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ABSTRACT: Nonlinear fracture mechanics has been used for simulating the load-carrying behavior of steel
fiber reinforced concrete floors on elastic bedding. In a numerical parametric study, influences of the fiber
content, the slab thickness and the soil stiffness on the structural response of the slab under both service and
ultimate conditions were studied. The material properties adopted for the numerical analyses have been de-
termined by mean of wedge splitting tests. Results of structural tests available in the literature are in good ac-
cordance with the simulation results. Furthermore, experimental observations regarding the influence of plas-
tic and glass fiber reinforcement on early age cracking are presented.

I INTRODUCTION

After about 30 years of research efforts, the use of
fiber reinforced concrete is still limited with respect
to the great benefits that fibers offer to concrete per-
formance (Reinhardt & Naaman 1999). Besides the
fact that concrete is traditionally designed to resist
compression while fibers become effective after ten-
sile cracking, another reason for the limited use of
fibers is the imbalance between theoretical and ap-
plied research (Rossi & Chanvillard 2000). In fact,
research studies on structural applications of fiber
reinforced concrete have become important only in
the last ten years (Di Prisco & Toniolo 2000). As a
consequence, while the mechanical properties of fi-
ber reinforced concrete are relatively well known,
methods for designing fiber reinforced concrete
structures, for example, are still missing in design
codes. Only recently, guidelines for designing steel
fiber reinforced (SFRC) elements were proposed, for
instance by RILEM TC 162-TDF (2000).

It should be pointed out that traditional rein-
forcement is so cheap that it can hardly be substi-
tuted by fibers in structural elements subjected to
bending, at least not within the next few years. Dif-
ferent is the case of transverse reinforcement that re-
quires labor-intensive work. Here steel fibers may
play a major role in the close future (Failla et
al: 2000).

One of the more interesting applications of SFRC
are slabs on grade that are often used for industrial
lloors (Zollo & Hays, 1991; Silfwerbrand 2000).
This is one of the very few applications where steel
fibers may actually substitute conventional rein-

forcement allowing to save intensive labor and ex-
pensive reinforcing work. However, the more exten-
sive usage of SFRC for floors requires modified
design rules and, most likely, SFRC would be used
more often if reliable and simple design recommen-
dations were available.

Whereas steel fiber reinforcement influences the
load carrying capacity of hardened concrete floors
and limits the crack widths under concentrated
loading, plastic or glass fiber reinforcement does not
have a significant influence on the mechanical prop-
erties of concrete. Therefore, the resistance against
external forces, especially concentrated loads, and
stresses due to constraint caused by drying shrinkage
and thermal expansion (Olesen & Stang 2000), may
be influenced by steel fiber reinforcement only.
Plastic and glass fibers, however, are useful in re-
ducing early age cracking.

In a first section of the paper, results of investi-
gations into the effects of fibers on early age crack-
ing are presented. The fracture behavior of hardened
concrete floors is dealt with in the subsequent sec-
tion by using nonlinear fracture mechanics (NLFM)
approaches. Finally, numerical NLFM results are
compared with experimental results available in the
literature.

2 FIBER REINFORCEMENT FOR REDUCING
EARLY AGE CRACKING

A major problem in the concrete floor technology is
early age cracking due to the so-called plastic or
capillary shrinkage of the young concrete. It is
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caused mainly by the capillary water transport out of
the hardening concrete. The resulting cracks are lo-
cated on the concrete surface and appear usually
within the first 24 hours after casting. Although ap-
propriate curing is an important part of state-of-the-
art concrete technology, early age cracking is still
one of the most common constructional defects.

For studying influences on early age shrinkage of
cementitious materials, fiber Bragg grating (FBG)
sensors have been used (Slowik et al. 1998). This
comparably new measuring technique is based on
strain sensors “burned” into the glass core of tele-
communication fibers. They provide an excellent
long-term stability of strain measurements and may
therefore be used efficiently for structural monitor-
ing. Furthermore, the small dimensions of fiber
Bragg gratings allow their utilisation for
“microsensors” opening new fields of application in
material science.

