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a b s t r a c t

To explore the potential uses of ferrocement as a construction material, the flexural performance of fer-
rocement plates under normal and aggressive environments is investigated. A series of thin mortar plate
specimens were cast with varying number of mesh layers, and immersed in sodium and magnesium sul-
fate solutions, and tap water for a period of one year. The parameters investigated included (a) mesh wire
spacing; (b) number of mesh layers (two and four); and (c) curing environment (tap water, sodium, and
magnesium sulfate solutions). The test results indicated that, after one year of storage in sulfate solutions,
the specimens reinforced with two layers of steel meshes, showed a significant increase in flexural
strength accompanied with a noticeable decrease in ductility for specimens reinforced with medium
and larger wire spacings, whereas most of the specimens reinforced with four layers showed some
decrease in flexural strength and ductility compared to the specimens stored in tap water. All the plates
tested showed no visible signs of significant deterioration, and exhibited typical flexural response with a
varying number of fine hairline cracks occurring on the tension side of the plates.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Ferrocement is a type of thin reinforced concrete construction
where usually a hydraulic cement mortar is reinforced with layers
of continuous and relatively small diameter wire meshes. The
mesh may be made of metallic or polymeric materials. The fineness
of the mortar matrix and its composition should be compatible
with the mesh it is meant to encapsulate. Compared with the con-
ventional reinforced concrete, ferrocement is reinforced in two
directions and tends to have homogeneous-isotropic properties
in two directions, high tensile strength, high modulus of rupture
and high bond of the wire mesh with the matrix [1–4].

Ferrocement has been successfully used in new structures, for
repair and rehabilitation of existing structures and in marine envi-
ronments. Ferrocement construction activities have been increas-
ing in both developed and developing regions of the world [3–6].
In China alone the tonnage of ferrocement vessels had reached
about four million by 1989 [5]. The typical applications of ferroce-
ment construction include water tanks, boats, roofs, silos, pipes,
floating marine structures and low cost housing.

Durability of ferrocement can be defined as the resistance to
deterioration of properties when subjected to various loading
and environmental exposures. Although the measures required to
insure durability in reinforced concrete also apply to ferrocement,
it is relatively easy for liquids or corrosive agents to pass through a
thin mortar cover and reach the ferrocement mesh. Being a thin
ll rights reserved.
reinforced concrete product, ferrocement has a larger surface area
of mesh reinforcement that makes it prone to deterioration due to
its exposure to harmful chemicals that may be found in some
ground waters and soil. Ferrocement structures can satisfy design
strength and serviceability criteria for many years but this depends
on many factors such as mortar composition, corrosion of rein-
forcement, permeability and construction practice.

Several researchers have investigated the durability and perfor-
mance of ferrocement structures. Vickridge and Ranjbar [7] inves-
tigated the effect of sodium chloride solution on the flexural
performance of ferrocement. The results indicated that specimens
with low water to cement ratio (w/c) exhibited less corrosion dam-
age than those made with high w/c ratio. Ramesht [8] evaluated
the effects of corrosion on the properties and flexural behavior of
ferrocement by testing two series of specimens. It was concluded
that the presence of sodium chloride and temperature increases
the brittleness of mortar, reduces the number of cracks, and in-
creases the crack width. Xiong et al. [9] studied the fatigue behav-
ior of ferrocement in a corrosive environment. They reported
insignificant effect on the moment capacity and fatigue life of
welded-mesh ferrocement by up to 7 months of simultaneous ac-
tion of load and accelerated marine environment; however, severe
steel corrosion occurred after 18 months, and it resulted in a large
loss of fatigue life and stiffness. Masood et al. [10] found that the
addition of fly ash in different environments affects the load-carry-
ing capacity under flexure for ferrocement panel with both woven
and hexagonal wire fabric. Killoh et al. [11] concluded from their
studies that chloride induced corrosion of steel can be effectively
improved by the use of mineral admixtures in concrete such as

mailto:mjshanag@ksu.edu.sa
http://www.sciencedirect.com/science/journal/09589465
http://www.elsevier.com/locate/cemconcomp


598 M.J. Shannag / Cement & Concrete Composites 30 (2008) 597–602
fly ash, blast furnace slag and silica fume. Tori and Kawamura [12]
have suggested that mineral admixtures such as fly ash, blast fur-
nace slag, and silica fume help the formation of finer and discontin-
uous pore structures as a consequence of pozzolanic reaction.

