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Abstract: This study is part of an ongoing investigation on the use of fiber
reinforced plastics as reinforcement in cement based matrices for particular
application in cement sheets, cement boards, claddings, or thin reinforced
concrete products. Such products are generally defined as ferrocement,
although the term "ferro” jmplies steel or iron reinforcement. In this paper the
bending behavior of thin cement sheets reinforced with fiber reinforced plastic
meshes is described. Only 2D meshes are considered either alone or in
combination with discontinuous fibers. The main objective was 1o explore the
use of some FRP meshes and to compare their effects with those using steel
wire meshes. In a first part already published, the test variables included the
type of mesh, the volume fraction of reinforcement, or equivalently the number
of layers of reinforcing mesh, two mortar mixtures one corresponding to normal
and one to high compressive strength, and the combined presence or absence of
discontinuous fibers. Several square meshes made from non-metallic fibers
were investigated, namely: 1) aramid fibers (mesh trade name Aragrid, from
Akzo in Europe), 2) Kevlar (a particular aramid fiber developed by Dupont), 3)
high density polyethylene (trade name Spectra by Allied Signals), 4) polyvinyl
alcohol (PVA, by Kuraray in Jupan), and 5) carbon mesh (PAN base). Here
only results related to PVA-based and carbon-based FRP meshes used alone or
in combination with PVA fibers are described, and related conclusions drawn.

Keywords: Bending. Carbon Mesh, Ferrocement, Fiber Reinforced Concrete, Fiber
Reinforced Plastics, Plastic Meshes, PYA Mesh, PV A Fibers.

1. Introduction

The use of FRP reinforcements in conventional reinforced and prestressed concrete
structures is receiving increasing attention in the construction industry [1 to 4], Thin
reinforced concrete products such as cement sheets, ferrocement elements, glass fiber
reinforced cement cladding and the like generally utilize a high percentage of
reinforcement in comparison with conventional reinforced concrete; moreover the
reinforcement in these products which consists of welded wire fabric, steel wire mesh,
expanded metal mesh, or discontinuous fibers is two to five times more expensive, on a
unit weight basis, than conventional reinforcing bars. Also, in some applications,
corrosion of the steel reinforcement may be a critical design constraint. Thus thin
reinforced concrete products can be ideally suited as a market application for fiber
reinforced plastics (FRP) reinforcements.
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FRP applications in ferrocement and more generally thin reinforced concrete
products, are bound 1o increase in order to solve special problems, especially those where
corrosion is critical. Other advantages of FRP meshes of particular interest to
ferrocerment and thin sheet applications, include high strength, lower unit weight, easiness
in coiling and handling, and good damping and fatigue behavior. In repair type
applications, such as jacketing of columns or in replacing the cover to the reinforcement
in conventional reinforced and prestressed concrete, the lightweight, ease of handling and
ease of bending represent enormous advantages over steel meshes. However, little exists
so far in the technical literature regarding this new family of composites [5 to 8].

Fiber reinforced plastic reinforcements can take the form of continuous or
discontinuous fibers, a combination of them, 2D and 3D meshes (fabrics) and mats.
Fabrics, meshes, and mats made from fiber reinforced plastics have been extensively
utilized in the aeronautics industry, as primary reinforcement of composites with
polymeric matrices such as epoxy or polyester. While these fabrics, as produced today,
can be easily immpregnated by a polymeric matrix, they are difficult to penetrate by a
cement based matrix. This may explain why they have so far not been extensively used
in combination with cement matrices. However, it should be guite easy to use fiber
reinforced plastics to manufacture meshes and mats with geometric and mechanical
prepprti&s suitable and optimized for applications as reinforcement in cement based
matrices

Examples of FRP meshes that could be used in thin reinforced concrete applications
include trade names such as Nefmac (Japan), Aragrid (Europe), Spectra, Kevlar and the
like. The Reticem (ltaly} process produces cement based laminated sheets reinforced by
20 to 30 thin layers of polypropylene mesh, which could be for all practical purposes
considered as ferrocement reinforced with a FRP mesh. In a prior investigation by
Naaman and Alshannag [6], several square meshes made from FRPs were investigated as
reinforcement for ferrocement in bending, namely: 1) aramid fibers (mesh trade name
Aragrid, from Akzo in Europe), 2) Kevlar (a particular aramid fiber developed by
Dupont), and 3) high density polyethylene (irade name Spectra by Allied Signals). In this
part of the investigation, a polyvinyl alcohol mesh (PVA, by Kuraray in Japan) and a
carbon mesh (PAN base) are investigated. Also standard steel wire meshes were used in
control tests to provide a reference base. The mechanical properties of these meshes cover
a wide spectrum, particularly in terms of elastic modulus.

