
1 INTRODUCTION 

After the pioneer work of Romualdi & Batson 
(1963) and more than 30 years of intensive re-
search (Shah & Rangan 1971), Steel Fiber Rein-
forced Concrete (SFRC) is nowadays extensively 
used in structures where the reinforcement is not 
essential for integrity and safety (especially for 
slabs on grade and for  shotcrete in tunnels). How-
ever, in recent years fibers have been used as prin-
cipal reinforcement in structures under bending and 
shear (Meda et al. 2002, Di Prisco et al. 2003). 

Steel fibers mainly enhance concrete toughness 
and fibers of different geometries or material prop-
erties have different effects on concrete behavior. 
Based on the idea to take simultaneously advan-
tages of the effects of different types of fibers, new 
materials called Hybrid FRCs have been developed 
by combining fibers of different material properties 
and geometries (Banthia et al. 2000, Banthia & 
Nandakumar 2003). As an example, Lawler et al. 
(2002) showed that a combination of fibers of dif-
ferent lengths improves both resistance and perme-
ability of the composite. Also from the mere me-
chanical point of view, synergistic effects were 
observed on the pull-out strength of a single (long) 
steel fiber from a cementitious matrix reinforced 
with short steel fibers (Markovich et al. 2002). 

Aim of the present work is to investigate the pos-
sibility of optimizing concrete toughness by com-
bining steel fibers of different lengths. Concrete 
toughness was determined by means of both uni-
axial and bending tests on notched specimens. 
Freely rotating platens with spherical hinges were 
adopted as boundary conditions in the uni-axial 
tests to better control the crack development. Bend-
ing tests were carried out on beam specimens hav-
ing two different geometries and different crack 
length/beam depth ratios. One of the beam geome-
tries has the same fracture surface of the uni-axial 
specimens to better study the strain gradient ef-
fects. 

After completing an experimental program pre-
sented elsewhere (Meda et al. 2003), numerical 
tests based on FE elements and fracture mechanics 
are here presented. Numerical simulations allow 
the determination of a good approximation of the 
post-cracking strength based on a poly-linear law. 

The possibility of adopting bi-linear or tri-linear 
fracture law has been studied in the presence of one 
fiber or different fibers reinforcement. In fact, since 
fibers of different lengths become efficient at dif-
ferent stages of the cracking process, the micro-
fibers control the micro-crack growth while the 
macro-fibers become active for larger crack open-
ings. 
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2 EXPERIMENTAL TESTS 

2.1 Materials 

All the specimens adopted in the research were 
made of a normal strength concrete whose compo-
sition is illustrated in Table 1. A grain size distribu-
tion close to the Bolomey curve was adopted for 
the aggregates whose maximum diameter size was 
equal to 15 mm. 

Two different types of steel fibers were used: the 
first one had a length of 30 mm and a diameter of 
0.6 mm (aspect ratio = 50) while the second one 
was a shorter fiber having a length of 12 mm and a 
diameter of 0.18 mm (aspect ratio = 67); these fi-
bers will be named in the following as “macro-
fiber” and “micro-fiber” respectively. Table 2 
shows the geometrical and mechanical characteris-
tics of the fibers used in the present research-work. 

Fibers were added to the concrete matrix in four 
different combinations as shown in Table 3 but the 
volume fraction of fibers was maintained equal to 
0.38% in all cases. 

The specimens were cured in a fog room until 
the time of the test and a vaseline layer was applied 
on the crack section in order to avoid shrinkage 
cracking. 

Table 1.  Composition of the concrete matrix. _________________________________________ 
CEM II/A-LL 32.5 R  355 kg 
Water  180 l 
Supeplasticizer  3.9 l 
Aggregates  1900 kg 
Water/cement ratio  0.55 _________________________________________ 
Quantities for 1 m3. 
 

Table 2.  Properties of the steel fibers. _________________________________________ 
 macro-fiber micro-fiber _________________________________________ 
Length 30 mm 12 mm 
Diameter 0.60 mm 0.18 mm 
Aspect ratio 50 67 
Yielding strength 1100  MPa 1800 MPa 
Young’s modulus 210 GPa 210 GPa _________________________________________ 
 

Table 3.  Fiber combinations. _________________________________________ 
 Plain Micro Macro Hybrid _________________________________________ 
Micro-fiber 0% 0% 0.38%  0.19% 
Macro-fiber 0% 0.38% 0% 0.19% 
Total  fiber content 0% 0.38% 0.38% 0.38% _________________________________________ 
 

2.2 Experimental set-up 

In order to investigate the fiber effects on concrete 
behavior, fracture tests should be performed and a 
stable control of the test is necessary. For this rea-
son, a 500 kN hydraulic testing machine (Instron) 
with a PID closed loop control that permits to com-
pensate the finite stiffness of the load system was 
adopted. 