Despite the literature reviewed above, systematic studies to
determine the bending behavior of ferrocement plates under se-
vere environment are still very limited. One of the best ways to in-
sure good durability is to have a fully compacted matrix with low
permeability and low porosity [3,13]. Limiting the water to cement
ratio in the range of 0.35–0.45 seems to provide good protection
[3]. ACI Committee 549 [1,2] recommends the use of ASTM Type
II and Type V cements for exposure in marine environments. The
addition of chromium trioxide to the mortar matrix is generally
recommended to provide additional protection to the mesh rein-
forcement that is galvanized as well as to the case where a combi-
nation of galvanized and non galvanized steel meshes are in
contact. For severe exposure conditions, the application of special
protective coatings of the exposed surface of ferrocement is recom-
mended [3].

The present study investigates the effect of normal and aggres-
sive environments containing harmful chemicals on the flexural
behavior of ferrocement plates reinforced with metallic meshes
encapsulated with high strength cementitious matrix. The findings
of this investigation can serve as motivation for further durability
studies in this area, and for extending the application range of fer-
rocement within the construction industry for various types of
environmental exposure.
2. Experimental program

The present investigation focuses on preparing ferrocement
thin plates using local materials and testing them under center
point bending to check the flexural behavior. These plate speci-
mens were immersed in either tap water (as a control), a magne-
sium sulfate solution (MgSO4), or a sodium sulfate solution
(Na2SO4). A total of 54 specimens of size 300 � 75 � 12.5 mm with
two and four layers of square wire mesh were prepared. The main
parameters investigated in this study included: mesh opening size,
number of mesh layers, and curing environment. Three replicate
specimens were tested for each parameter set. Comparative effects
of the aggressive solutions on the specimens were studied period-
ically by visual, photographic, and microscopic observations. At the
end of the exposure period, the flexural strength and toughness of
the specimens were evaluated. Load–deflection curves (including
the points of first cracking and ultimate load) and energy absorp-
tion to failure were recorded. The crack pattern and failure mech-
anism were also studied.

2.1. Steel wire mesh

Woven galvanized steel square mesh with a wire diameter of
0.63 mm and three different wire spacings of 3.15 mm, 6.3 mm,
and 12 mm were used. The mesh was tested in the laboratory fol-
lowing the guide for the design, construction, and repair of ferroce-
ment reported by ACI Committee 549 [2]. The following properties
were determined; equivalent yield strength = 250 MPa; ultimate
strength = 350 MPa; ultimate elongation = 12%; elastic modu-
lus = 200 GPa; density = 7.8 g/cc.

2.2. Mortar mix

The mortar mix was specially designed to achieve a high com-
pressive strength and high workability following the guidelines
of ACI committee 549 [1,2]. The mix proportions were
1:1:0.5:0.02 by weight of ordinary Portland cement, silica sand,
water and superplasticizer, respectively. The mix designed had a
28-day compressive and tensile strengths of about 60 MPa, and
5 MPa, respectively.

2.3. Specimen preparation and casting

The specimens were poured in vertical molds made from plexi-
glass to insure a planar and smooth surface, with a cover of about
2–3 mm. Other layers, when present were distributed at best in be-
tween. Plexiglass spacers of small size were placed at the ends of
the specimens to maintain approximately the same spacing be-
tween the mesh layers. Specimens were removed from their molds
24 h after casting, cured in water for 28 days, then immersed in
one of the sulfate solutions and tap water until load testing.

