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ABSTRACT: The present paper describes an experimental study on structural behaviour of precast facade
panels made of Self Compacting Concrete reinforced with synthetic fibres (SCFRC). The main research aims
concern the material characterization and, at structural level, the possibility of replacing, in the external plates
of precast panels, the traditional welded mesh with synthetic fibers. Fracture tests were performed on both
normal weight and lightweight concrete where fibres may be particularly efficient in reducing the well-known
brittleness of this material. The application of FRC to the production of precast panels is a promising tech-
nique since it allows several advantages; in fact the possibility of replacing conventional reinforcement with
fibers allows for time and cost-savings and, since the minimum concrete cover is no longer required, may re-
duce the panel weight and the transportation costs. The experiments were performed on both traditional (RC)
and SCFRC full-scale panels; they have been loaded up to failure to observe their response in terms of bend-
ing moment versus displacement and crack development.

1 INTRODUCTION

Concrete is a brittle material; in fact, when subjected
to tensile stresses, it cracks already under small
loads. Concrete may already crack before applying
loads because of shrinkage or thermal effects. For
this reason, steel reinforcement has been used to
overcome the low concrete tensile strength and rein-
forced concrete (RC) became one of the most impor-
tant construction techniques (Walraven, 1999). As a
composite system, the reinforcing steel is assumed
to carry all tensile loads.

Another approach to limit concrete brittleness
concerns the use of discontinuous fibers to produce
Fibre Reinforced Concrete (Romualdi & Mandel,
1964, Shah et al., 2004). In Fibre Reinforced Con-
crete, thousands of small fibres are dispersed and
randomly distributed in the concrete matrix; there-
fore, they improve concrete properties in all direc-
tions (Balaguru & Shah, 1992).

Fibres enhance the post—cracking strength in ten-
sion, the fatigue strength, the resistance to impact
loading and reduce temperature and shrinkage
cracks (Ziad & Gregory, 1989; di Prisco et al.,
2004). Only a few of the possible hundreds of fibre
types have been found suitable for commercial ap-
plications (ACI 544, 1996).

Fibre Reinforced Concrete (FRC) finds applica-
tions in many areas of civil engineering where needs
for repairing and durability arise.

Aim of the present study is to explore the me-
chanical properties of concrete reinforced with poly-
propylene fibres adopted to enhance its toughness.
In addition, the paper reports preliminary results
from full-scale tests on precast fagade panels (Comi-
noli et al., 2006) made of ordinary reinforced con-
crete (as a reference) and SCFRC, where fibres sub-
stitute the welded mesh in the two external plates of
the panel.

Material tests were performed on both normal
and lightweight concrete where fibres may reduce
the remarkable brittleness of this material.

The use of fibres in the precast industry is gaining
particular interest (Failla et al., 2004). In particular,
the use of FRC in the production of precast panels is
a promising technique since it brings to several ad-
vantages. First of all fibres may replace the conven-
tional transverse reinforcement, bringing to time and
cost-savings, contributing to a major industrializa-
tion degree of the production process and avoiding
the areas used for the storage of the welded mesh.
Secondly FRC allows the design of wall panels to be
dependent only on static requisites and not on cover
limitations, and, finally, the use of lightweight con-
crete, beside the smaller concrete cover, may allow a
reduction of the transportation costs.

For these reasons, FRC panels represent a com-
petitive and cost-effective solution.



2 BEHAVIOUR OF SYNTHETIC FIBRES IN A
CEMENT MATRIX

The precast panels studied in the present research
work are made of Self Compacting Concrete rein-
forced with polypropylene fibres (Self Compacting
Fibre Reinforce Concrete, SCFRC). The initial part
of the research focused its attention on toughness
properties of normal and lightweight concrete rein-
forced with structural polypropylene fibres.