Uni-axial tests with freely rotating platens were 
performed on specimen having a size of 
100x200x40 mm (Fig. 1a) that were sawed from 
concrete prisms having a size of 310x100x40 mm 
to favor a three dimensional distribution of fibers A 
single notch with a depth of 15 mm, a width of 
4 mm and a tip with a triangular shape was sawn 
with a diamond blade. 

Four Linear Variable Differential Transformers 
(LVDTs) with a gage length of 45 mm were lo-
cated across the notched section to evaluate the 
relative displacement and rotation of the sections at 
each side of the crack surface (Fig. 1). In order to 
reduce undesired eccentricities, the specimens were 
carefully positioned (and then glued) on steel plat-
ens by adopting four micrometers with a precision 
of 0.01 mm; this allowed to obtain a good align-
ment of the specimen along the loading axis. The 
free rotation of the platens was allowed by two 
spherical hinges placed at a distance of 150 mm 
from the glued surface; this allowed to localize the 
center of rotation at the specimen ends. 

The Crack Mouth Opening Displacement 
(CMOD), measured by a Clip Gauge, was adopted 
as feedback signal. The CMOD rate was 1 µm/min 
until the load-displacement curve had passed the 
peak. Afterwards, the CMOD rate was set to 
2 µm/min. Although it includes the elastic defor-
mations of concrete, the average value of the dis-
placement measured by the two LVDTs astride the 
notch was conventionally assumed as the Crack 
Tip Opening Displacement (CTOD; Fig. 1a). 

In addition to the uniaxial tensile tests, four point 
bending tests were performed on specimens having 
two different sizes. The first one was a beam of 
150x150x600 mm with a 45 mm depth notch and it 
was tested according to the Italian Standard (UNI 
2003; Fig. 2a). The second one employed the same 
crack length/beam depth ratio as the uni-axial ten-
sile test specimen to study the strain gradient ef-
fects (Slowik & Wittmann 1992). These beams had 
a size of 100x320x40 mm and were tested with a 
span length of 300 mm and a distance between the 
load points of 100 mm (Fig. 2b). 

Three LVDTs were adopted to measure the ver-
tical displacement at mid-span and under the load 
points while two LVDTs were placed at the notch 



tip to measure the CTOD. Finally, a clip gauge, 
placed across the notch to measure the CMOD 
(Fig. 2), was used as feed-back signal. The CMOD 
rate was 50 µm/min for the larger beams (UNI 
2003) and 2.5 µm/min for the smaller beams. 
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Figure 1. Specimen geometry and instrument positions for the 
uni-axial test (measure in mm). 
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Figure 2. Four point bending test: specimen geometry for larger 
(a) and smaller (b) beams. 

2.3 Experimental results 

The experimental results are presented in Figure 3 
in terms of nominal stress (σN) versus CTOD. The 
nominal stress is determined by assuming a linear 
stress distribution in the resistant part of the 
notched section. At least four specimens for each 
material and each specimen geometry were tested. 

Experimental results from FRC with low fiber 
contents are very sensitive to the number of fibers 
in the cracked section that shows a larger scatter in 
small surface areas. For the sake of comparison, 
only one representative curve for each material is 
exhibited in Figure 4 by choosing specimens hav-
ing a fiber density (number of fibers per unit area 
in the cracked section) close to the average value 
(0.38%). 

It should be observed that fiber geometry mark-
edly changes the concrete toughness while the peak 
stress (σN,max) is slightly influenced by presence of 
macro-fibers (Fig. 4). The micro-fibers increase the 
peak and the post cracking strength for small crack 
openings but this residual strength rapidly de-
creases since fibers are quickly pulled-out from the 
matrix (Meda et al. 2003). On the contrary, macro-
fibers become efficient for larger crack openings 
since they require larger displacements to be active. 
In the Hybrid FRC, the residual strength is en-
hanced for both smaller and larger crack openings. 

3 NUMERICAL TESTS 

All the experimental tests were simulated by adopt-
ing Non-Linear Fracture Mechanics (NLFM) with 
Merlin (Reich et al. 1994)  that is based on a dis-
crete crack approach. 

