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SUMMARY

Ferrocement is often believed to be a form of reinforced concrete.
However, in spite of tﬁe similarities between the two materials there are
still major differences, indicating that ferrocement requires a separate
study to establish its structural performances. On the other hand, although
a large amount of research has been carried out on ferrocement, its flexural
behaviour is still not fully understood.

The aim of this investigation is to study the structural behaviour of
ferrocement plates under flexural loading and the influence of the different
variagles on the strength and deformation characteristics. The variables
studied were the mesh number, strength, opening and distribution, presence of
steel bars, and the thickness of the section and the mortar cover.

The experimental programme included 49 plates, 1000x300 mn in dimensions,
reinforced with woven type steel wire mesh and tested under two lines load.
Deformation measurements were taken from first application of the load up till
failure and about 10000 crack measurements (crack width and spacing) were
recorded.

The crack width data were dealt with statistically. The effect of tﬁe
variables on the crack width was studied, quantitatively, by comparing the
rate of growth of crack width of the plates. It was found that ferrocement
cracking behaviour is characterized by almost a full development of the cracks
at relatively early stages of the load (about 30-50% of the ultimate load)
and the crack width is smaller and more uniformly distributed than in reinforced
concrete. The mesh number and yield strength influenced significantly the
crack width and spacing. There was a limit for the mesh number after which
the enhancement in the cracking performance of the plates slowed down

noticeably. Crack width prediction equations were derived from these tests



showed good correlation, whereas the published crack width formulae largely
overestimated or underestimated the measured crack width,

The strength and deformation were influenced mainly by the yield strength
and fraction volume of reinforcement in the loading direction. The deflection
is most likely to exceed the serviceability criteria before the crack width.
For a span-deflection ratio of 180, the mean crack width was mostly below 20
microns, and the load was about 15-307 of the ultimate load.

A procedure is proposed to analyse ferrocement sections under flexural
loading. While application of reinforced concrete theory to predict the
ultimate moment largely underestimated the experimental results, the proposed
procedure predicted closely the experimental moment and deflection at first

cracking, yielding and failure of the tested plates.
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CHAPTER 1.

INTRODUCTION AND BACKGROUND

1.1 Introduction.

Plain concrete has low tensile strength, limited ductility, and little
resistance to crack propagation. Flaws or microcracks exist in the material
even before any load is applied, because of its inherent microstructure and
volumetric changes during manufacturing. These flaws lead to a brittle failure
of the material in tension at about one tenth of its compression strength.

In reinforced concrete, although the failure of the composite is ductile
due to the ductile nature of reinforcement, the concrete suffers an extensive
amount of cracking. In the past, working stresses were relatively low.
Consequently, the cracks in the reinforced concrete members were small, and
therefore insignificant. However, the present trends towards more economical
designs, pressed for higher working stresses. This resulted in excessive crack
widths and deflections which impair the appearance of the structure, weakening
the members due to corrosion of steel, and damaging non-structural members.
Thus, the serviceability criteria become more critical than the strength
consideration. The concrete technologist is, therefore, faced with the problem
of improving the inherent weak properties of concrete in order to cater for the
designer's requirements. This, in turn, encouraged the search for new
materials to partially replace reinforced concrete.

It is under such circumstances that ferrocement, among other.materials,
has emerged. The reinforcement of ferrocement consists of several layers of
relatively fine wire mesh packed together with or without steel bars in the
middle. Cement mortar is used to fill the gaps between the meshes and
provide the cover for the reinforcement.

The major use of ferrocement has been in the developing countries where

excellent properties of the material and successful field application with



relatively little theoretical basis, were observed. As ferrocement technology
developed, so did the interest of engineers who began to view this material as
a potentially significant material of construction.

The reinforcing mechanism in ferrocement not only improves many of the

"engineering properties of the brittle mortar, such as fracture, tensile and

flexural strength,ductility, and impact resistance,but also provides advantages
in terms of fabrication of products and components, For example, ferrocement
may require less formwork than reinforced concrete. The section thickness of
its members could be as little as 10 mm and due to the flexibility of the
reinforcing mesh it has a high adaptability to complicated shapes and thus,is
very attractive for precast units.

At the same time, the reinforcement in ferrocement is uniformly distributed
in the section and has a high surface area. This results in improved
mechanical properties compared to those of reinforced concrete. Within certain
loading limits, it behaves és a homogeneous elastic material and these limits
are wider than for normal concfete. In addition, because of the subdivision
and distribution of the reinforcement, ferrocement exhibits better crack arrest
mechanism and therefore enhances cracking behaviour.

After this, it is not surprising that ferrocement is receiving extensive
attention both in the field of applications and the study of its properties.

1.2 Aim of the Investigation.

The investigation was carried out to study experimentally and'analytically
the flexural behaviour of ferrocement plates. This included the cracking,
deformation, and strength and the influence of the important parameters on
them.