2 Experimental Program

2.1 Test Parameters

The experimental program included the testing of thin reinforced mortar (ferrocement)
plates in bending.  All specimens were 3 in. (75 mm) wide, 12 in. (300 mm) long and,
except as indicated for special cases, 0.5 in. (12. 5 mm) thick. In a prior investigaton, the
test variables included the following: two mortar mixes, identified as Mix 1(high
strength) and Mix 2 (normal strength); four different types of meshes, namely Aragrid,
Spectra, Kevlar, and steel; and increasing layers of mesh reinforcement, namely 2, 4, 6,
and 8 layers. This part of the investigation deals with the use of PVA and carbon
meshes. The main variables included the number of mesh layers or equivalently the
volume fraction of mesh reinforcement, Ve, and whether discontinuous fibers (made of
PVA) were added to the mortar matrix. Moreover, the influence of some fabrication
factors (in the Iab) are also discussed. Table 1 gives the specimen thickness, the number
of mesh layers, the corresponding volume fraction of reinforcing mesh, ¥y, and the total
reinforcement consumption. When fibers were added, their volume fraction, Vi, with




respect to the matrix was either 1% or 2%. The test program for the PVA mesh system is
shown in Fig. 1.

2.2 PVA Mesh and PVA Fibers

The PYA mesh used had the following characteristics. The mesh was square with an
average yarn spacing of 3 mm (0.2 in.). The properties of the PVA mesh were not
available from the supplier; tests are being undertaken at time of this writing to clarify the
tensile strength and modulus of the mesh systemn. The average unit weight of the mesh
was 111.13 g/m? (0.21 Ibs/yd2). This value was used to determine the volume fracton of
mesh reinforcement, ¥, in the composite as suggested in ACI 549.1 R, 1993, [9] i.e.:

= XWm

Vim
Yemh
where N is the number of layers of mesh, Wy, is the unit weight of the mesh, Y, is the
unit weight of the mortar matrix and h is the thickness of the specimen.

The PV A fibers used had the following properties as supplied by the manufacturer: 1}
elastic modulus = 29000 MPa (4200 ksi); 2) specific gravity: 1.3 g/cm? (81.2 1bs/ft3);
tensile strength: 900 MPa (130 ksi). They were 12 mm (0.48 in.) long and had a diameter
of about 0.19 mm (0.008 in.). Their stress-strain response in tension is assumed linear
elastic up to failure.

2.3  Specimen Preparation

The specimens were poured into vertical molds, that is the 3 in. (75 mm) wide dimension
was vertical. Such a procedure is casy when steel meshes are used. However, with FRP
meshes it is more difficult to keep the mesh layer vertical and in the proper position or
with the proper spacing, Several methods were used to overcome this difficulty. They
included: 1) placing spacers in the end zones of the specimens, 2) spraying the mesh with
a latex solution to make it stiffer to work with, and 3) slightly stretching the mesh to keep
it in place during pouring of the morar. When fibers were added to the mortar matrix,
only two layers of mesh were used. In spite of all these precautions, once pouring of the
mortar matrix was carried out, it was difficult to keep the mesh layers in place and thus
guarantee their spacing. This led sometimes to inconsistent load-deflection results
especially when four layers of mesh were used.

