibres this displacement was 70 mm.

measured Py (8)

if A <A then ADg = 1-Ay/A;
if A1 > A then ADg = 1-Ay/A;
Ach,max =01

Figure 32: First accuracy check: comparison of toughness between computed and measured P-8 curves

The first criterion is not sufficient. Although the maximum deviation in toughness might be

restricted to 10%, deviations in load might still exceed this 10%. Therefore, in a second check, the

deviations between the measured load P_(3) and the computed load P (8) are restricted to a maxi-

mum of 10% in the first part of the measured P-3 curve. As mentioned earlier, the first part of the

P-3 curve is of most practical interest. In the scope of this research the deviations in load are checked

up to a displacement &', which corresponds to a 75% level of the peak load (see Figure 33).

Pm.max ‘‘‘‘‘‘‘

0-75'Pm,max‘ . o cuw

5
&"m

for 38 n:
if Pm(& > Pc(a then 1- Pc(&/Pm(& <0.1

if pm(s) < Pc(s) then 1- Pm(&/Pc(a) <01

Figure 33: Second accuracy check: comparison of load level between computed and measured P-8 curves
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Computational versus mean test results

Kooiman [Kooiman, 2000] showed the computational effect of each input parameter in the constitu-

tive material relations on the load-crack opening curves. It was shown that the post-peak behaviour

in the material relation for compression does not influence the load-bearing capacity in bending.

However, the assumption for the post-peak behaviour in compression can affect the deformation

capacity of a SFRC cross-section. It has been found that an idealised linear compressive softening

branch up to a strain of 10%. leads to good results.

The effect of the value of the linear elastic strain limit in tension on the P-8 curve is negligible. Only

the pre-peak behaviour of SFRC is influenced by this assumption.

Furthermore, it was shown that mean P-§ curves from three-point bending tests can be easily

described by means of a bilinear stress-crack width relation by using inverse analysis. After numer-

ous inverse analyses it was found that in case of medium strength SFRC (mix composition 2 from

Table 2) with 60 kg/m? of hooked-end steel wire fibres, the describing parameters of the stress-

crack width relation can be determined as follows:

¢ The value of the mean uni-axial tensile strength of the composite material is determined from the
mean value of the tensile splitting strength f; . ., derived from splitting tests on cubes. The ratio
frctmax/ ficm,spr 18 in between 0.70 and 0.80.

¢ The equivalent post-cracking strength to tensile strength ratio fy o i1/ freim,ax i in between 0.20 and
0.30.

¢ The ratio w_ /w is about 0.20.

e The critical crack width to fibre length ratio w,/L; is in the range of 0.33-0.425. In the next chap-
ter, this will be further analysed. It will be shown that the critical crack width w, depends on the
average fibre orientation, as a result of geometrical boundary conditions and the production
process.

For the case of mix composition 2 with hooked-end steel wire fibres with an aspect ratio L;/d, of

60/0.75, Figure 34a shows the computed results. The load-displacement curves have been simu-

lated for different beam widths and fit the mean experimental results with sufficient accuracy.

Figure 34b shows that the simulated load-displacement curves of both the 300 mm and 450 mm

wide beams fit the mean experimental results quite well. However, the simulated curve of the

150 mm wide specimens overestimates the mean results from ‘standard’ bending tests.
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Figure 34: Simulated P-8 curves of differently sized SFRC beams after adjustment of post-cracking behaviour
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Design relation for the post-cracking behaviour of SFRC

Effect of the coefficient of variation on the characteristic strength values

In the recommendations on test and design methods for SFRC of the RILEM Technical Committee
162-TDF [RILEM TC 162-TDF, 2000], the Student t-test was used to determine characteristic values
for the post-cracking strengths. The RILEM Committee recommends the following equation to
calculate the characteristic value f; ., of the equivalent post-cracking strength in the stress-strain
relation of Figure 1:

ffctk,eq = ffctm,eq_ 1.645 - S¢ (4)

In equation (4) the t-test is used to define the lower value of the 80% confidence interval as the mean
equivalent tensile strength f;, ., of the population, calculated with the help of statistical parameters

St aNnd fi e from the series, consisting of n test results:

Sts t]O' n-1
ffctm, eq & ffctms, eq A/; (5)

In the second term of equation (4), s; is the standard deviation of the population. This standard devi-
ation s, is defined as the upper value of the 80% confidence interval:

6)

S+ t (

s = st_(1+ fs 10.n—1]
fctm.eq'A/H

Substituting equations (5) and (6) in equation (4), the latter becomes:

Sgs - t Sg - t Q)
ff ik eq = ff ) _2s 0n-1 7 645. 5 '(1 4 2fs 10,n—1)
fetmk, eq ctms, eq A/ITI s et eq” A/IT\

To determine the effect of the coefficient of variation V on the characteristic value of the equivalent

strength in the post-cracking behaviour, both arguments of equation (7) are divided by f; g equi-

ffctk,eq =1 VR ) th,n—l 1.645 - VR . [1 + Sts th,nAl)
ffctms. eq ,\/ﬁ ffctm,eq' "/I_l

®

The above mentioned approach is quite conservative. Not only the lower value of the 80% confi-
dence level is used for the mean value of the population, but it is also assumed that the standard
deviation of the population s, is higher than the standard deviation of the test series. Based on equa-
tion (8), Figure 35a shows the effect of the coefficient of variation V on the characteristic value of
the equivalent post-cracking strength f; ... Obviously, this value decreases as the coefficient of
variation increases. The number of tests determines the slope of the decreasing lines.
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Figure 35b shows the effect of the coefficient of variation Vg on the characteristic value of the equiv-
alent post-cracking strength f., ..y according to the Bayesian technique. This approach is described
in Eurocode 1 [ENV 1992-1-1, 1996] for situations, in which Vy is not known, but must be estimated
from the sample. Compared to the frequency approach used in equation (8), the Bayesian technique
is much simpler and less conservative. This approach will be used hereafter for the determination of
characteristic values. The characteristic values according to this approach are determined with the

help of the following equation:

freneq _ 1 Vgt JT41 ©)
fctms, eq
f /1 fi / fi
10 fetk,eq / Ifctms,eq 10 fotk,eq / Hetms,eq
08} *\\ 08 &;\%\\\
o6} NN s} SRy
TR SR
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04F —.—n=10 BN 04} —-—n=10
———n=15 ~ ———n=15
o2F e n =30 o2 e n= 30
n = oo n=owo
0 5 L 0 L 1
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(@) f1e4,0q according to [RILEM TC 162-TDF, 2000] (B) fieoeq according to Eurocode 1

Figure 35: Effect of the coefficient of variation and the number of specimens on characteristic values

Material safety factors for the post-cracking behaviour of SFRC

According to Eurocode 1 [ENV 1992-1-1, 1994], the partial safety factor should be calculated as fol-

lows, in case of a normally distributed stochastic variable:

Yr = (1+|og/ B-Vp) (10)
For a lognormal distributions, Kooiman [Kooiman, 2000] used the following equation:
Y = ((jog| * B-1.645) - Vi) an

Eurocode 1 demands a reliability index b of 1.5 and 3.8 for the SLS and ULS respectively and uses
values of 0.8 and 0.7 for a, and a,, respectively. The coefficient of variation in load V, depends on

the loading condition under consideration and V on the uncertainty in resistance. According to
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Nowak and Collins [Nowak & Collins, 2000], there are three possible sources of uncertainty in
resistance in the case of concrete structures: uncertainty in material properties (M), uncertainty in
geometrical properties (S) and inadequacy of the material model (A). The coefficient of variation in
resistance Vy is the result of the following equation:

Vi = J(Vp) + (V) + (V) (12)

Bilinear design relationship for the post-cracking behaviour of SFRC
Figure 36 shows the stress-crack width relation SFRC that can be used for design purposes. The
describing parameters of this relation are the design values of the uni-axial tensile strength f, .,

the equivalent post-cracking strength iy .o, the characteristic crack width w, and critical crack
width w,

Ofct
A

ffct,d,ax .

1:ﬁ:td,eq bil

We wo

Figure 36: Bilinear post-cracking material relation for SFRC
Determination of the material safety factor for linear elastic behaviour of SFRC

The design value of the uni-axial tensile strength f;, ,, for use in simulations of the flexural behav-
iour of cross-sections can be determined as follows:

f
ffctd,ax = fohax (13)
Yict,el

The characteristic tensile strength f;, ,, can be determined as follows:

ffctk,ax = (1 -1.645- VR)‘ffctm,ax (14)
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In Sections 4.1 and 4.2 it is shown how to calculate characteristic strength values and material safety
factors. It is also shown that the characteristic strength and the material safety factor very much
depend on the coefficient of variation in resistance V. By Equation (12) it is shown that the uncer-
tainty in resistance not only depends on the scatter in material behaviour, expressed by the coeffi-
cient of variation in material properties (V,,), but also on uncertainty in geometrical properties (V)
and the inadequacy of the method of analysis (V). As the fibre reinforcement considered in the
scope of this research only starts acting after cracking of the matrix, it is reasonable to assume that
V,, in the linear elastic behaviour of SFRC is equal to the value of V\, for plain concrete, which is
0.15. Accounting for a 10% uncertainty in dimensions and an accuracy of 10% of the material model,

the coefficient of variation in resistance Vy becomes:

Vg = 4(015)%+ (0.10)> + (0.10) = 0.21

Following Eurocode 1, the material safety factor for plain concrete v, is calculated according to

equation (11):

Yot = 1+ exp(-0.8-3.8-0.21) =153

Initially, the mean uni-axial tensile strength f, . is determined from tensile splitting tests. As it

was already shown, in the case of 60/0.75 fibres f, ., is determined as follows:

1s)

ffclm,ax =08 ffctm,spl

In the case of 30/0.75 fibres:

(16)
ffctm,ax =07- ffctm, spl

Determination of the design value of the equivalent post-cracking strength f; . .q1, 0f SFRC
The characteristic value of the equivalent post-cracking strength ;... can be calculated with the

following equation, which is based on equation (9):

f .
ffctk,eg,bl.l = 1-Vg tgn s n +r1‘ 17
fetm, eq, bil

The equivalent post-cracking strength can be expressed as the product of a large number of varia-
bles. It depends on the packing density, the water-binder ratio, the bond strength, the aspect ratio

and the added fibre volume. It is therefore assumed that the distribution of this post-cracking
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strength is lognormal. The material safety factor for the post-cracking behaviour is calculated with
the help of equation (11). The design value is determined as follows:

frets eq bit (18)

f g o=
fetd, eq, bil
R cht, spl

Section 3 showed that the inverse modelling procedure results in simulations that fit the mean test
results quite well. The bilinear post-cracking relation used in the multi-layer procedure can easily
result in a fit with an accuracy of 5%. The deviation in dimensions in practice is estimated to be 10%.
Table 4 shows the effect of an increasing coefficient of variation V; on the post-cracking material
safety factor ¥, based on equation (11). The influence factor oy, is again assumed to be equal to 0.8
and the reliability index B is 3.8.

Tabel 4. Post-cracking material safety factor Yy, for SFRC

V, =0.05 V=010 V=015 V,=020 V,=025 V,=030

Yapt 1.07 1.14 1.23 1.32 142 1.52

It is obvious that Vy, strongly affects the design value. As Table 4 shows, the post-cracking material
safety factor ¥, increases from 1.07 to 1.52 when the coefficient of variation in resistance increases
from 0.05 to 0.30, assuming that o, = 0.8 and p = 3.8.

As Section 2.4 showed, the coefficient of variation in material behaviour Vy, (=V;) can vary in
between 0.05 and 0.28 in test specimens. It was shown that a large scatter occurs in ‘standard’ SFRC
test specimens with a critical combination of concrete quality and fibre volume. It was also shown
that this scatter strongly decreases in specimens with larger cross-sections. Based on this knowledge
a material factor of 1.52 seems conservative. It is unclear, however, what is the magnitude of the
variation in practice. As long as this variation in practice cannot be predicted with sufficient accu-
racy, it is recommended to use the conservative material factor of 1.52 for structural design pur-
poses.

Concluding remarks and future perspectives

Conclusions

This paper provides a procedure to develop a reliable, bilinear stress-crack width relation to
describe the post-cracking behaviour of SFRC. With the help of inverse analysis, the material model
can be used to fit mean results from three-point bending tests on medium strength SFRC with suffi-
cient accuracy (<5%). Furthermore, this paper provides relations to determine design values in the
material model, based on common reliability methods. Taking variation in load and resistance into
account, material safety factors were determined for the post-cracking behaviour of SFRC. The
resulting design model can be easily used to perform structural design calculations, although these
calculations are limited to cross-sectional analyses.
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Three-point bending tests were carried out in order to investigate the scatter in the post-cracking
behaviour of SFRC. The test results showed a wide range of scatter, as the coefficient of variation V),
varied between 0.05 and 0.28, depending on the specimen size, the number of fibres in the cross-

section and the concrete strength.

The influence of scatter, expressed by the coefficient of variation V), on the design value of the
equivalent post-cracking strength is considerable. Depending on the number of tests performed and
the coefficient of variation, the design value of the equivalent post-cracking strength decreases
considerably. It is not clear whether the observed scatter in test results applies for practical applica-
tions. Although the scatter seemed to decrease for increasing beam sizes, the scatter in practice also
depends on the effectiveness of the fibre reinforcement. This depends on the fibre orientation as

well as the orthogonal direction(s) of the occurring tensile stress(es).