Taking advantage of the small sensor dimensions,
experiments for characterizing the early age shrink-
age behavior of cement paste were undertaken. By
means of conventional methods it is technically dif-
ficult to measure shrinkage strains of cement paste
in the early age (i.e. between 0 and 12 hours after
mixing), since strain or displacement gauges cannot
be attached before a certain minimum strength has
been reached. Therefore, most measurements of
shrinkage strains documented in the literature were
carried out starting from the time of demoulding. If
fiber-optics based microsensors are embedded in the
fresh concrete, they start to monitor the strains im-
mediately after the beginning of the setting. A slip
between the fiber and the surrounding matrix does
not occur due to the low fiber stiffness and the long
grip length when compared to the fiber diameter.

Prismatic cement paste specimens having dimen-
sions of 90x30x30 mm were cast into a form made
of very flexible foamed plastics. The glass fiber
containing a FBG sensor was embedded along the
longitudinal axis of the specimen. A layer of imper-
meable foil placed between the form and the cement
paste served to prevent water transport into the form.
Yet drying was possible on the upper surface of the
sample.

Figure 1 exhibits a typical shrinkage curve. About
two hours after mixing, the shrinkage starts and
strongly increases until an age of about 6 hours is
reached. This is the time period between the begin-
ning and the end of the setting. Simultaneously per-
formed needle penetration tests confirmed this con-
clusion. After the period characterized by the high
shrinkage strains, a volume increase could be ob-
served for all the samples. This is predominantly
caused by thermal expansion. Using embedded
thermo-couples, a temperature increase of 10 K to
15 K could be determined at this age explaining the
observed positive strain. The continuing deformation
is due to drying shrinkage and yields toward an as-

ymptotic value. For the same sample, after three
weeks the total strain amounted to -2700 pm/m for
20°C and 40% air humidity.

If the surface of the sample was sealed in order to
prevent the water transport out of the specimen the
shrinkage strain after 6 hours amounted to about
30% of the value measured in the unsealed speci-
mens (Figure 2). The strain occurring in the sealed
specimens is attributed to the chemical shrinkage. It
was also shown that, by covering the specimen with
an impermeable foil for the first 24 hours, the
shrinkage strain occurring after a week is still sig-
nificantly lower than in the case of no covering.
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Figure 1. Early shrinkage strain of cement paste, starting from
the time of mixing, w/c-ratio 0.45.
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Figure 2. Shrinkage strain of cement paste, w/c-ratio 0.45, open
and sealed surface.

For a concrete with w/c ratio of 0.5, smaller early
age shrinkage strains were measured as compared to
a w/c ratio of 0.45. This is caused by the formation
of a thin layer of water on the surface providing a
perfect curing to the fresh cement paste having the
higher w/c ratio. An air flow applied to the specimen
surface has a significant shrinkage increasing effect
(Schlattner et al. 1999).

In the experiments, it was confirmed that the
early age shrinkage of cementitious materials is a
complex process with a variety of different influ-
ences. Small variations in the composition of the
cement paste or in the curing conditions might have
significant effects on the shrinkage behavior. The
prediction of the resulting early age cracking appears
to be even more complicated. In addition to the un-
hindered shrinkage strain, the varying fracture me-
chanics properties and the creep behavior of con-
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crete in the early age have to be known. The analysis
of early age cracking, therefore, would require a
number of assumptions to be verified in complicated
experimental investigations into the individual
physical effects having an influence on this complex
process. It seemed to be more efficient to investigate
early age cracking directly in structural tests per-
formed under well defined conditions.

For investigating the effect of fiber reinforcement
on early age cracking, an experimental set-up was
used which allowed to observe the crack patterns
formed in restraining concrete rings (Figure 3). This
type of specimens has proved before to be efficient
for investigating self-straining problems. The radial
metal-pieces control the fracture localization result-
ing in a higher number of individual cracks. Sets of
three identical specimens were cast out of one batch
and their upper surface was subjected to a constant
air flow in order to promote cracking.

thickness 100 mm

Figure 3. Restraining concrete ring for investigating early age
cracking of concrete.

For a given concrete composition with a maxi-
mum aggregate size of 8 mm and a w/c ratio of 0.50,
the influence of several types of plastic and glass fi-
bers on early age cracking has been studied. In ac-
companying tests, early age shrinkage strains and
fracture mechanics properties were determined. The
fiber contents applied ranged from zero to 3 kg/m®.

