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Abstract. The effects of incorporating shon straight steel fibers in silica fume high-strength concrete 
are evaluated. The tests that were conducted include compression, bending and punching shear. 
Fracture tests were used to evaluate the material parameters related to cracking, especially those that 
quantify the toughening effect of the fibers. lt is concluded that fibers enhance significantly the failure 
behavior of silica fume concretes, especially in shear. 

Resumen. En este anículo se evalua la incorporación de fibras metálicas rectas de pequeña longitud a 
un hormigón de alta resistencia. Los ensayos llevados a cabo incluyen compresión, flexión y 
punzonamiento. A panir de los ensayos de fractura se determinan los parámetros del material 
relacionados con la propagación de fisuras, concretamente aquellos que cuantifican el efecto de 
tenacidad de las fibras. 

l. INTRODUCTION 

High strength silica fume concretes are 
characteristically brittle and may produce 
catastrophic strÚctural failures under cenain 
conditions. The most rational method of 
decreasing the brittleness of such materials is 
the incorporation of fibers, which would 
toughen the concretes by increasing the energy 
dissipation during fracture. 

In this work, the use of shon steel fibers is 
evaluated by means of compression, bending 
and punching shear tests. The size effect 
method, recently recommended by RILEM, is 
used to determine the fracture parameters of the 
concretes, with and without fibers. In addition, 
toughness índices that have been previously 
defmed in terms of load-deflection curves have 
been extended to the load versus crack opening 
curves. 

2. MATERIALS 

The base concrete used in this study had the 
cement: sand: aggregate: water: microsilica 
proportions of 1: 1.32: 2.2: 0.35: 0.1, by 
weight. The cement used was Spanish Type 
I-55A (similar to ASTM Type 11 & UK Type 
RHPC), the sand (0-5 mm) and gravel (5-12 
mm) were crushed limestone, and the 
microsilica was a silica fume slurry. A super
plasticizer dosage of 12 lit./m3 was used 
(producing a slump of 235 mm). To this base 
concrete (denoted HSC-0), 40 kg/m3 (about 
0.5% by volume) of straight high-carbon steel 
fibers (of diameter 0.15 mm) were added. The 
fibers were of length 6 and 13 mm, and the 
concretes in which they were incorporated are 
denoted as HSC-6 and HSC-13, respectively. 
To facilitate the mixing of the fiber reinforced 
concretes (FRCs), the super-plasticizer dosage 
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had to be increased to 16 and 20 lit.Jm3. 
respective! y. Further details are given in Bryars 
(1993). 

3. COMPRESSION TESTS 

In arder to obtain the conventional compressive 
strengths of the concretes, three !50x300 mm 
cylinders were tested under acruator 
displacement control for each concrete. The 28-
day strengths (and the coefficients of variations) 
of the HSC-0, HSC-6 and HSC-13 concretes 
were 89MPa (±4%), 87MPa (±6%) and 
87MPa ( ±5% ), respectively. As expected, the 
low volume fraction of fibers does not influence 
the peak loads signíficantly. 

Typical load-dísplacement curves of the 
different concretes are shown in Figure l. As 
can be seen, al! the concretes behave quite 
simílarly in the pre-peak regime but the post
peak response is considerably more ductíle for 
the FRCs. Also, the post-faílure curve of HSC-
13 is continuous (without dynamic effects) and 
completely stable. It was observed that whíle 
HSC-0 exhíbited the conventional catastrophic 
conical faílure, the FRC specímens experienced 
distributed cracking and did not disintegrate 
even at large dísplacements. Moreover, the 
latter, especíally HSC-13, seemed to faíl 
ultímately in shear along a single diagonal 
plane. 
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Fig. l. Cylinder compression tests 

4. MODE I TESTS 

Following the recommendations of RILEM 
(1990), geometrícally similar beams (see Figure 
2) of three sízes (depths d = 80, 160 and 320 
mm; thickness b = 50 mm) were cast from the 
three concretes. The spans (s) of the beams 

were equal to 2.5d. Notches of depth ao = 
0.275d were cut with a diamond disc at the 
midspan of each beam. The three-point bend 
tests were performed under constant rates of 
crack-mouth opening displacement (CMOD) in 
a 2 MN INSTRON testing machine. The control 
and data acquísítion were accomplished with the 
lNSTRON FLAPS software. The CMOD rates 
were imposed such that the peak loads occurred 
after approximately 3 minutes. 

