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ABSTRACT

The flexural behavior of ferrocement beams reinforced
with hexagonal meshes is described. Variables include the
compressive strength of mortar, the number of mesh layers
and the mesh orlentation. Results are compared with
similar tests using square meshes and are used to derive
afficiency factors of reinforcement for hexagonmal meshes.
It is found that the efficiency of hexagonal meshes placed
parallell to the loading direction is almost as good as
that of square meshes, provided differences in yield
strength of reinforcement are accounted for. A raduction
of 30 to 40Z in efficiency is expected when the mesh is
placed transverse to the loading direction. The efficiency
factor is needed in a newly proposed design procedure
currently considered by ACI Committee 549, Ferrocement, in
their working draft of the Ferrocement Guide.
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INTRODUCTION

The cost of mesh reinforcement often represents the
single largest cost component of the cost of ferrocement
not only in labor intensive countries but in industrialized
countries as well (1). Hence savings on the cost of
reinforcement may have a significant impact on the total
cost of ferrocement structures and their application.
However, the cost of the reinforcing mesh (say per unit
weight) depends on the type of mesh. For steel meshes of
about equal wire gage and mesh opening, the unit cost ratio
in the U. 8. of a hexagonal type mesh to a square welded
mesh is about 60%. That figure may be much smaller in sone
other countries.

It is generally recognized that a hexagonal type mesh
is nmot as effective as a square mesh in contributing to the
strength of the ferrocement composite. In some instances
however, the minimum required amount of reinforcement in a
ferrocement structure is not controlled by strength but by
crack with limitations. Hence, a high strength efficiency
may not be needed. Although theoretical evaluations of the
efficiency of hexagonal meshes are available (2), little
experimental information exists where the efficiency of
hexagonal meshes is systematically compared to that of
square meshes in ferrocement elements tested under similar

conditions.

In this study the flexural behavior of ferrocement
beams reinforced with galvanized hexagonal mesh is
investigated. In particular the influence of the
following parameters is clarified: mesh orientation,
number of mesh layers (volume fraction of reinforcement),
and mortar compressive strength. The results are compared
with previous tests using square meshes and are used to
derive efficiency factors of reinforcement for hexagonal
meshes. The efficiency factor is needed in a newly
proposed design procedure currently considered by ACI
Committee 549, Ferrocement, in their working draft of the
Ferrocement Guide.



EXPERIMENTAL FPROGRAM

A total of 48 ferrocement specimens reinforced with
hexagonal mesh were prepared. All specimens were 18 in
(457mm) long, 5 inches (127mm) wide, and 0.5 in (12.5mm)
thick. Variables included two mortar strengths (mixes),
four level of reinforcement (2,3,6 and 8 layers of mesh),
and two mesh orientations (parallel or transverse to the
loading direction). For each set of variables at least
three speimens were tested. A flow chart of the main
variables is shown in Fig. 1. The wmortar consisted of ASTM
Type I11 cement, ASTM C-109 Ottawa silica sand and water.
A superplasticizer was added to facilitate vertical
casting. The composition of the mortar mixes and their
average compressive strength measured from 3x6 in (76 x
152mm) cylinders are shown in Table 1.

The hexagonal mesh was a galvanized USSWG-22 mesh with
wire diameter of 0.0286 in (0.72mm) and about 0.6 in {(15mm)
openings. The mesh weighs 0.12 pounds per square foot
(586gr/m2). This corresponds to a volume fraction of
reinforcement of 0.57%Z per layer of mesh per specinmen.

Wires from the mesh were tested in tension and led to an
average vield strength (measured at 3.5% total strain) of 42
ksi (290Mpa)-.

Specimen were cast In vertical plexiglass molds. The
mesh layers were placed in the mold and mortar was poured.
The molds were placed on a vibrating table during pouring
to insure adeguate penetration. The specimens were moist
cured for seven days after casting, then placed under
laboratory environment until testing on the 2gth day.

The ferrocement beams were tested in a universal
testing machine with a rate of stroke of 0.5 in (1Z.5mm)
per minute. A four point loading arrangement with a 15 in.
(38mm) span and a 5 in (127mm) constant bending moment zone
were used. The load-deflection curves were automatically
recorded by an x—y recorder. All beams were loaded to
fallure or to a maximum deflection of 1 in. (25mm) which
ever occurred first.