It could clearly be shown that this type of fiber
reinforcement  significantly restricts early age
cracking. This is due to the crack bridging behavior
of the fibers in the young concrete and, to a certain
extent, to the adhesion of the water to the fibers
during the setting process. The latter was confirmed
by smaller early age shrinkage strains measured in
the concrete containing plastic or glass fibers. As
expected, no significant influence of the fibers on
strength and softening behavior was found.

As far as the influence of the fiber amount is con-
cerned, for several plastic and glass fiber products it
was shown that a fiber content as low as 1 kg/m? al-
teady has a significant effect on the observed crack
patterns (Figure 4). For this comparably low fiber

content, the workability of the fresh concrete is only
slightly affected.

The experiments have also shown that the major
parameter controlling the effect of plastic or glass
fibers on early age cracking is the number of indi-
vidual fibers per unit volume. Table 1 contains the
crack lengths measured in restraining concrete rings
reinforced with the same glass fiber product but dif-
ferent lengths.
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Figure 4. Crack patterns after 24 hours due to early age shrink-
age of concrete containing glass fibers, fiber length 6 mm, fiber
diameter 13 pm.

Table 1. Effect of the length of glass fibers on the early age
crack length measured in three restraining concrete rings.

fiber length  Fiber number of fibers crack length

content
mm ke/m? per m® of concrete  mm
6 1 0.570-10° 113
12 1 0.285-10° 318
no fibers - - 645

The numerous individual fibers act as a micro-
reinforcement in the young cement paste transferring
stresses and preventing fracture localization on this
structural level. For a comparison, 30 kg/m? of steel
fibers having a length of 50 mm and an aspect ratio
of 62.5 results in a fiber number of only 0,15-10° per
cubic meter of concrete. For that reason, steel fibers
are less effective for restricting early age cracking.
However, they are useful for improving the me-
chanical behavior of hardened concrete.

3 NLFM ANALYSES OF SFRC PAVEMENTS

3.1 Traditional design methods and advantages of
using NLFM

Traditional design methods for slabs on grade are
based on the assumption that the slab remains elastic
and uncracked under service loads. For this purpose,
the elastic theory developed by Westergaard (1926)
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may be applied. It is based on an elastic behavior of
the slab and the subgrade is regarded as a Winkler
soil where the pressure p results from a linear elastic
response varying with the slab deflection w and be-
ing directly proportional to the modulus of subgrade
reaction (p=kw). The required slab thickness results
from the maximum tensile stress that needs to be
smaller or equal to the concrete tensile strength (f)
reduced by the safety factor required by the design
codes. However, the assumption of uncraked pave-
ments is a simplification since cracks may also arise
from shrinkage, thermal gradients or differential set-
tlement of the subgrade.

An elastic approach is inappropriate for SFRC
slabs since fibers do not have a significant influence
on the concrete properties before cracking, so that
the design based on an uncracked plate does not take
advantage of the presence of the fibers. A suitable
design method for SFRC slabs should consider the
significant post-peak strength that characterizes steel
fiber reinforced concrete (Figure 5). This can be
achieved by performing a nonlinear fracture me-
chanics (NLFM) analysis (Hillerborg et al. 1976). In
fact, when the maximum stress in the slab reaches
the tensile strength (f;), because of the post-cracking
concrete strength, the load might still increase while
the crack propagates.
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Figure 5. Pre-peak and post-peak behavior of plain and steel fi-
ber reinforced concrete, respectively.

The analysis of a cracked structure leads to the
need for a redefinition of slab failure and modified
design requirements for both ultimate and service
conditions.

3.2 Experimental determination of fracture
properties of SFRC

For determining the softening behavior of SFRC,
wedge splitting tests were performed (Linsbauver &
Tchegg 1986, Brithwiler & Wittmann 1990) on
specimens having different sizes (Figure 6). The
three different ligament lengths used (107 mm,
160 mm and 240 mm, respectively), are similar to
the slab thickness often used for concrete floors.