2.4. Environmental exposure conditions

To evaluate the resistance of ferrocement specimens to sulfate
attack, after 28 days moist curing, the specimens were submerged
in either 5% magnesium sulfate solution, 5% sodium sulfate solu-
tion or tap water for a period of 1 year. The solutions were changed
on monthly basis in order to minimize variations in the concentra-
tions of sulfates due to the exposure to the atmosphere.

2.5. Specimen load testing and examination

The specimens were tested under center point bending with a
constant span using a universal testing machine. A computer was
used to record the load signal from the load cell and the deflection
at mid span from an LVDT. The first crack load, ultimate load, and
the corresponding deflections were observed. General micro level
examination of the specimens were conducted at final stages, after
testing, using a microscope to identify the degree of mesh deterio-
ration in the plate specimens.
3. Results and discussion

The progressive deterioration of the specimens submerged in
sulfate solutions and tap water was monitored by observing the vi-
sual changes in the ferrocement plates and relative flexural
strength determinations with respect to strengths of control spec-
imens stored in tap water. Typical results showing the effects of
sulfate solutions on the flexural behavior of the specimens tested
are presented in Figs. 1–6. The curves shown in these figures rep-
resent the average values obtained from the testing of three plate
replicas. The maximum scattering in the data, measured in terms
of coefficient of variation (COV) was less than 1%. The scattering
in the test results for each replicate set was small and can be ig-
nored when making comparisons among the series.

A comparison of first crack strength and ultimate strength
for the plates stored in sulfate solutions and tap water is given in
Table 1. Relative ultimate strength and energy absorption to failure
as fractions of the control specimen values stored in tap water
are shown in Figs. 7 and 8. The energy absorption values listed in
Table 1, were determined by calculating the area enclosed by the
complete stress–deflection curve.

3.1. Flexural behavior of ferrocement plates stored in tap water

The load–deflection behavior of the ferrocement plates stored in
tap water is shown in Figs. 1–6. It is similar to that reported in the
literature [3,4], and can be used as a basis of comparisons with the
behavior of the specimens stored in sulfate solutions. After one
year of storage in tap water, it was observed that the flexural
strength of the section increases with increasing the number of
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Fig. 1. Effect of sulfates on flexural response of ferrocement plates (small wire spacing-2 layers).
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Fig. 2. Effect of sulfates on flexural response of ferrocement plates (medium wire spacing-2 layers).
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Fig. 3. Effect of sulfates on flexural response of ferrocement plates (large wire spacing-2 layers).
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mesh layers. This increase can be attributed to increased volume
fraction of the wire mesh within the specimens, and the increased
depth of mesh layers from the neutral axis of the section which re-
sulted in increasing the moment arm, and thus caused an increase
in flexural strength. For the same number of mesh layers, it was
found that the strongest configuration in both elastic and inelastic
ranges results from the smallest wire spacing. It is due to the
fact that as the wire spacing of the mesh is reduced, the volume
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Fig. 4. Effect of sulfates on flexural response of ferrocement plates (small wire spacing-4 layers).
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Fig. 5. Effect of sulfates on flexural response of ferrocement plates (medium wire spacing-4 layers).
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Fig. 6. Effect of sulfates on flexural response of ferrocement plates (large wire spacing-4 layers).
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fraction of the mesh in longitudinal and transverse directions
increases.

3.2. Flexural behavior of ferrocement plates stored in sulfate solutions

Sulfates react with various phases of hydrated cement paste
leading to expansion, cracking, spalling and weakening the interfa-
cial zone between the wire mesh and the mortar matrix. The sul-
fate attack is generally attributed to the formation of expansive
ettringite and gypsum, which are known to precipitate by a
through-solution mechanism [14,15]. Investigations by Mehta
[15,16], however, suggested that the sulfate attack is partially
due to the cement paste losing its stiffness when exposed to sulfate
rich environment.