RESULTS

Load Deflection Curves. Typical load-deflection curves

are shown in Figs. 2 and 3 for the beams reinforced with
two layers and six layers of mesh in either the transverse
or the parallell direction. Average stress—deflection
curves for all test series are shown in Figs. 4 and 5. It
can generally be observed that, except for specimens
reinforced with two iayers of mesh (Vg=1.14%), all beams
achieved at least a 1 in (25mm) deflection. Beams
reinforced with two layers of mesh also showed a
substantial decrease in strength after cracking especially
for the case where transverse meshes were used. Observed
ultimate moments and other parameters are given in Table
2. As expected, specimens reinforced with meshes placed
transversally to the axis of loading showed lower strength
than those where the meshes were placed parallell to the
loading axis. The average ratio of maximum load (or
moment) between transversally reinforced and parallell
reinforced identical series was about 0.69.

Mortar Compressive Strength. As observed from Table 2 a

substantial increase in mortar compressive strength led to
only a small increase in ultimate resistance of otherwise
identical test beams. This is illustrated in Fig. 6 where
the equivalent ultimate flexural stress is plotted versus
the volume fraction of reinforcement for all test beams.
Note that the above result can also be predicted
analytically. Hence for all practical purposes it can be
sald that the compressive strength of mortar does not have
much influence on the ultimate resistance of ferrocement
beanms.

Cracking Characteristics. Typical example of cracking

patterns are shown in Fig. 7 and 8 for specimens reinforced
with two or six layers of mesh placed in either the
parallell or the transverse direction. It. can be observed
that the number of cracks increases with an increase in the
number of mesh layers and is larger for the case of
parallell meshes than for that of transverse meshes. At



high volume fractions of mesh the crack spacing tends
toward the size of the mesh opening.

Comparison Between Hexagonal and Square Meshes. Results

of tests on ferrocemenk beams of same size as those
described here and tested under similar conditions, but
reinforced with square meshes instead of hexagonal meshes,
were reported in a previous publication (3). A summary of
data relevant to this study is given in Type 3. The
ultimate moment resistance of all the tests described in
Tables 2 and 3 was plotted versus the volume fractiom of
reinforcement in Fig. 9. It can be observed that, every-
thing else being equal, ferrocement beams reinforced with
hexagonal meshes show substantially lower resistance than
those reinforced with square meshes especially when the
hexagonal mesh is placed transversally to the loading
direction. The scatter in the results observed for square
meshes reflects the variation in the yield strengths of the
mesh reinforcement used (Table 3). HNote that for about
equal mesh yleld strengths, an almost linear relationship
is obtained between the ultimate moment and Vg. Note also
that the compressive strength (7620 psi, 52.5 Mpa) of

the mortar used in (3) was very close to that of nix B.

The data for that strength were replotted in Fig. 10 as
equivalent ultimate flexural strength versus Vg. For the
hexagonal mesh reinforced specimens, only the results for
mix B are shown. These curves can be used as a first
approximation for design. It is recommended however that,
when square meshes are used, estimates be restricted to the
second and third line from top to reflect conservative
values of square mesh yield strength (about 65 ksi or 448
Mpa). Note that the difference between the strength for
square and hexagonal parallel mesh reinforced specimens is
primarily due to the difference in mesh yield strength
which is about 42 ksi (290 Mpa) for the hexagonal mesh.

Efficiency of Hexagonal Mesh. Hexagonal meshes have been

used since the early development of ferrocement. On a
welght basis they cost substantially less than square
meshes. It is generally agreed, as shown in numerous



experimental test (4-6), that hexagonal meshes are easier
to work with than square meshes or expanded metal nmeshes,
but have a lower reinforcing efficiency. Attempts have
been made to theoretically derive effectiveness factors for
hexagonal meshes in either the longitudinal or the
transverse direction to help determine the effective
modulus of the ferrocement composite system (2). However
correlation with experimental work is lacking. A global
efficiency factor of reinforcement, for predicting
composite strength, has been proposed by the first author
for use in the design procedure tentatively considered by
ACL Committee 549 for the "ACI Ferrocement Guide™. The
global efficiency factor n is a factor which when
multiplied by the volume fraction of reinforcement gives
the equivalent volume fraction (or reinforcement ratio) in
the loading direction congsidered. It can be used for each
layer of mesh or for all layers if identical. 1In essence
it leads to the equivalent area of steel, per layer of
mesh, in the loading direction comsidered. For square
meshes, 1 is equal to 0.5 when loading is applied 1in either
one of the principal directions.