For making the notches, 1 mm thick steel plates
were placed in the wooden form. The specimens
were demolded 24 hours after casting and the subse-

quent curing took place in a fog room at 20+1°C for
at least 90 days in order to minimize the strength
gain due to aging between the tests.

Four different mixes were prepared. Two of them
are referred to here: a reference normal strength
concrete (NSC) and a concrete with the same matrix
but with 30 kg/m® (volume fraction = 0.38%) of
steel fibers (NSC-SFR). Cement class 32.5 R type
CEMII/B - L (UNI-ENV 197) was used as well as
siliceous aggregates having a rounded shape, a
maximum size of 15 mm and a grain size distribu-
tion very close to the Bolomey curve. The hooked
steel fibers were cold drawn and 50 mm long. They
had a diameter of 0.8 mm (aspect ratio=62.5) and a
tensile strength higher than 1000 MPa (Figure 7).

F
z
Notch thickness 1mm D
L
Size in millimetres
D 100
D L z
Small 200 107 73
Medium 300 160 120
Large 450 240 190

Figure 6. Specimen geometry.
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Figure 7. Hooked steel fiber geometry.

Table 2 shows the concrete composition, the
compression strength measured from cubes (f;, cuse) at
the time of testing (3 months). The workability of
the fresh concrete, measured by the slump test,
amounted to 160 mm for both plain concrete and fi-
ber reinforced concrete.

Table 2. Composition and mechanical properties of concrete.

Type  Cement a/c Agegr. Fibers  focube
[kg/m’] [kg/m’] [kg/m’] [MPa]

Plain 300 53 1954 - 293

SFRC 300 53 1994 30 33.5

The specimens were suitably instrumented t0
measure the load and the crack mouth opening dis-
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placement (CMOD) which was adopted as the feed-
pack quantity for the closed-loop control.

Softening laws for the two materials were ap-
roximated as bilinear laws (Figure 8) and deter-
mined by means of backward finite element analyses
of the tests. These were performed by using FE code
MERLIN (Reich et al. 1994) that is based on the
discrete crack approach and uses the Fictitious Crack
Model (FCM) proposed by Hillerborg et al. (1976).

Figure 9 shows typical load-CMOD curves as
obtained on a medium size SFRC specimen. In the
same figure, the best-fitting finite element curve is
also plotted. The experimentally determined
modulus of elasticity (E,), uniaxial tensile strength
(fu), and specific fracture energy (Gr) of concrete as
well as the best-fitting parameters of the bilinear
softening law are shown in Table 3.

g
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Figure 8. Stress-strain curve and bilinear softening curve.
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Figure 9. Typical experimental results, as obtained from the
medium size wedge splitting specimens with steel fibers and
the best fitting numerical simulation result.

Table 3. Fracture properties of concrete.

Material  E. Gr Ju Wy S W,
[MPa] [N/m] [MPa] [mm] [MPa] [mm]

NSC 30000 0.21 272 0.024 0.896 0.406
NSC-SFR 34000 2.033 2.72  0.025 0.931 4.280

Further details on the experimental set-up as well
as the complete set of experimental results can be
found in Meda et al. (2001).

3.3 Numerical parametric studies

The experimentally determined fracture properties
were adopted to simulate the deformation and

cracking behavior of slabs with different thicknesses
on subgrades characterized by different moduli. Two
commercial programs utilizing different fracture
mechanics approaches were used. Since the work
was done independently by two teams, not all the
input parameters were exactly the same.

Square slabs with an edge length of 5.0 m (typical
for the distance between pavement joints), subjected
to a centric load distributed in a square area

(a=380 mm), were modeled and analyzed (Fig-
ure 10).

I3 N
L 1 ™ Winkler soil
Figure 10. Mode! used for the numerical simulation by using
MERLIN.

In parallel, 3D analyses of elastically supported
concrete slabs under concentrated load were per-
formed by using the program ATENA (Cer-
venka 2000) which is based on the smeared crack
approach. An exponential softening law proposed by
Hordijk (1991) has been applied for three different
materials: plain concrete and fiber reinforced con-
crete with 20 and 30 kg/m* of steel fibers, respec-
tively. Because of the applied softening curve it was
not possible to directly adopt the softening parame-
ters from Table 3. The modulus of elasticity and ten-
sile strength were kept constant and amounted to
30000 N/mm? and 2.72 N/mm?, whereas the fracture
energy was 0.15 N/mm, 0.25 N/mm and 0.30 N/mm,
respectively, for the three materials. As in the case
of MERLIN, a plate of 5.0x5.0 m was modeled. For
the support, elastic brick elements were used in
ATENA. Tigure 11 shows a deformed 3D mesh of
the slab. The concentrated load was applied in the
center of the plate on an area of 125x 125 mm in this
model.