Table 1
Comparison of strengths, deflections, and energy absorption of ferrocement specimens

Type of mesh First crack strength
(MPa)

Deflection at first crack
strength (mm)

Ultimate strength
(MPa)

Deflection at ultimate
strength (mm)

Energy absorption to failure
(MPa mm)

Tap water S2 6.87 0.28 17.22 3.89 70.31
M2 5.61 0.23 12.61 3.93 57.39
L2 5.23 0.21 10.16 2.71 41.05
S4 10.21 0.38 42.03 9.55 371.39
M4 10.16 0.40 28.24 11.23 376.22
L4 10.04 0.25 21.9 4.61 142.48

Na2SO4 S2 13.03 0.51 21.43 7.60 195.27
M2 10.82 0.29 13.49 1.17 38.47
L2 7.37 0.19 12.58 1.8 36.35
S4 12.32 0.35 30.40 10.15 329.30
M4 12.16 0.36 22.84 7.19 308.49
L4 12.02 0.33 21.32 3.61 102.13

MgSO4 S2 12.32 0.41 17.35 8.85 159.24
M2 10.58 0.44 13.58 1.79 44.33
L2 8.53 0.46 9.57 1.09 27.13
S4 17.88 0.59 37.97 13.04 570.01
M4 16.21 0.59 20.57 5.93 167.11
L4 15.39 0.53 22.32 3.16 104.41

First letter indicates wire spacing type (small: S, medium: M, large: L). Second letter indicates number of layers (2, and 4).
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Fig. 7. Relative flexural strength determinations of the ferrocement plates stored in
sulfate solutions with respect to strength of specimens stored in tap water.
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Fig. 8. Relative energy absorption to failure of the ferrocement plates stored in
sulfate solutions with respect to energy absorption of specimens stored in tap
water.

M.J. Shannag / Cement & Concrete Composites 30 (2008) 597–602 601
3.2.1. Effect of sodium sulfates
As seen from Table 1 and Figs. 1–3, 7 and 8, after one year of

storage in sodium sulfate solutions, the specimens reinforced with
two layers of small, medium and large spacing wire meshes
showed about 24%, 7%, and 20% increase in flexural strength with
a corresponding increase of about 178%, and a decrease of 33%
and 11% in energy absorption, respectively, compared to the spec-
imens stored in tap water. The increase in flexural strength may be
explained as follows: when the ferrocement plates were immersed
in solution, sodium sulfates permeated into the pores of the mortar
matrix encapsulating the wire meshes. Since a better compaction
of the mortar matrix containing two mesh layers might have been
achieved, the time for the sodium sulfate attack to take effect was
possibly extended. For such circumstances, the hydration reactions
of Portland cement would continue to form extra binding calcium
silicate hydrates that filled the pores within the mortar matrix and
the interfacial zone between the wire mesh and the matrix. This in
turn would account for the enhanced flexural strength of the ferro-
cement plates. The trend of the curves shown in Figs. 1–3 indicates
an increase in the brittleness of the ferrocement plates immersed
in sodium sulfate solution relative to the plates immersed in tap
water.

It is interesting to observe from Figs. 4–8, that the specimens
reinforced with four layers of small, medium, and large spacing
wire meshes showed about 28%, 19%, and 3% decrease in flexural
strength and about 11%, 18%, and 28% decrease in energy absorp-
tion, respectively, compared to the specimens stored in tap water.
It should be noted that increasing the number of mesh layers up to
four within the ferrocement plates, may have resulted in more
pores within the matrix due to insufficient compaction. Therefore,
it may have taken less time for the sodium sulfates to permeate
through the pores, and for the sulfate attack to take effect. Further-
more, the sulfate attack deteriorates the hydrated cement paste,
and leads to expansion, cracking, and weakens the interfacial zone
between the wire mesh and the matrix. This in turn results in
decreasing the flexural strength and energy absorption of the ferro-
cement plates.