The aim of the numerical tests was to define a 
poly-linear stress-crack opening law (σ-w) for the 
post cracking behavior of each material. Fracture of 
plain concrete or concrete reinforced with a single 
type of fiber is often approximated with a bilinear 
law where the first steeper branch simulates the 
bridging of the early microcracks while the second 
branch simulates the aggregate interlocking in 
plain concrete or the fiber links in FRC (Wittmann 
et al., 1988; Fig. 5). When more than one type of 
fibers is adopted, it may be necessary to use more 
braches since different fibers may activate at dif-
ferent crack openings. In the present work, where 
microfibers were added to macrofibers, a trilinear 
law may be useful since microfibers activate before 
macrofibers (Fig. 5). 

By using the post-cracking laws representative of 
each material, it should be possible to simulate all 



the three types of test. The chosen procedure aimed 
to define the post cracking law through the simula-
tion of the uni-axial tensile test (that is closer to the 
pure tensile behavior) and subsequently use the 
same law for simulating both the bending tests. 

The FE mesh was based on elastic triangular 
elements (plane stress) and interface elements with 
zero thickness in the fracture sections (whose posi-
tion in known because of the notch) to simulate a 
fictitious crack. The interface elements link rigidly 
the elastic elements until the maximum tensile 
strength is reached. Eventually, they transmit a 
stress that is function of the crack opening. 
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Figure 3. Nominal stress versus CTOD for uni-axial tensile tests 
(a), small bending tests (b) and large bending tests (c). 
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Figure 4. Typical σN-CTOD  curves from uni-axial tensile tests 
(a), small bending tests (b) and large bending tests (c). 
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Figure 5. Approximation of the softening law by a bi-linear or 
tri-linear curve. 



The uni-axial tensile tests were modeled by 
adopting 1522 three-node triangular elements 
(plane stress) for the elastic sub-domains, linked by 
means of 94 interface elements. (Fig. 6a). The 
hinges of the steel platens of the numerical model 
were placed in the same position of the experimen-
tal ones. The large and small bending specimens 
were respectively modeled with 2280 and 3016 
triangular elements (plane stress); with 34 and 47 
interface elements respectively (Figs. 6b, c). 

 

 
Figure 6. FE Meshes of the tensile specimen with the steel plates 
(a), large beam specimens (b) and small beam specimens (c). 
 
Table 4. Constitutive parameters for the σ-w law (*tri-linear 
relationship). _________________________________________ 
 fct σ1 w1 σ2 w2 wcr 
 (MPa) (Mpa) (mm) (MPa) (mm) (mm) _________________________________________ 
Plain concrete 2.89 0.55 0.018 - - 0.18 
Macro-FRC 2.89 0.90 0.016 - - 50 
Micro-FRC 2.89 0.47 0.0285 - - 3 
Hybrid-FRC* 2.89 1.20 0.015 0.5 0.50 50 _________________________________________ 
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Figure 7. Stress-crack opening curves determined  from the best-
fitting procedure. 
 

In the numerical analyses, the modulus of elastic-
ity (Ec=25127 MPa) was experimentally deter-
mined on cylindrical specimens (φ=100 mm and 
h=200 mm). The tensile strength (fct) was deter-
mined from the experimental compressive strength 
according to the CEB Model Code 90 (CEB 1993). 
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Figure 8. Experimental and numerical nominal stress (σN) ver-
sus CTOD curves from uni-axial tensile tests. 
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Figure 9. Experimental and numerical nominal stress versus 
CTOD for plain concrete (a), macro-FRC (b), micro FRC (c) 
and hybrid FRC (d) from bending tests on large specimens. 

0

1

2

3

4

0.00 0.25 0.50 0.75 1.00

CTOD [mm]

s
N
 [M

Pa
]

 
Plain concrete                         (a) 

 

0

1

2

3

4

0.00 0.25 0.50 0.75 1.00

CTOD [mm]s
N
 [M

P
a]

Macro-FRC                          (b) 
 

0

1

2

3

4

5

0.00 0.25 0.50 0.75 1.00

CTOD [mm]

s
N
 [M

P
a]

v

 
Micro-FRC                          (c) 
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Figure 10. Experimental and numerical nominal stress versus 
CTOD for plain concrete (a), macro-FRC (b), micro FRC (c) 
and hybrid FRC (d) from bending tests on small specimens. 