Figure 11. Deformed finite element model of an elastically
supported slab under concentrated load as obtained with
ATENA.
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Figure 12 exhibits the load-displacement curves
obtained by using ATENA for different materials
and a plate thickness of 160 mm. The supporting
400 mm thick layer had a modulus of elasticity of
165 N/mm®. A corresponding result obtained by
MERLIN for a slab thickness of 200 mm may be
seen in Figure 13. All the numerical curves resulting
from MERLIN are plotted up to the formation of the
collapse mechanism that corresponds to the forma-
tion of cracks at the top surface of the slab. Even
though the subgrade modulus used in ATENA is
higher and the slab thickness is smaller than the cor-
responding values used in MERLIN, both analyses
point to the same conclusion. There is only a slight
influence of the fiber reinforcement even after the
begin of cracking. The latter may be identified by
the declining slope of the load-displacement curves.
As already found by Falkner et al. (1995), only a
small load increase results from the addition of usual
volume fractions of steel fibers which, however, are
useful in resisting shrinkage and thermal loading.
The results also show the importance of a NLFM
analysis that leads to a significantly higher loading
capacity as compared to the elastic limit load which
marks the beginning of cracking.
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Figure 12. Load versus vertical displacement as obtained by
ATENA for slabs of plain and steel fiber reinforced concrete.
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Figure 13. Load versus vertical displacement as obtained by
MERLIN for slabs of plain and SFR concrete (30 kg/m®).

The load-crack opening curves confirm that the
steel fibers reduce the crack opening (Figure 14).
This effect of the fibers is more significant and from

a practical design point of view more important than
the load increase for a given vertical displacement.

Figure 15 shows the load-displacement curves for
SFRC slabs with different thicknesses on a subgrade
with a modulus of 0.12 N/mm®. For the same slabs,
Figure 16 shows the load versus the maximum crack
opening. It can be noticed that the maximum load
increase is relatively small when compared to the in-
crease in slab thickness. However, referring to serv-
ice conditions, if the maximum crack opening has to
be limited, for example to 0.3 mm, the service load
turns to be strongly dependent on the slab thickness
(Figure 16).

The subgrade modulus has a significant influence
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-
Z
=
5 300
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- - - 30kg/m® steel fibres
100
o — B

0,00 0,05 0,10 0,15 0,20
Crack opening [mm]

Figure 14. Load versus maximum crack opening as obtained by
ATENA for slabs of plain and steel fiber reinforced concrete.
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Figure 15. Load versus vertical displacement as obtained by
MERLIN for slabs with different thickness.
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Figure 16. Load versus maximum crack opening as obtained by
MERLIN for slabs with different thickness.
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Figure 17. Load versus maximum crack opening as obtained by
MERLIN for slabs on elastic subgrade having different moduli.

on the stiffness and the ultimate load of concrete
slabs. This can be observed in Figure 17 that shows
the load-displacement curves for a SFRC slab on
subgrades having different moduli, ranging within
values significant for practical applications. The
numerical curves were obtained with MERLIN.

3.4 Comparison with experimental results

Experiments performed by Falkner et al. (1995)
were analyzed by using MERLIN in order to verify
the numerical model. Tests on 3.0x3.0x0.15 m con-
crete slabs centrally loaded on a 120x120 mm steel
plate were carried out. Two specimens (P3 and P4)
of normal strength concrete (R4=35 MPa) reinforced
with 20 kg/m® of hooked steel fibers were consid-
ered here. The steel fibers had a minimum tensile
strength of 1100 MPa, a length of 30 mm and a di-
ameter of 0.8 mm (aspect ratio=37.5). The slabs
were placed on 3.5%3.5x0.06 m bases. For specimen
P3 a cork base (k=0.025 N/mm’ ) was used while a
rubber base was adopted for specimen P4 (k=0.05
N/mm?).