Future perspectives

The application of SFRC in slabs, tunnel linings or underwater concrete can only be stimulated
when it can be proven that the fibre reinforcement contributes to the resistance of the structure to
the applied loads. The question, therefore, is no longer how to model the post-cracking behaviour of
the material but in what way can the favourable post-cracking behaviour be taken into account in
structural calculations? Important in that respect is that the redistributing capacity of the SFRC
structure can be demonstrated by determining to what extent the external load can be increased
before statically indeterminate structures fail.

Structural calculations using Finite Element Methods may be useful in providing insight into the
real contribution of fibre reinforcement to the structural load-bearing capacity. In that respect, the
smeared crack approach seems attractive to use. The only problem is that the stress-crack width
relation needs to be transformed into a stress-strain relation using the average crack spacing. This is
however hard to determine and does not only depend on the material properties. Whether or not
multiple cracking occurs also depends on the structural system, the load configuration and the
geometry of the structure. Therefore, the discrete crack approach seems more appropriate to use. By
carrying out structural analyses with a varying number of discrete cracks on different locations, the
insight into the structural behaviour of SFRC can be enhanced.
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Notations and Symbols

Oy = influence factor to emphasise scatter in resistance
B = reliability index

8 = crack opening displacement

S, = maximum displacement in compressive zone

5, = displacement in layer i

8,y = displacement at notch tip

&, = crack opening displacement at test stop[

& = crack opening displacement after weight compensation

AD; = deviation in toughness between measured and computed load-displacement curves

AD,,,, = contribution to toughness by dead weight of the beam

€, = compressive strain in plain concrete

€, = linear elastic strain limit of plain concrete in tension

€oax = strain limit at uni-axial tensile strength

[ = compressive strain in fibre reinforced cementitious composite
[ = tensile strain in fibre reinforced cementitious composite

[ = compressive stress in plain concrete

O, = tensile stress in plain concrete

[ = compressive stress in fibre reinforced cementitious composite
[ = tensile stress in fibre reinforced cementitious composite

o; = stress in i layer in multi-layer procedure

Yee = material safety factor for plain concrete in compression

Ver = material safety factor for plain concrete in tension

Ywp = material safety factor for the post-cracking behaviour of SFRC
Y = material safety factor

a = notch depth of specimen

A, = surface of the cross Section

b = width of specimen

d; = fibre diameter

Dy = toughness of SFRC

fem = mean compressive strength of plain concrete matrix

fumax = tensile strength of plain concrete matrix

frea = design compressive strength of SFRC

freak = characteristic compressive strength of SFRC

feen = mean compressive strength of SFRC

faaax = design value of the uni-axial tensile strength of SFRC
frudequi = design value of equivalent post-cracking strength in bilinear softening relationship

frua = characteristic axial tensile strength of SFRC

frneq = Characteristic value of equivalent post-cracking strength of SFRC

freqon = Characteristic value of equivalent post-cracking strength in bilinear softening relationship
frmax = Mean axial tensile strength of SFRC

fimeq = mean value of equivalent post-cracking strength of SFRC

fremeqea = mean value of equivalent post-cracking strength of SFRC in bilinear softening relationship
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framspr = mean tensile splitting strength of SFRC
£,

ctms,eq

ficims eqpil = Mean equivalent post-cracking strength of SFRC in bilinear relationship

= mean equivalent post-cracking strength of SFRC determined from test sample

G, = energy absorption capacity of SFRC

G = energy absorption capacity of the i SFRC specimen in the test series

G, =mean energy absorption capacity of SFRC

Gimao = mean energy absorption capacity at a crack opening displacement of 2.0 mm

h = depth of specimen

h; = layer depth

hy, = effective beam depth = h-a

1 = span length of specimen

L = influence length

L, = fibre length

LVDT = Linear Variable Displacement Transducer
M,, = internal bending moment

n = number of specimens in a test series

ng, = mean number of fibres in cross Section

n = number layers in multi-layer procedure

N = normal force

P = applied load on specimen

P, = computed load on specimen

P, = measured load on specimen

P.mx = measured peak load on specimen

P’ = applied load on specimen after weight compensation
S = standard deviation of population of f;,

Sg = standard deviation of f_ in test sample[

Sg = standard deviation of population of G,

typna = value for a t-test with (1-)_100% confidence level
Va = coefficient of variation in uncertainty in material or structural
\Z = volume fraction of fibres

Vg = coefficient of variation in energy absorption capacity
Vum = coefficient of variation in material properties

Vr = coefficient of variation in resistance

Vs = coefficient of variation in geometrical properties

w = crack width

W, = critical crack width

W, = characteristic crack width

zZ = distance of i layer in multi-layer procedure
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