2.4 Matrix Composition and Strength

Two types of matrices were used with the PVA mesh, one plain mortar, and one
containing 2% PVA fibers by volume. An additional matrix containing 1% PVA fibers
was also used with the carbon mesh. The three matrices had the following mix
proportions by weight of cement: cement Type 1 = 1; sand to cement ratio = 1; water 10
cement ratio = 0.45; superplasticizer to cement ratio = up to 0.03 depending on need. The
superplasticizer was a melamine based one. The sand used was a silica sand graded 50-
70, that is all passing ASTM sieve No. 50 and all retained on ASTM sieve No. 70. The
average 28 days compressive strength obtained from 3x6 in. (75x150 mm) cylinders was
about 7844 psi (54 MPa) with a standard deviation of 683 psi (4.7 MPa). In a prior
investigation [6], a similar mortar composition gave an average compressive strength of
7100 psi (49 MPa); the difference may be attributed to differences in the sand used, the
source of cement, and other common variables.
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3. Testing and Test Set-Up

Testing was undertaken using an Instron testing machine. All specimens were tested in
four point bending, with a span of 9 in, (225 mm), leading 10 a span-to-depth ratio of 18,
and a shear span of 6. The test fixture is shown in Fig. 2. The load versus deflection
curve was directly recorded By the data acquisition system of the Instron machine.
Moreover, an LYDT attached to a separate data acquisition system was used to measure
the midspan deflection up to 0.25 in. (6.4 mm). This allowed for a better accuracy in
recording the initial portion of the load-deflection curve and in spotting the first cracking
load. The equivalent bending stress was determined from the foad assuming linear elastic
behavior; it was then used in plotting the stress-deflection curves shown in this paper.

4, Test Results and Discussion

The test results are summarized according to the parameters or variables investigated.
Two specimens were tested for each variable, and in comparing different variables, the
average of two curves is shown in the figures.

i Figure 3 illustrates the results of using different techniques in
order 10 keep the mesh layers at the proper spacing. These inclade normal placement, the
use of spacers in the end regions of the specimens, and stretching slightly the mesh
layers to keep them in place. It can be observed that while all specimens seem to give
similar response at low deflection values, a significant increase in maximum load (up to
60%) can be achieved by stretching.

Increasing the number of mesh layer is similar to increasing
the volume fraction of mesh reinforcement. However, unlike in a tensile test, the increase
in the number of mesh layers does not lead to a proportional increase in bending
resistance. This is because, every additional mesh layer will have a smaller lever arm
under bending, and thus will contribute much less resistance than the mesh piaced at the
extreme layer. In Fig. 4 a comparison of the stress-deflection curves of specimens
reinforced with 2, 4, and 6 layers of PVA mesh is provided. For this series of tests, no
mesh stretching or mesh spacers were used. It can be observed that the three curves are
very close to each other at low deflection values; moreover the series with four layers of
mesh gives a stress-deflection response very close to that with two layers of mesh up to
maximum resistance, and the series with six layers of mesh leads only to a 33% increase
in bending strength compared to that with two layers of mesh, These results suggest that
increasing the number of mesh layers is not a very effective way to improve bending
resistance, especially when the reinforcement is relatively expensive as is the case with
FRP meshes.

In an attempt to further explore the influence of the total volume of mesh
reinforcement or the number of mesh layers, two additional specimens were prepared,
one with 10 layers of mesh and a thickness of 0,25 in. (6.3 mm) and the other with 6
layers of mesh and a thickness of 0.125 in, (3.2 mm). The comresponding volume fraction
of mesh reinforcement were 13.52% and 16.22% respectively (Table 1). The
cotresponding typical response curves are shown in Fig. 5 and compared with the curves
of Fig. 4. It can be observed that while the bending strength increases significantly with
the volume fraction of mesh reinforcement, the increase is not commensurate with the
added amount of mesh. However, the equivalent modulus of rupture achieved exceeded
50 MPa (7.2 ksi).




Comparison with Steel Meshes, Figure 6 taken from a previous investigation

provides information on the stress-deflection curves of ferrocement specimens using steel
meshes. These were tested under the same conditions as the specimens in this part of the
study, and had the same dimensions. The difference in the matrix compressive strength is
generally considered of little influence. In comparing Fig. 6 with Figs. 4 and 5, it can be
observed that: 1) the stress ranges attained using steel or PYA meshes are of the same
order at equal number of mesh layers or volume fractions of mesh rf:mforccmem, 2) the
ultimate deflections using PVA meshes are much larger than those with steel meshes, and
3) the stiffness of the response after cracking is lower for specimens with PVA meshes
than for specimens with steel meshes. The differences in ultimate deflection and in
stiffness stems from the large difference in the elastic modulus of the two mesh systems.
A possible advantage of using a lower modulus mesh may be the additional energy
absorption capacity, although this has not been a problem with ferrocement applications
using steel meshes.