Typical load-CMOD plots for the three 
concretes are shown in Figure 3(a-c). Obviously 
the pre-peak responses are practically idemical. 
The peak loads of HSC-0 and HSC-6 are almost 
the same whíle (the first peales of) HSC-13 
exhíbit slightly hígher values. More 
importantly, the shapes of the post-peak curves 
vary significantly. With respect to the base 
concrete, HSC-6 is much more ductile and has 
a hígher load-carryíng capacity during the post
peak phase. For example, even at CMOD 
values at whích the loads in the HSC-0 drop to 
negligible values, HSC-6 continues to sustaín 
loads of at least 50% of the peak. The concrete 
with the longer fibers, HSC-13, is much more 
ductíle than the other concretes and sustains 
much hígher loads in the post-peak. In the 
larger specímens, where the fiber contributíon 
to the toughening is more pronounced, the load 
may even increase after the frrst peak and 
produce a plateau or another peak. Thís pseudo
hardening effect has also been observed in 
normal strength FRC (e.g., Bazant and Xu, 
1988). 
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Fig. 2. Three-point bend geometry 

Size Effect Analysis 

For obtainíng the fracture parameters defmed by 
Bazant's síze effect model (see Bazant, 1984; 
Gettu et al., 1990), the procedure descríbed in 
RILEM (1990) was followed. For the FRCs, 
the frrst dístinct peak was used as the maximum 
load in the síze effect analysís. Therefore, the 
parameters that are obtaíned correspond to the 
marrix material and do not include the influence 
of toughening due to the fibers. The specífied 
limíts for the parameters from the linear 
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Fig. 3(c). Load-CMOD of large beams Fig. 4. Size effect curve 

Table l. Fracture Parameters from the Size Effect Method 

Concrete Eo (GPa) Krr (MPa--Jmm) cr(mm) Gr(NI m): 
HSC-0 36.6 53.5 68.3 78.2 
HSC-6 35.7 45.7 35.9 58.5 
HSC-13 36.7 47.3 28.2 61.0 
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regression (sce RILEM, 1990) were exceeded in 
sorne cases. Therefore, nonlinear regression 
analysis was performed, using the Marquardt
Lcvenberg algorithm, for directly fitting the size 
cffect model to thc test data. Better fits were 
obtained from the nonlinear analysis than from 
the linear regression. The values presented in 
Table l were obtained from the former; where 
K¡e is the fracture toughness, G¡ is the fracture 
energy and e¡ is the length of an effective 
fracture process zone. The modulus of elasticity 
(Eo) shown in the table is the average of all the 
values obtained from the initial compliance of 
the beams, which is comparable for all three 
concretes tested. 1t can be seen that Klc and G¡ 
are practically the same for the fibre concretes 
but noticeably less than that for the control 
concrete. More importantly, the values of Cj 
decrease significantly due to the addition of 
fibers. The quantity e¡ can be considered as a 
measure of the pseudo-ductility of the material; 
i.e., the in verse of the brittleness (Gettu et al., 
1990). Therefore, the results imply that the 
matrix becomes more brittle due to the action of 
the fibers. Note that this does not mean that the 
FRC (i.e., the composite) is more brittle than 
the plain concrete. Analysis of the other size 
effect parameters (see Bryars, 1993) also 
showed that the strength of the matrix increases 
slightly in the presence of the fibers. 

The values of Klc and G¡ obtained here are 
comparable to those obtained, by García
Álvarez et al. (1993) and Galeota et al. (1993) 
for other silica fume concretes of similar 
strength but different material compositions. 
However, all the fracture parameters are much 
larger than those obtained by Gettu et al. (1990) 
and other investigators. It is therefore clear that 
silica fume concretes, and in general high 
strength concretes, possess significantly 
different fracture pro!_Jerties even though their 
compressive strengths may be quite similar. 
This implies that the characterization of the 
concrete only in terms of its strength is 
inadequate and may lead to erroneous 
conclusions. 