The real advantage of adding fibres into concrete
matrices becomes evident when fibres bridge these
cracks and provide residual strength during their
pullout process. The residual strength is significantly
influenced by the volume fraction and by the aspect
ratio of the fibers, as well as by the orientation in the
concrete matrix. The other factors that control the
performance of the composite material are the physi-
cal properties of the concrete, matrix as well as the
bond between fibres and matrix.

Material tests were carried out on specimens
made of Normal Self Compacting Fibre Reinforced
Concrete (N-SCFRC) and Lightweight Self Com-
pacting Fibre Reinforced Concrete (L-SCFRC), as
summarized in Table 1.

Table 2. Geometrical and mechanical characteristics of the syn-
thetic fibers adopted in the present research work.

Fibre S40 S25
Length (Ly) 40 mm 25 mm
Equivalent Diameter (¢5) 1.0 mm 1.0 mm
Aspect ratio (Ly/¢y) 40 25
Tensile strength [MPa] 650 650
Density [kg/m’] 920 920
Elastic Modulus [GPa] 5.0 5.0

Table 3. Fiber type and content in the different concrete mixes.

Fibre dosage
Mix [kg/m’]
S40 S25
Mix-1 N-SCC - -
Mix-2 N-SCFRC 3.0 (0.33%) -
Mix-3 N-SCFRC 4.0 (0.44%) -
Mix-4 | N-SCFRC 5.0 (0.55%) -
Mix-5 N-SCFRC - 4.0 (0.44%)
Mix-6 L-SCC - -
Mix-7 L-SCFRC 3.0 (0.33%) -
Mix-8 L-SCFRC 4.0 (0.44%) -

Table 4. Mechanical properties of the different concrete mixes.

Table 1. Composition of the Normal and Lightweight Self Elastic Tensile Compressive
Compacting Fibre Reinforced Concrete. Mix Modulus Strength Strength
Composition of Normal SCFRC E. fe fe cube
Portland Cement 42.5R 11 A-LL 320 |[kg/m’] _ [GPa] [MPa] [MPa]
IAcrylic plasticizer 3.3 | [I/m’] M¥X_1 27.7 3.20 42.5
: Mix-2 26.5 3.71 39.7
\Water/cement ratio . 0.56 [-] : Mix3 262 357 395
Fresh Concrete Density 2364 |[kg/m’] Mix-4 295 346 432
Slump Flow 700 | [mm] Mix-5 23.6 3.31 44.5
Mix-6 29.8” 2.17" 33.1
Composition of Lightweight SCFRC Mix-7 28.8" 1.94" 29.5
Portland Cement 42.5R I A-LL 400 |[kg/m’] Mix-8 28.8" 1.96" 29.7
ACI’yliC plasticizer 43 [1/1’113] *) Values calculated according to EC2 (2003).
\Water/cement ratio 0.56 [-]
Fresh Concrete Density 1835 |[ke/m’] ~ Table 4 shows the mechanical properties of the
Stump Flow 650 | [mm] different concrete mixes adopted, in terms of com-

Two different types of polypropylene fibres were
adopted. The first type (S40) had an equivalent di-
ameter of 1.0 mm and a length of 40 mm (aspect ra-
tio equal to 40), while the second type (S25) had the
same diameter, but a length of 25 mm (aspect ratio
equal to 25); their geometrical and mechanical char-
acteristics are reported in Table 2.

Fibres were added to the concrete matrix in dif-
ferent combinations; in particular, fibres S40 were
used with three different dosages, equal to 3, 4 and
5 kg/m® (corresponding to a volume fraction, Vi, of
0.33%, 0.44% and 0.55% respectively), while S25
fibres were used only with a dosage of 4 kg/m® (Vy=
0.44%; Tab. 3).

pressive strength from cubes (f; cube), €lastic modulus
(E.) and tensile strength (fy).