ing Discontinuous Fibers with PYA Mesh. From the results described
in Figs. 2 to 5, the benefits gained from increasing the number of mesh layers from 2 to 6
are litde compared to the increased cost of mesh reinforcement. It was concluded that it
is best 10 keep the number of layers of mesh to a minimum of two, each one placed near
each exwreme fiber. However, in order to improve cracking and strength, a fiber
reinforced mortar matrix was used. The mortar contained 2% PVA fibers by volume.
The characteristics of the fibers are described in Section 2.2.  As can be observed from
Fig. 7, the results were extremely encouraging. The figure shows the stress-defiection
response of: 1) a composite with PVA fibers only [10], 2) a composite with 2 mesh layers
only, and 3) a composite with 2 mesh layers and PVA fibers. From a load, stress, or
swength viewpoint, the two effects were additive. The average crack spacing decreased
from 0.78 in. (19.5 mm) for specimens without fibers to 0.3 in. (7.6 mm) for specimens
with 2% PVA fibers (Fig. 8). Finally, in comparing Figs. 7 and 3, it is noted that the
addition of 2% by volume of PVA fibers leads to a better improvement than the addition
of 2 or 4 layers of mesh.

iscontin i i When only two layers of
carbon mesh were used, horizontal or laminar shear failure occurred at the level of the
tensile mesh at a load lower than expected from the bending resistance. In order to
improve shear resistance, PVA fibers were added in amounts of 1% and 2% by volume of
matrix, The fibers were same as described in Section 2. A comparison of the average
stress-deflection curves is given in Fig. 9. Three observations can be made: 1) bending
failure occurred when fibers were added, that is failure occurred when.thc tensile layer of
mesh failed, 2) the addition of 1% PVA fibers was sufficient to improve the shear
resistance, and 3) the PVA fibers conributed to increasing the bending resistance, as a
higher bending strength was achieved with 2% fibers than with 1% fibers.

5. Conéluding Remarks

From a mechanical performance viewpoint, FRP meshes can be successfully used in
ferrocement and other thin reinforced concrete (mortar) applications. They can lead to
bending strengths similar to those achieved using steel meshes; however, the composite
stiffness after cracking depends on the elastic modulus of the FRP mesh system.
Generally a good cracking distribution and a good ductility or energy absorption before
failure can be achieved. These conclusions are true for all the FRP meshes tested in a
prior investigation (Aragrid, Speetra, Keviar) as well as in this one (PVA and carbon
meshes). Increasing the number of reinforcing mesh layers in the composite did not lead
to & proportional increase in bending resistance. In fact, the increase was quite dismal
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and in some cases hardly noticeable. For instance, equivalent elastic bending stresses
exceeding 7000 psi (49 MPa) were achieved using a high volume fraction (16.22%) of
PVA mesh reinforcement.  However, equivalent bending strength close to 2500 psi (18
MPa) was obtained using only two layers of PYA mesh or equivalently 1.35% total
volume fraction of mesh. That strength was increased to more than 4000 psi (28 MPa)
when in addition to the two layers of PV A mesh, discontinuous PVA fibers were added to
the matrix in amount equal to 2% by volume. Bending strengths as high as 4500 (31
MPa} were observed with only two {ayers of carbon mesh. The combined use of only
two layers of mesh reinforcement, placed near the extreme fibers, with discontinucus
fibers seems to offer an optimum combination for bending that should be further explored
in future studies.

Although corrosion studies were not undertaken in this investigation, and although
good performance can be infetred, there is need to investigate the durability and leng
term stability of ferrocement and other thin reinforced concrete products using FRP
meshes. There is also need to develop FRP meshes with parameters especially optimized
for such applications. These include mechanical parameters such as strength, modulus,
and uliimate elongation; geometric parameters such as yarn diameter, yarn spacing,
specific surface; and practical parameters such as rigidity of the mesh for handling and
placing, thickness and width of the mesh.
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Fig. 7. Effect of adding discontinuous fibers to a composite with two Fig. 9. Effect of adding ¢
layers of PVA mesh. two layers of carbe

Fig. 8 Typical improvement in crack distribution and spacing when
discontinuous fibers are added to a composite with two layers of
mesh,
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Fig. 9.  Effect of adding dicontinuous PVA fibers to composites with
two layers of carbon mesh.