The size effect plot in Figure 4 shows that 
Bazant' s model is valid for the present concretes 
and that these concretes exhibit size effects, 
when the frrst peaks are considered. Note that in 
the plot d = beam depth, crN = maximum 
nominal stress ( = peak load 1 cross-sectional 
area), B and do = empirical parameters of the 
model. The horizontalline crN = B corresponds 

to the strength limit, the inclined line with a 
slope of -l/2 corresponds to linear elastic 
fracture mechanics (LEFM) and the curve 
between them is the transition described by the 
size effect model. lt retlects thc trend of 
increasing matrix brittleness with increase in 
fiber length; the data of the FRCs are closer to 
the LEFM asymptote which by defmition 
corresponds to a perfectly brittle material where 
the size effect is strongest (Gettu et al., 1990). 
The data of HSC-0 is closer to the strength-limit 
asymptote which corresponds to ~e absence of 
size effect. 

lt is not clear whether meaningful results can 
be obtained directly from size effect analysis of 
FRCs. This is mainly due to the absence of 
well-defmed peaks that represent the composite 
behavior of the material. The application of the 
size effect method, using the first peaks, to 
such concretes can only provide the parameters 
of the matrix material. Note that this 
conclusion contradicts the observations of Chem 
and Tamg (1990) who observed defmite single 
peaks in the response, and obtained an increase 
in the fracture resistance and a decrease in the 
brittleness with increase in the fiber volume 
fraction (in normal strength concrete). 

Tougbness Indjces 

As shown above, fracture parameters obtained 
from the peak loads of FRC specimens using 
LEFM or modified-LEFM models do not 
quantify the performance of fibers adequately. 
For this reason, it is commonly accepted that 
the toughness of such concretes should be 
defmed in terms of the amount of work required 
to deform a specimen. This is usually obtained 
from the area under the experimental load
displacement diagram of a beam (e.g., 
Gopalaratnam et al., 1991). 

Barr and Hasso (1985) have proposed general 
toughness indices which are ratios between the 
area under the load-displacement curve up to 
displacement values that are certain multiples 
of the displacement corresponding to frrst 
cracking load (i.e., end of the elastic phase) and 
the area until that load. Therefore, these indices 
are dimensionless parameters that quantify the 
work done to reach a certain deformation 
relative to work done in the elastic phase. In the 
present work, this philosophy is extended to the 
area under the load-CMOD diagrams of fracture 
specimens. Such an extension has been proposed 
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Table 2. Tougbness indices for the three sizes of beams 

Concrete HSC-0 HSC-6 HSC-13 
small beam (specimens) 4.21 (3) 5.83 (3) 6.09 (3) 
medium beam (specimens) 4.99 (1) 5.60 (3) 7.10 (3) 
large beam (specimens) 3.04 (2) 6.91 (1) 7.65 (1) 
mean value (specimens) 3.95 (6) 5.88 (7) 6.58 (7) 
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recently by Gopalaratnam et al. (1992) to avoid 
the problems associated with the determination 
of the displacements in beams. 

The toughness index that was computed for 
the present concretes is illustrated in Fig. 5: 
where the x-axis represents CMOD, the value D 
is 5 times the elastic value B, and the toughness 
index is the ratio of areas OAB and OACD. The 
average values of the índices obtained are 
shown in Table 2. It can be seen that the 
toughness increases with fiber length and that 
the índices are practically size independent. It 
seems that the quantification of the toughness of 
FRCs through such índices gives results that are 
reliable and unambiguous. 

Post-Peak Unloadjng-Reloading Curves 

For each of the concretes, one large beam was 
unloaded and reloaded severa! times after the 
peak load at different CMOD values. The 
diagrams obtained are plotted in Fig. 6 (a-e). It 
is clear that the compliance of al! the concretes 
increase with CMOD indicating the progressive 
propagation of the crack. Also, the compliance 
of the FRC specimens increases much slower 
than the base concrete demonstrating the 
bridging effect of the fibers. Another aspect that 
reflects the toughening effect of the fibers is the 
area of the unloading-reloading loops. This 
area, which gives the energy dissipated during 
the cycles as the crack is forced to close and 
open again, is much larger in the FRCs than in 
the base concrete. Moreover, the loop area in 
HSC-13 seems to be the most significant, 
implying that the longer fibers perform much 
more efficiently in these concretes. 