Fracture properties were determined by using
notched beams (150x150x600 mm), tested under
four-point bending according to the Italian Standard
(UNI 11039, Fig. 1a). Fracture tests were carried out
with a closed-loop hydraulic testing machine (IN-
STRON-1274) by using the Crack Mouth Opening
Displacement (CMOD) as control parameter. Addi-
tional Linear Variable Differential Transformers
(LVDT) were used to measure the Crack Tip Open-
ing Displacement (CTOD) and the vertical dis-
placement at midspan and under the load points
(Fig. 1b).



(a)

(b)
Figure 1. Geometry (a) and instrumentation (b) of the notched
specimen for the bending tests, according to UNI 11039.

The experimental results obtained from tests on
SCFRC specimens are summarized, in terms of load
versus CTOD curves, in Figure 2 (N-SCFRC) and in
Figure 3 (L-SCFRC). It should be observed that
specimens were characterized by different volume
fraction of fibres (0.33%+0.55% for N-SCFRC and
0.33%+0.44% for L-SCFRC).

For an easier comparison, the figures show only
one representative curve for each material which is
chosen a the one closest to the average curve. It can
be observed that fibre geometry and content re-
markably influence concrete toughness (evidenced
by the post-peak strength) while the peak stress is
not significantly influenced by the presence of fibres
(it mainly depends on the tensile strength of the con-
crete matrix).

Although polypropylene fibres are characterized
by a low elastic modulus, it is quite apparent that the
load carrying capacity of FRC under flexural load-
ing is considerably increased (Figures 2 and 3). The
residual strength is maintained until large values of
the crack opening, greater of 3 mm (normally ac-
cepted in the concrete structures).

As far as the comparison between Lightweight
and Normal SCFRC is concerned, in Figure 4 it can
be noticed how the first one evidences a post-peak
strength similar to those of the Normal-SCFRC, al-
though the peak stress is lower (2.5 MPa for L-
SCFRC and 4 MPa for N-SCFRC).
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Figure 2. Nominal stress versus CTOD curves (average curves)
obtained from bending tests on N-SCFRC specimens.
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Figure 3. Nominal stress versus CTOD curves (average curves)
obtained from bending tests on L-SCFRC specimens.
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Figure 4. Comparison of the nominal stress versus CTOD
curves (average curves) obtained from bending tests on both
Normal SCFRC and Light-Weight SCFRC specimens.

This is a significant potentiality of lightweight
concrete that could be used in the prefabrication in-
dustry, with remarkable advantages from the struc-
tural and economical point of view.

In order to better identify the post-cracking re-
sponse of FRC, three independent parameters are
proposed by the Italian Standard (UNI 11039, 2003):
the first crack strength (fir) and two equivalent flex-
ural strengths (feq0-06) and feq06-3)). The first flex-
ural strength (feq0-06)) corresponds to a Crack Tip
Opening Displacement range of 0-0,6 mm (signifi-
cant for the Serviceability Limit State) while the
second one corresponds to a CTOD range of 0,6-
3 mm (significant for the Ultimate Limit State). In



order to better identify the reduced FRC brittleness,
the Italian Standard also requires two Ductility In-
dexes that are defined as the ratios between the
equivalent strength as follows:

Do =feq,0-0.6/f1r; D1 =feq,0.6:3/feq,0-0.6)-

The equivalent flexural strengths obtained from
bending tests on FRC specimens are given in Figure
5a (mean values), while the two ductility indexes Dy
and D, are shown in Figure 5b.
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Figure 5. First-crack strength and post-cracking equivalent
strengths (a) and ductility indexes (b) according to UNI 11039.

Based on the experimental results obtained from
the material characterization, a SCFRC panel was
reahzed by using the SCFRC matrix reinforced with
3 kg/m’ of S40 fibres.

3 FULL-SCALE TESTS ON FRC PRECAST
PANELS

The research on full-scale facade panels aims to ver-
ify the possibility of replacing the welded mesh that
is usually placed on the two faces of the panel, with
synthetic fibres.

The research program took into consideration
static, industrialization, insulation and weight reduc-
tion requirements.