As mentioned above, the parameters of the σ-w 
law (Tab. 4) were determined by means of a best 
fitting procedure (Roelfstra & Wittmann 1986) on 
the tensile test response. The parameters of the 
poly-linear laws that provided the best fitting of the 
experimental curves (from uni-axial tests) are 
summarized in Table 4 and plotted in Figure 7. One 
should observe that the first steeper branch of the 
post-cracking laws is the same for all the materials; 
this is consistent with the assumption that the initial 
branch of the post-cracking curves characterizes 
the bridging of the concrete matrix between the 
early micro-cracks and it is mainly due to the con-
crete matrix (which is the same for all the materials 
adopted; Wittmann et al., 1988). 
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Figure 11. Stress distribution along the ligament for small beams, 
large beams and tensile specimens at crack onset (Hybrid FRC). 
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Figure 12. Stress distribution along the ligament in the case of 
small beams, large beams and tensile specimens at Peak load 
(Hybrid FRC). 

 
The numerical curves of the stress (σN) versus 

crack tip opening displacement (CTOD) from uni-
axial tensile tests are plotted with the experimental 
curves in Figure 8. It can be noticed that a bilinear 
law allows for a good fitting of the experimental 
results from all the materials. FRC with hybrid-
fibers is well approximated by a tri-linear curve 
since micro-fibers start activating before the macro 
ones (Fig. 8d). 

By adopting the same softening law defined for 
the uni-axial tensile test, bending tests on both 
large (Fig. 9) and small (Fig. 10) specimens have 

been simulated. One should notice that the soften-
ing laws determined from uni-axial tensile tests 
provide a fairly good approximation of fracture 
behavior of both small and large beams under 
bending. 

The numerical results also provide information 
on the stresses distribution along the fictitious 
crack (fracture section). Figures 11 and 12, that 
concern hybrid FRC specimens, show the stress 
distribution at the crack onset and at the peak load 
respectively. One should note that, both at the 
crack-onset and at the peak load, the stress distribu-
tion that can be obtained with uni-axial tensile tests 
is more uniform. At peak load, the overall section 
is nearly in pure tension (Fig. 12). 

4 CONCLUDING REMARKS 

Experimental results from fracture tests carried out 
on normal strength concrete with a volume fraction 
of 0.38% of steel fibers are presented. The fibers 
have different geometries and are combined to ob-
tain hybrid composites. Both bending tests and uni-
axial tensile tests with freely rotating platens were 
performed on notched specimens. 

In order to obtain a complete characterizations of 
fracture behavior of concrete reinforced with a low 
fiber content, adequate tests are needed; further-
more, particular care should be devoted to the 
specimen preparation and in the tests control in 
order to limit the scatter due in the testing proce-
dure. 

Experimental results are very sensitive to the 
strain gradient in the cracked section, to the fiber 
geometry and to the area of the cracked surface. In 
fact, a larger scatter of the experimental results was 
observed in specimens with a smaller cracked sur-
faces where a larger scatter in the density of macro-
fiber was observed. On the contrary, a smaller scat-
ter of the post-cracking curves was observed in 
specimens with micro-fibers only. However, the 
addition of micro fibers slightly reduces the disper-
sion in the results that characterizes the mechanical 
behavior of FRC with a low content of macro-
fibers. 

Hybrid combination of short and long steel fibers 
can also improve concrete toughness for both small 
and large crack opening displacements. This bene-
fit can be useful for the serviceability state and 
fatigue. In addition, other synergic effects from the 
combination of micro and macro fibers are due to 
other effects (i.e. reduction of shrinkage cracking) 
not considered in the present experimental program. 



A numerical simulation based on Non-Linear 
Fracture Mechanics of the experimental tests was 
carried out in order to better understand the mate-
rial properties in terms of post-cracking response 
(σ-w). The numerical results show that the post-
cracking softening law determined from uni-axial 
tensile tests provides a fairly good approximation 
of the flexural behavior of both small and large 
beams. 

Post-cracking behavior (σ-w curve) can be de-
fined by means of bilinear law when a single type 
of fiber is adopted; on the contrary, FRC with hy-
brid fibers is better approximated by a tri-linear law 
that takes into account the different behavior of 
micro and macro-fibers. In fact, smaller fibers start 
activating before larger fibers. 

Numerical analyses also provide the stress distri-
bution on the crack surface and show that the uni-
axial tensile test better simulates fracture behavior 
of concrete (i.e. at the peak load, the stress distribu-
tion along the cracked section is more uniform). 
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