5. SHEAR FRACTURE TESTS 

Severa! catastrophic. failures in concrete 
structures occur due to crack propagation under 
shear, for example in the diagonal tension 
failure of beams and in the punching of slabs. It 
has been suggested that in such cases, the 
reinforcing of concrete with fibers is very 
beneficia! (e.g., Li et al., 1992). In arder to 
study this aspect in high-strength silica fume 
concretes, two types of punching tests were 
conducted on cubes and notched panels. 

Punchjng Tests on Cubes 

100 mm cubes were cast from all the three 
concretes and loaded until failure in the 

configuration shown in Fig. 7. The load was 
applied through a rigid steel plate over the 
middle third of one molded surface and on the 
surface parallel to this, the cube was supponed 
on steel plates over the two outer thirds. Thin 
teflon sheets were placed between the two steel 
suppons and the cube to minimize frictional 
effects. The tests were conducted under actuator 
displacement control in the INSTRON machine. 

Acplied Load 

L =-- 51001 L~ Blocl<s 
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(100 X 100 X 100 rTYn) 

Fig. 7. Load configuration for cube punch test 

It was observed that the fibers influence the 
behavior of the specimens remarkably. In the 
FRCs, the cracks were much more distributed 
and the loads much higher. As in the 
compression tests, the fibers were able to 
maintain the integrity of the specimens even at 
large deformations. In all the concretes, the 
cracking seemed to initiate at the bottom face, 
where tensile stresses may be produced due to 
sorne bending, at approximately equal loads 
indicating matrix fracture. Subsequent cracking 
seemed to occur in shear and produced much 
higher loads in the FRCs. 

Punching Tests on Notched Panels 

Severa! geometries of panels were tried with the 
objective of producing "pure" shear (Mode II) 
cracking under punching loads. As it was 
practically impossible to use a simple geometry 
for pure shear fracture, a panel with sorne 
amount of flexura! behavior was used (Fig. 8). 
Three sizes of panels were tested for each 
concrete. One of the notches (a¡) of the panel 
was rnade slightly longer so that only one 
crack would propagare. The opening of this 
notch was used to control the test. In addition, 
the sliding across the notch face was also 
recorded for the rnedium and large size panels. 
Although the results showed considerable 
scatter, sorne general trends could be observed. 
The pre-peak response was practically identical 
for the different concretes, as seen in the 
previous tests. The FRC specimens exhibited 
increasing loads after the peaks corresponding 

323 



324 ANALES DE MECANICA DE LA FRACTURA Vol.ll (1994) 

to matrix cracking. The first peak loads showed 
significan! size effects in all the concretes. The 
crack pauerns obtained for the largest specimens 
are shown in Fig. 9 as scauer bands. lt can be 
seen that increased fiber contribution results in 
lower variability of the crack pauerns and 
generally in straighter cracks. The results are 
currently being analyzed with !he aid of 
numerical modelling and further details will be 
presented elsewhere. 

Applled Load 

~ r , 1 

SteetBiocK 

d 
; :•,a, 1 

! ~--'Tefton· Pad 

Fig. 8. Notched panel test configuration 

6. EFFECT OF FIBERS 

The incorporation of a low volume content of 
fibers significantly improves the post-peak 
behavior and the pseudo-ductility of the concrete 
during failure. As expected, the pre-cracking 
response and the peak loads are not influenced 
by the fibers. In both the bending and shear 
tests, the fibers remarkably enhance the failure 
behavior of the high-strength concrete. It 
appears that the contribution of the fibers in 
shear failure is quite beneficia! and could be 
exploited to avoid certain characteristically 
brittle failures. In general, the use of fibers in 
high-strength concrett'- is promising. 

7. CONCLUSIONS 

The preliminary results of an ongoing study of 
the fracture behavior of high-strength silica 
fume concretes indicate that the incorporation of 
straight steel fibers produces severa! beneficia! 
effects. The toughening effect is more 
pronounced with the longer fibers. It appears 
that the material fracture parameters obtained 
from linear fracture mechanics or models such 
as the size effect method are able to quantify 
only the behavior of the matrix and not the 

concrete with fibers. The definition of 
toughness índices in terms of the experimental 
load versus crack opening diagram seems to be 
the most reliable method for quantifying !he 
efficiency of the fibers during fracture. From 
the tests conducted here it may be concluded 
that the use of steel fibers in high-strength 
concretes is promising, especially in elements 
prone to shear failure. 

HSC-0 

HSC-6 

íl ,, 
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Fig. 9. Scatter bands of crack patterns 
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