Table 4 shows the experimentally determined
modulus of elasticity (E.), the compression strength
(f) and the flexural strength (/) of concrete used
for the slabs. The tensile strength (f,) was deter-
mined from the flexural strength according to EC2
(1991).

Table 4. Mechanical properties of concrete used by Falkner et
al. (1995).

B f Jor  fa Wi W,
[MPa] [MPa] [MPa] [MPa] [mm] [MPa] [mm]

P3 23400 375 3.76 260 0.04 1.058 501
P4 26650 428 4.03 275 0.05 0.718 5.56

The concrete fracture properties were experi-
mentally determined by means of four point bending
tests performed on beams of the same materials used
for the slabs (Falkner et al. 1995). For the analysis
performed here, the softening laws had to be ap-
proximated by bilinear laws and were determined by

means of a backward finite element analysis of the
beam tests. This was also done by using MERLIN.,
The parameters of the bilinear softening laws for the
materials used in specimens P3 and P4 are summa-
rized in Table 4. By using the actual material prop-
erties, finite element simulations of the structural
behavior of specimens P3 and P4 were performed.

In the numerical model, the soil consisted of a set
of springs (attached to all slab bottom nodes) repre-
senting the Winkler soil. The spring stiffness was set
to represent the modulus of the base used in the ex-
periments.

The comparison between numerical and experi-
mental results, in terms of load versus vertical dis-
placement, is shown in Figure 18. A good accor-
dance between the two sets of curves can be
observed up to the first peak load which marks the
formation of a collapse mechanism. The latter is
evidenced by the load decrease in the numerical
curves but it is not seen in the experimental curves.
In fact, because of the presence of steel fibers across
the crack, the slab continues to carry the load be-
cause of the reaction of the subgrade. Furthermore,
the friction between the continuous cork or rubber
subbase and the concrete slab may have influenced
the crack opening. This effect could not be simulated

300 —

200 —

Load [kN]
1

£=0.025 numerical analysis |
e 20,025 P3 with fiers ‘
~~~~~ &=0.025 P1 without fibers

100 —

k=0.050 numerical analysis i

4 5 =0.050 P4 with fibers
k=0.050 P6 without fibers

0 L S B A B

2 3 4 5 6

Displacement [mm)

Figure 18. Comparison between the numerical and the experi-
mental results obtained by Falkner et al. (1995).

Figure 19. Deformed mesh of MERLIN at first peak load in
slab P3.
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by the independent springs (adopted to simulate the
Winkler soil) used in MERLIN, and might explain
the difference between the final parts of the two sets
of curves where the load is mainly carried by the
subgrade.

Figure 18 also shows the experimental curves
obtained for the plain concrete slabs P1 (k=0.025
N/mm® and P6 (k=0.05 N/mm’ (Falkner
et al. 1995). It can be noticed that, with the adopted
low fiber content, the ultimate loads of the plain
concrete slabs are very close to the ones of the
SFRC slabs. The deformed mesh at the first peak
(collapse) load is shown in Figure 19.

4 CONCLUDING REMARKS

Slabs on grade are an appropriate application for
steel fiber reinforced concrete. Under certain cir-
cumstances, the use of steel fibers can save expen-
sive and time consuming reinforcing work.

The usage of steel fiber reinforcement requires
the application of nonlinear fracture mechanics ap-
proaches for the analysis. In this way, the consider-
able post-cracking strength of the steel fiber rein-
forced concrete can be fully taken into
consideration. The load-carrying capacity obtained
by considering the post-cracking behavior of the
structure is significantly higher than the one result-
ing from a traditional elastic analysis.

Whereas the influence of the steel fibers on the
ultimate load is comparably small, there is a strong
effect on the maximum crack openings. Therefore,
the steel fiber reinforcement increases the allowable
load under service load conditions.

Whereas steel fibers actually affect the mechani-
cal behavior of concrete slabs, glass and plastic fi-
bers have only a negligible influence on strength and
softening parameters of the hardened material. How-
ever, even small quantities of such fibers added to
the concrete mix significantly reduce early age
cracking.
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