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ABSTRACT
There have been numerous attempts by researchers to optimize the tensile and bending resistance of
ferrocement by improving the properties of its main component materials. In particular,
reinforcements of higher tensile strength than those of conventional steel wire meshes (500 MPa) were
used. These include, for instance, fiber reinforced polymer (FRP) reinforcements such as carbon and
Kevlar based fabrics or textiles, and some special steelbased reinforcements. On the matrix side, high
strength and high performance cementitious matrices of compressive strength up to about 100 MPa
were used. This paper presents the results of a preliminary investigation on the bending response of
ferrocement plates using an ultra-high performance cementitious matrix of compressive strength
exceeding 200 Mpa combined with steel mesh reinforcements of tensile strength exceeding 2400 MPa.
Parameters for the cementitious matrix included the addition of micro steel fibers to improve
interlaminar shear resistance. The plates were about 12.5 mm (half inch) in thickness and reinforced with
one to four layers of steel mesh. The results obtained are compared to results available in the technical
literature. Itis observed that the bending resistance achieved, as described by a modulus of rupture (MOR)
value exceeding 230 MPa, is the highest reported on records to date, with the highest efficiency per unit
volume of reinforcement, opening the door to anumber of new potential applications.

Keywords: bending resistance, ferrocement, high strength steel, modulus of rupture, ultrahigh
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INTRODUCTION

One of the main advantages of ferrocement is its overall flexibility and versatility; that is, ferrocement
can be considered a low technology material, thus suitable for self-help construction, as well as a high
performance composite obtained using special high performance materials and construction
procedures. Most of the applications of ferrocement to date are relatively low technology oriented for
which the common mechanical properties of conventional ferrocement such as tensile and bending
resistance are sufficient. Over the years, however, there have been numerous attempts to optimize the
response of ferrocement by improving one or a combination of its components, the cementitious
matrix, the reinforcement and the bond between them.

For the purpose of this discussion, ferrocement can be considered made out of two main components,
the cementitious matrix and the reinforcement. The bond between them is considered essential for the
success of the composite and is assumed here sufficient for the desired behavior. Both the
reinforcement and the matrix have evolved enormously since the first patent of Lambot on
ferrocement in 1855. The evolution of the cement matrix, which at the time of Lambot may have
achieved acompressive strength of only 10 MPa, has progressed to what is defined today as ultra-high
performance concrete (UHPC) with compressive strength exceeding 200 MPa.
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BACKGROUND: LIMIT MOR WITH CONVENTIONAL MATERIALS

Modern ferrocement started with the work of Nervi [1] in the 1940’s and significantly expanded
during the 1960’s up to date; at time of this writing ferrocement utilizes primarily steel wire meshes
made with relatively low yield strength wires or expanded metal sheets,having a yield strength smaller
than about 500 MPa, and a cement mortar with a compressive strength ranging from 20 to 70 MPa.
While other potential reinforcements have become available for ferrocement including meshes,
textiles or fabrics made with fiber reinforced polymer reinforcement (such as carbon, glass or Kevlar),
their application is presented elsewhere [2, 3]. Only steel reinforcements are considered next.

The total volume fraction of steel mesh reinforcement in ferrocement generally ranges from about
2% 1o 8% [4]. Physically, it is difficult to put more than 8%. Typically such a value may be obtained by
packing together as much layers of mesh as possible within the composite. Both the tensile and
bending resistance of the composite increase with the increase in volume fraction of reinforcement. In
particular, analysis of the section suggests that the bending resistance increases almost proportionally
to the volume fraction of reinforcement (or the number of layers of mesh) primarily because the steel
mesh has extensive yielding behavior. Under these conditions modulus of rupture (MOR) values, that
is, the equivalent elastic bending resistance in the cracked state, could reach about 50 MPa with 7%
reinforcement content as illustrated in the summary of data described in Figure 1 [4]. Until the 1990’s
equivalent elastic bending resistance or modulus of rupture of 50 MPa was considered the mechanical
limit of the material.
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Figure 1-Modulus of rupture of ferrocement plates versus volume fraction of reinforcement
using conventional stee wire meshes [4]

EFFECT OF HIGH PERFORMANCE STEELREINFORCEMENTS

Since the 1990’s some very high strength steel reinforcements (in the form of mesh, fabric or textile)
have become available for use in ferrocement applications and includes two commercially available
products, marketed under the name Hardwire© and Fleximat®.
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Fleximat©, from Bekaert S.A., contains unidirectional high strength steel strands in one direction,
and textile threads holding the strands in the transverse direction. Thus the mesh system has strength in
only one direction. The mesh had a center to center strand spacing of about 2 mm. A close view of the
mat is later described in Fig. 6b. The strand consisted of 13 high strength steel wires, 12 of which
running longitudinally and twisted to form a strand while one wire confines the rest by wrapping them
spirally throughout the length.