3.2.2. Effect of magnesium sulfates
As seen from Table 1 and Figs. 1–3, 7 and 8, the specimens rein-

forced with two mesh layers of small, medium and large spacing
wire meshes showed about 1% and 7% increase, and 9% decrease
in flexural strength with a corresponding increase of about 126%,
and a decrease of 23% and 34% in energy absorption, respectively,
compared to specimens stored in tap water. On the other hand, it
can be observed from Table 1 and Figs. 4–8 that the specimens
reinforced with four mesh layers of small, medium and large
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spacing wire meshes showed about 10% and 27% decrease, and 2%
increase in flexural strength with a corresponding increase of
about 53%, and a decrease of 56% and 27% in energy absorption,
respectively, compared to specimens stored in tap water. The
above observations can be explained in a similar way to the spec-
imens stored in sodium sulfate solutions as mentioned in the pre-
vious section.

It is interesting to observe that magnesium sulfate had rela-
tively a more damaging effect on some of the specimens tested
compared to sodium sulfates. This is because MgSO4 leads to the
decomposition of (i) hydrated calcium silicates, (ii) Ca(OH)2 and
(iii) hydrated C3A whereas sodium sulfates leads to the decompo-
sition of Ca(OH)2 and C3A only. Such decompositions eventually
lead to formation of hydrated magnesium silicate, that has no
binding properties, and ettringite that has a porous structure,
respectively [13].

3.2.3. Visual examination
The periodic observations of the ferrocement plates immersed

in sodium and magnesium sulfate solutions indicated that none
of the plates showed cracks on the surface of the specimens or sig-
nificant signs of deterioration, even after one year of exposure to
severe sulfate environment. It can be observed that most of the
specimens reinforced with two mesh layers of medium and large
wire spacing failed in a brittle manner in flexure, with a single ma-
jor failure crack forming at the middle of the specimens; whereas
identical specimens stored in water failed in a relatively ductile
manner with a limited number of fine parallel cracks forming in
the middle of the specimens. On the other hand the specimens
reinforced with two mesh layers of small wire spacing and four
layers of small, medium and large wire spacing failed in a ductile
manner with a large number of fine parallel cracks evenly distrib-
uted in the central portion of the specimens.

After the flexure tests, each specimen has been carefully exam-
ined using a microscope to check the occurrence and location of
the cracks. Some of the specimens were broken following the
path of the major cracks. The internal section of the plates did
not reveal any kind of deterioration due to sulfate attack. The inter-
face between the wire mesh and the mortar matrix was also free
from damage; the wire mesh itself was intact and free from
deterioration.

4. Conclusions

The following conclusions can be drawn from this study:

1. After one year of storage in sodium sulfate solutions, the spec-
imens reinforced with two mesh layers of small, medium and
large wire spacing showed about 24%, 7%, and 20% increase in
flexural strength with a corresponding increase of about 178%,
and a decrease of 33% and 11% in energy absorption, respec-
tively, compared to the specimens stored in tap water; whereas
the specimens reinforced with four mesh layers of small, med-
ium, and large spacing meshes showed about 28%, 19%, and 3%
decrease in flexural strength and about 11%, 18%, and 28%
decrease in energy absorption, respectively.
2. After one year of storage in magnesium sulfate solutions, the
specimens reinforced with two layers of small, medium and
large wire spacing showed about 1% and 7% increase, and 9%
decrease in flexural strength with a corresponding increase of
about 126%, and a decrease of 23% and 34% in energy absorp-
tion, respectively, compared to specimens stored in tap water;
whereas the specimens reinforced with four layers of small,
medium, and large wire spacing meshes showed about 10%
and 27% decrease, and 2% increase in flexural strength with a
corresponding increase of about 53% and a decrease of 56%
and 27% in energy absorption, respectively.

3. None of the specimens immersed in sulfate solutions showed
visible significant signs of deteriorations of the mortar matrix
or the interfacial zone. Most of the specimens tested showed
a typical flexural failure with an increased brittleness and lim-
ited number of fine cracks for the specimens reinforced with
two layers of medium and large wire spacing.
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