In order to better estimate the contribution of fi-
bres and to allow a useful comparison, the experi-
mental program included a FRC panel and a tradi-
tional panel reinforced with welded mesh.

In order to reproduce realistic situations, a special
experimental set-up was used to reproduce the com-

bined bending effects of the panel weight and of the
wind load.

3.1 Panel geometry

The panels are realized with two external plates,
connected with stiffening ribs with interposed a
layer of insulating material (characterized by low
specific weight), with the function of lightening and
thermal isolation. The density of this insulating ma-
terial (1030 kg/m’) and the extension of the rib-
bings determine the thermal insulation of the panel

(Fig. 6).
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SCFRC (5 cm)

(b
Figure 6. Geometrical characteristics of the transverse section
of a traditional SCC panel (a) and a SCFRC panel (b).

The preliminary experimental program included
two full-scale panels, having a length of 11,2 m, a
height of 2,5 m and a thickness of 0,2 m, character-
ized by different reinforcement and materials, as de-
scribed in the following:

e a first panel (RC) was reinforced with tradi-
tional welded mesh on the two plates and
with reinforcing bars in the ribs (Fig. 7a);

e a second panel (FRC) was reinforced with
3.0 kg/m’ of synthetic fibres, in substitution
of the mesh fabric (Fig. 7b).

The cross section of the panels is composed of
three different layers. In particular, from the internal
toward the external side of the building, there is
(Fig. 6):

e alayer of concrete (5 cm);

e alayer of polystyrene material (10 cm);

e another layer of concrete (5 cm).

Table 5 shows the compressive strength of con-
crete measured on 150 mm side cubes (fc cupe), the re-
inforcement type, the self-weight of the panels and
the age of concrete at the time of the test. One
should notice that panels had similar mechanical
properties since they were made by using the same
concrete mix (Tab.1).

3.2 Test set-up

One of the main issues concerning experimental
tests on prefabricated panels is related to the test set-
up. The experimental test set-up aims to reproduce
the latter configuration (Fig. 8), because this is the
most critical working condition. The bilateral re-
straint on the vertical edges, which is represented, in



a real structure, by the columns, was realized by
means of two vertical steel profiles which are also
required to avoid overturning of the panel.

(b)
Figure 7. Traditional reinforcement of the RC panel (a) and
FRC panels (b).

Table 5. Concrete and reinforcement characteristics.

Pancl fe cube Curing Fibre v Weight

(MPa) | [days] | Type | o | ol
RC 40.4 78 Mesh - 9.5
FRC 39.1 80 S40 3.0 9.5

Another problem is related with the application of
the transverse load to simulate wind effects. This
was accomplished by means of an electrical screw-
jack, which acts on a loading distribution system,
made of three different levels of steel beams, prop-
erly connected to each other by means of bilateral
pinned restraints, necessary to allow panel unload-
ing.

In order to simulate the wind effects, the front
face of the panel was loaded by means of four load-
ing strips, positioned in such a way to obtain the
same maximum shear force and bending moment, as
for an uniformly distributed pressure (Fig. 9).

During the test, the horizontal displacements
were recorded in several points, as shown in Fig-

ure 10. Compressive and tensile deformations (or the
opening of a flexural cracks) were also measured on
the panel faces. The displacements were measured
by means of either Linear Variable Differential
Transducers (LVDT), or potentiometric transducers
with 250 mm stroke.

Figure 8. Panel placement on the reaction frame.

More details about the test set-up can be found in
Cominoli et al., 2006.

3.3 Experimental results and discussion

The ultimate load of the panels was reached after
submitting the specimens to different cycles of in-
creasing intensity (fraction and multiple of the ser-
vice bending moment, M;). At the end of each step,
the panels were unloaded in order to check the re-
sidual deformation. Finally the load was increased
up to collapse.

The bending moment under service load
(Ms=25.3 kNm) was determined by assuming the
panels as part of a precast building located in wind
Zone I and Category IV, according to the Italian
Standard (D.M. 14-09-2005).