The internal wires have a nominal diameter of 0.22 mm and the external wire, 0.15 mm, leading to a
strand with an equivalent diameter of 0.78 mm, and an equivalent cross section of 0.48 mm2. Tests
carried out on 12.5 mm thick ferrocement plates, with a mortar compressive strength of 63 MPa, led to
a maximum modulus of rupture (MOR) ore equivalent elastic bending strength of 123 MPa with a
volume fraction of steel reinforcement of 3.84%, in the longitudinal direction [5]. Results are
illustrated in Fig. 2. This was considered a record at the time.
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Figure 2 -Typical bending response of hybrid ferrocement using high strength steelreinforcement
(Fleximat® ), with a tensite strength exceeding 2100 MPa, and a mortar matrix of 63 MPa compressive
strength, [5]

Hardwire®© is similar to a 2D mesh. In the primary direction it comprises parallel steel strands spaced at
approximately 6.25 mm (different spacing is also available); the strands are held in place (adhesively bonded)
by a square mesh made from glass fibers. However the glass fiber mesh (or scrim) is not strong or significant
and is used only as support to the steel strands. The strands are made each from five steel wires with
approximate diameter of 0.3 mm each. The wires have very high tensile strength of the order of 3150 MPaand
are typically produced to fabricate tire cord for high performance tires. To simulate a two dimensional mesh
similar to conventional steel wire meshes used in ferrocement, two layers of Hardwire© placed normal to
each other can be used. Tests carried out on 12.5 mm thick ferrocement plates, having a mortar compressive
strength of 84 MPa, and reinforced with only two extreme layers of Hardwire© mesh and fibers led to moduli
of rupture (MOR) in bending exceeding 105 MPa (Fig. 3 and Ref. 6). This was also considered, at the time, a
record per unitvolume of steel reinforcement used (here, 1.76% unidirectional).
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Figure 3-Typicat bending response of hybrid ferrocement using high strength steel reinforcement
(Hardwire©), 3100 MPa in tensite strength, a mortar matrix of 84 MPa compressive strength, and 1% PVA
microfibers added to the matrix [6]

Thus, comparing the maximum modulus of rupture of ferrocement with conventional steel meshes
(that is, 50 MPa with 7% total reinforcement, Figure 1), with the results of Figs. 2 and 3 suggests that
MOR limits can be more than doubled with the use of very high strength steel reinforcements.

RESEARCH OBJECTIVE
In the tests described in Figs. 1 to 3, the cement mortar matrix had a compressive strength less than 84
MPa. Compressive strengths significantly higher are becoming increasingly used in special
applications. In particular UHPC (Ultra-High Performance Concrete) is defined as achieving a
compressive strength in excess of 150 MPa. Background information on UHPC can be found in three
symposia proceedings listed in Refs. 7 to 9. A particular formulation of UHPC developed by the
authors and using steel fibers (UHPFRC) led to compressive strengths up to 290 MPa [10].

The main objective of this research was to combine very high strength steel reinforcement such as
Fleximat® with a UHP-FRC matrix to increase the modulus of rupture (or equivalent elastic bending
resistance) of thin ferrocement plates. New record values of 230 MPa have been achieved.