Once the area of steel is determined, the ACI procedure
for determining the ultimate strength of the section
{(rectangular concrete stress block and steel at yield) can
be used for ferrocement as for a reilnforced concrete column
having several layers of steel. The efficlency factor of
reinforcementn can be determined by equating the observed
ultimate moment resistance of the ferrocement bean
specimens to the ACI predicted ultimate moment resistance.
Equivalently, 1 can be determined experimentally from
identical specimens reinforced with square or hexagonal
meshes, account being taken for the difference 1f any in
the yield strength of each mesh. Average values of 7
obtained from the present investigation were 0.47 and 0.30
when the hexagonal mesh was placed respectively parallel to
the direction of loading and tramnsverse to it. Hence for
all practical purposes hexagonal meshes are almost as
efficient as square meshes when placed parallel to the
direction of locading but are only sixty percent as
efficieant when placed transverse to the loading direction.



0f course as stated earlier efficiency here is associated
with strength, not with deformation or modulus. Everything
else being equal, it is known that ferrocement beams
reinforced with hexagonal meshes show higher deformation
and lower stiffness than if reinforced with square meshes.
The above result also suggest that if strength is the
controlling factor and 1s needed only in one direction, the
use of hexagonal meshes instead of square meshes can be
cost effective.

CONCLUSIONS

l. The strength of ferrocement beams reinforced with
hexagonal meshes placed parallel to the loading
direction is of the same order as that of beans
reinforced with square meshes of the same yield
strength.

2. The observed average ultimate strength of ferrocement
beams reinforced with hexagonal meshes placed tramsverse
to the loading direction was about 69%Z of that of
similar beams with meshes placed paréilél to the

loading direction.

3. Given current practical range of parameters, the
compressive strength of mortar has little effect on the
ultimate flexural resistance of ferrocement beams.
Everything else being equal an 80% increase in mertar
compressive strength led in this study to an average
Increase In uvltimate moment of less than 11%Z (Table 2
and Fig. 6).

4. The average observed global strength efficiency factor
{n) of mesh reinforcement for hexagonal meshes placed
parallel to the loading direction was found equal to
0.47. Note that m is equal to 0.3 for square meshes
and 1 for a longitudinal bar. For hexagonal meshes
placed transversally to the lcocading direction the
average observed value of T was 0.30.



REFERENCES

NAAMAN, A.E., and SABNIS, G.M., "Cost Evaluation of
Typical Ferrocement Composites” Jourmal of
Ferrocement, Vel. 12, No. 3, July 1982, pp. 263-271.

PAUL, B.K, and PAMA, R. "Ferrocement™, International

Ferrocement Information Center, Bangkok, Thailand,
1978, 149 pages.

BALAGURU, P.N., NAAMAN, A.E., and SHAH, S5.P.,
"Analysis and Behavior of Ferrocement in Flexure®,
Journal of the Structural Division, ASCE, Vol. 103, No.
ST10, October 1977, pp. 1937-1951.

GREENIUS, A.W., "Ferrocement for Canadian Fishing
Vessels”, Report No. 86, Industrial Development Branch,
Fisheries and Marine Service Environment Canada,

Vancouver, March 1975, 160 pages.

JOHNSTON, C.D., and MOWAT, DP.N., "Ferrdcement-Material
Behavior in Flexure", Journal of the Structural
Division, ASCE, Vol. 100, No. ST10, October 1974, pp
2053-2069.

ACI Committee 549, "State of the Art Report on
Ferrocement”, Concrete International, Vol. 5, No. 11,
August 1982, pp 13-38.



Table 1 Mortar Composition and Strength

Mix A Mix B
WATER/CEMENT 0.60 0.45
SAND/CEMENT 3/1 1/1
Superplasticizer 0.01 0.01
(MELMENT)
£'*, psi (Mpa) 4309 (29.7) 7704(53)

* Observed 28 days compressive strength
{(average of 3 cylinders)
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Fig. 1 Flow-Chart of Experimental Tests
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Effect of Hexagonal
Cracking Behavior

Mesh Orientation on



Fig. 8 Effect of Hexagonal Mesh Orientation on
' Cracking Behavior
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