The curves of the maximum bending moment
versus the horizontal displacement of the midspan
section, the final crack patterns and the effects of fi-
ber reinforcement are presented and discussed in the
following.

Figure 11 shows the experimental curves of the
bending moment as a function of the horizontal de-
flection (C3 in Fig. 10) for the two tested panels. It
can be observed that the traditional panel (RC;
Fig. 11a) exhibits an ultimate load and a stiffness, in
the cracked stage, different from the FRC panel
(Fig. 11b), even if the latter is characterized by bet-
ter ductility. In both cases, a considerable stiffness
reduction is observed when the first crack appears (I
stage); as a result of the formation of this crack, the
behaviour is still almost linear, even if there is a re-
markable loss of stiffness (II stage).

The transition from the first to the second stage in
SCFRC panels occurred for a smaller bending mo-



ment than in the traditional panel (approximately
12 kNm versus 20 kNm). However, the stiffness in
the initial (uncracked) stage is similar.

The tests continued until reaching the ultimate
moment, approximately of 50 kNm (III stage).

One should notice that the horizontal displace-
ment in service conditions for FRC panel is about
1/600 of the span length and that the maximum mo-
ment is about 1.4 times the service moment.

It is necessary to emphasize that panels were al-
ready cracked before starting the test, due to shrink-
age phenomena; when increasing the load, these
cracks tends to concentrate in the midspan zone of
the element, where the maximum bending moment is
present.

The use of fiber reinforcement is also effective in
reducing the crack width so that it enhances the du-
rability of the panels.

Figure 12 illustrates the final crack pattern of the
panels; in all cases, failure involved longitudinal
bending with transversal cracks along the whole
height.

It can be noticed that the RC panel is character-
ized by the formation of a main crack (Fig. 12a),
whose width is already important at the moment of
its appearance. In the FRC panel, instead, the crack
pattern is diffused and the maximum cracks width is
reduced (Fig. 12b).

Table 6 shows a comparison between the maxi-
mum experimental bending moment (My,,x) and the
service moment (M).

Table 6. Comparison between the maximum experimental
bending moment and its service value (Ms).

Panel fc,cube Mmax Ms Mmax/ Ms
[MPa] | [kNm] | [kNm] [-]
RC 404 | 48.74 253 1.93
FRC 39.1 34.65 253 1.37

Once again, it should be noticed that, in the two
preliminary panels, the maximum bending moment
was larger than its design value for ultimate limit
state.

4 CONCLUDING REMARKS

The present paper deals with the mechanical charac-
terization of a self compacting concrete reinforced
with structural synthetic fibres and with its use for
the production of precast panels.

The initial part of the research work concerned
the evaluation of the mechanical properties of nor-
mal and lightweight concrete reinforced with poly-
propylene fibers, used with a volume fraction rang-
ing from 0.33% to 0.55%.

The second part of the research work concerned
full-scale tests on precast panels where polypropyl-

ene fibers replaced the welded mesh in the external
plates of the panel. By doing so, fibers allow for
time and cost-savings and may reduce the structural
weight, decreasing the transportation costs. In fact,
the absence of conventional reinforcement may al-
low for a reduction of the slab thickness, since the
minimum concrete cover is no longer required.

In order to better appreciate the benefits provided
by fibres, a test on a panel reinforced with the tradi-
tional welded mesh was also performed.

From the experimental results, the following con-
clusions can be drawn:

e the Fibre Reinforced Concrete panel exhib-
ited a behaviour similar to the traditional
panel reinforced with mesh fabric, even if the
ultimate load was lower;

e the maximum load applied to the FRC panel
was about 1.4 times the service load;

In summary, FRC represents a promising material
for the precast industry since it enhances the produc-
tion process by reducing the time for placing and for
the storage areas for conventional reinforcement.



Figure 9. Global view of the experimental set-up for the full-scale panels.
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Figure 11. Comparison of the mid-span bending moment - deflection curves for the tested panels.
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