EXPERIMENTALPROGRAM

In this preliminary study four different ultra high performance ferrocement plates (0.5x3x12 inch)
have been investigated in their bending behavior. The ferrocement plates consisted of an ultra-high
performance fiber reinforced concrete (UHP-FRC) reinforced with 0, 1, 2 and 4 layers of Fleximat®
resulting in a volume fraction of longitudinal steel reinforcement of 0%, 1.57%, 3.13% and 6.27 %,
respectively. The location of the continuous reinforcement is illustrated in Fig. 4. All specimens have
been tested under four-point bending at a span of 10 inch (254 mm).
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Figure 4-Continuous reinforcement of ferrocement samples tested in this research

Previous research on material design of ultra high performance concrete [10, 11, 12] and the bond
behavior between matrix and discontinuous fiber reinforcement [13, 14] led to the self-
consolidating UHP-FRCs, used in this research. Based on the approach of optimized particle
packing density a non-fiber reinforced UHPC was designed first, achieving 28 days compressive
strength of 246 MPa under normal curing condition and without heat treatment. The workability of
the UHPC is illustrated in Figure 5. Replacing some sand with an equal volume of high strength
micro steel fibers led to UHP-FRC A and UHP-FRC B with 2.5% and 3.5% fiber volume fraction,
respectively. The UHP-FRCs are characterized by a 28 days compressive strength of up to
266 MPa. Mix proportions, average strengths of UHPC and UHP-FRC are given in Table 1. The
steel fibers used were brass coated high strength steel fibers with a tensile strength of about 2600
MPa, diameter of 0.15 mm and a length of 6 mm. Prior research on the pull-out behavior of similar
single fibers embedded in UHPC [13, 14] confirmed their appropriate behavior. Fiber length and
fiber volume fraction were selected to prevent delaminating failure (that is horizontal shear failure
between the layers of longitudinal reinforcement) prior to reaching maximum bending resistance
and to keep self-consolidating properties without fiber agglomeration.

Figure 5-Testing of spread value of UHPC in accordance with ASTM C230/ C230M
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Table 1- Mixtures for UHPC and UHP-FRC

Type UHPC UHP-FRCA UHP-FRCB
Cement 1.00 1.00 1.00
Silica Fume 0.25 0.25 0.25
Glass Powder 0.25 0.25 0.25
Waler 0.180 0.19 0.19

Superplasticizer” 0.0114 0.0108 0.0108

Sand A® 1.05 0.95 0.92
Fiber® 0.00 0.22 0.31
Fiber in Vol.% 0 2.5 3.5
£ leube,28d] MPa 946 259 266

* solid content; ® max. grain size 0.2 mm (1/128 in.), ©
micro steel fibers, I/d=6mm/0.15mm, tensile strength
about 2600 MPa

a - discontinuous fiber b - continuous wire mesh ¢ - opened up strand of Fleximat®
reinforcement reinforcement (Fleximat®)

Figure 6-High strength steelreinforcement of ferrocement samples

Figure 6 shows examples of discontinuous fibers and continuous mat reinforcement used in this
study. The UHP-FRC for all samples was poured in layers without any vibrations. The specific amount
of reinforcement was added in layers during the casting process, using the lay-up or laminating
technique. The first layer and every other layer were placed on a layer of UHPFRC leading to a clear
concrete cover at the bottom as well as a clear spacing between the layers of approximately 2 mm.
After casting, the specimens were covered and stored at room temperature for 24 hours. Afterward
they were demolded and stored in a water tank at 20°C for additional 27 days. All specimens were
tested at 28 days.

TESTRESULTS

Figure 7 shows the equivalent elastic bending stress versus midspan deflection of ferrocement plates
cast with UHP-FRC A (Vf = 2.5%) and 0,1,2 and 4 layers of wire mesh reinforcement. UHP-FRC A
with zero mesh reinforcement developed multiple bending cracks with an average crack spacing of
about 4 mm. Following localization of the major crack a ductile softening phase was observed. UHP-
FRC Aachieved an equivalent bending strength of 36 MPa with no damage to the compressive zone.
UHP-FRC Areinforced with one layer of wire mesh achieved 163 MPa of equivalent bending strength
and developed multiple bending cracks with an average crack spacing of about 1.5 mm. Back
calculation of the bending resistance indicated that the reinforcement reached a tensile stress of about
2100 MPa, prior to failure of the ferrocement plate composite. The failure was initiated by failure of
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the compressive zone, followed by shear delamination at the level of the mat reinforcement. (Fig. 8a).
UHP-FRC A reinforced with two layers of wire mesh achieved similar compression zone failure and
bending strength, but less ductility, in comparison to UHP-FRC A + 1 layer. Back calculations suggest
that the reinforcement did not reach its yield strength. UHP-FRC A reinforced with 4 layers of wire
mesh was tested upside down in order to provide a well defined compressive zone. The bending
strength increased up to 180 MPa. The reinforcement of the compressive zone through the upper wire
mesh layer was limited by buckling at failure (Fig. 8b). Despite the ultra-high strength of the
UHPFRC, compressive zone failure limited the further increase in bending resistance. Therefore a
second series of ferrocement composite plates with increased fiber volume fraction up to 3.5% (UHP-
FRC B) was prepared and tested.
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Figure 7Bending response of hybrid ferrocement using high strength steel reinforcement (Fleximat®),
with a tensile strength exceeding 2100 MPa, and UHPC-FRC A matrix with 2.5% micro steelfiber and a
compressive strength of 259 MPa.

Table 2—Equivalent elastic bending strength results

Equivalent bending strength in MPa

UHP-FRC A UHP-FRC B
UHP-FRC 36 44
UHP-FRC + 1 layer 163 142
UHP-FRC + 2 layers 159 181
UHP-FRC + 4 layers 180 232

a - Detaminating b - Buckling of wire mesh
Figure 8-UHP-FRC A reinforced with 1 tayer (teft) and 4 tayers (right) after faiture
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Figure 9 shows the equivalent elastic bending stress versus midspan deflection of ferrocement plates
castwith UHP-FRC B (Vf=3.5%) and 0,1,2 and 4 layers of wire mesh reinforcement.
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Figure 9-Bending response of hybrid ferrocement using high strength steef reinforcement (Fleximat®),
with a tensile strength exceeding 2100 MPa, and an UHPC-FRC matrix with 3.5% micro steelfiber and a
compressive strength of 266 MPa.

UHP-FRC B with no wire mesh reinforcement achieved a higher equivalent bending strength of 44
MPa at an increased midspan deflection (1.2 inch) in comparison to UHPFRC A (36 MPa at 0.9 inch).
UHP-FRC B reinforced with one layer of wire mesh achieved a lower equivalent bending strength of
143 MPa than the comparable UHP-FRC A composite due to an off placed wire mesh. Again, the high
ductility and back calculation suggests that the yield point of reinforcement was reached. UHP-FRC B
reinforced with two layers of wire mesh achieved a higher bending strength (181 MPa) than the
comparable UHP-FRC A composite and indicated an increased compressive zone resistance. The
bending behavior could be further improved by adding two additional wire mesh reinforcement layers.
UHP-FRC B reinforced with 4 layers of wire mesh achieved an equivalent bending strength of 232
MPa at midspan deflection of about 0.42 inches. Figure 10 illustrates the deflection at failure. The
average crack spacing of all reinforced UHP-FRC B plates ranged between 1 and 1.5 mm. The residual
crack width was so small that it became difficult to make all cracks visible with a dye solution.
Microscopic investigations suggest residual crack width between 4 and 8 microns.

Figure 10-Deftection at faiture of UHPC-FRC B reinforced with 4 tayers of wire mesh reinforcement
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SUMMARY AND CONCLUSION

This paper summarizes some preliminary investigations of ultra-high performance ferrocement.
Based on prior research on the material design of ultra-high performance concrete (UHPC) and ultra-
high performance fiber reinforced concrete (UHP-FRC) with self-consolidating properties, two UHP-
FRC mixtures were designed and used in this study; they achieved a compressive strength at 28 days of
up to 266 MPa without heat treatment. The combination of UHP-FRC matrices with high strength
steel wire mesh of yield strength close to 2100 MPa allowed the development of ultra-high
performance ferrocement (UHPF) composites. Two series of UHPF thin plates (Vf =2.5% and 3.5%)
reinforced with 0, 1, 2 and 4 layers of high strength wire mesh were investigated for bending behavior.
Although interlaminar shear failure and compression zone failure were observed in some tests, an
equivalent bending strength of up to 232 MPa was achieved; it is considered the highest on records
reported to date. Average crack spacing in the constant moment region of about 1 to 1.5 mm and
residual crack width of 4 to 8 microns were observed suggesting excellent durability performance
which opens the door to a number of new potential applications.
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