The parameters studied were the number of meshes, the tensile strength of

the mesh, presence of steel bars, mesh opening and distribution, thickness of

the section and the mortar cover.



The aims of the study, in particular, are:
1. To study the cracking behaviour of ferrocement from a large number of
crack width and spacing measurements, and repeating specimens of the same
variables twice or three times.
2. To establish, quantitatively, the influence of the different parameters
on the crack width and spacing.
3. To develop crack width prediction equation.
4, To investigate the deformation characteristics from first application of
load up till failure and to study the relationship between crack width and
deflection for the serviceability criteria.
5. To develop a method for predicting the strength of ferrocement plate.
6. To use fly ash, as a cheap material, to partially substitute the cement
in the relatively rich mix used in ferrocement and to enhance its cohesiveness
and workability.

1.3 Layout of the Thesis.

The thesis consists of seven chapters. Chapter 1 includes presentation
of the problem, and the background and development of ferrocement.

In Chapter 2, the properties of the materials used and the development of
an economical and suitable mortar mix is reported. The properties of the
hardened mix are also given.

In Chapter 3, the details of the experimental programme, manufacturing
technique, testing equipment, and testing procedure are discussed. The experi-
mental programme consisted of seven series comprising 49 specimené. Special
manufacturing technique was developed to ensure the required distribution of
reinforcement. Also, a special equipment was designed to load the test
specimens.

Chapter 4 is devoted to the study of the cracking behaviour. The

cracking performance of the different specimens,in terms of the rate of growth



1.4.3.2 Reinforcement.

Ferrocement reinforcement is characterized by high surface area as compared
to those used in reinforced concrete. It usually consists of layers of
continuous mesh., These generally result from the assembly of continuous
filaments. Different types of meshes are available almost in every country in

the world. The principal types of wire mesh currently being used are given

below:
1. Hexagonal wire mesh.
2. Welded wire mesh.
3. Woven wire mesh.
4. Expanded metal mesh.
5. Three dimensional mesh (i.e. Watson mesh).
1. Hexagonal or chicken wire mesh: This mesh is readily available in most

countries and it is known to be the cheapest and easiest to handle. The mesh
is fabricated from cold drawn wire which Is generally woven Into fAexagounal
patterns. Special patterns may include hexagonal mesh with longitudinal wires.
2. Welded wire mesh: In this mesh a grid pattern is formed by welding or
cementing the perpendicular intersecting wires at their intersection. Although
this mesh may have the advantage of easy moulding into the required shape, it

has the disadvantage of the possibility of weak spots at the intersection of
wires resulting from inadequate welding during the manufacture of the mesh (11).
3. Woven Wire mesh: In this mesh, the wires are interwoven to ﬁorm the
required grid and the intersections are not welded. The wires in this type

of mesh are not straight. They are bent in the shape of zig-zag lines and
large angle of bending might cause cracks along the mesh (12). However,

the moulding performance of this mesh is as good as the hexagonal and the

welded wire mesh (11).



4., Expanded Metal Mesh: This mesh is formed by cutting a thin sheet of
expanded metal to produce diamond shape openings. This type of mesh is not
as popular as the previous three types and weight for weight comparison, it
is not as strong as woven mesh, but on cost to strength ratio, expanded metal
has the advantage (11).
5. Watson Mesh: A specially designed three dimensional space frame mesh.
It consists of straight high tensile wires and a transverse crimped wire which
holds the high tensile wire together. The high tensile wires are placed in
two parallel planes and are separated by mild steel wires transverse to the
high tensile wires. Most of the mesh wires are straight, without twists,
crimps or welds. The result is a very strong mesh, and completely flexible to
conform to any shape.

The above mentioned types of meshes are mainly metallic materials.

Vegetable fibre and glass fibre meshes are also available. At the same
time, there is a wide variation in the properties of each type of mesh.

This includes different mesh size, -strength, ductility, manufacture and
treatment. Research shows that the properties of the resulting ferrocement
product is affected by the properties of the mesh.

Steel rods have been used together with wire mesh in the reinforcement of
ferrocement. The rods could be used for making the frame-work of the structure
upon which layers of mesh are laid. Longitudinal and transverse rods usually
vary in diameter between 4 to 9 mm and they are mainly of mild steel. Steel
rods are sometimes used as main reinforcing component. Bezukladov et al. (5)
reported that the middle third of the mesh in ferrocement members can be
replaced by steel rods without affecting the structural performance of the
member.

Finally, steel fibres have been wused (13,14) with wire mesh reinforcement

to enhance some of the properties of ferrocement.

- 10 -



1.4.4 Mechanical Properties.

1.4.4.1 General.

Ferrocement is often thought of as a variation of conventional reinforced
concrete. However, Nervi's (1) description of ferrocement in which he
identifies the material by the high subdivision and distribution of the rein-
forcement may be the basic difference between ferrocement and reinforced
concrete. No theoretical support was provided by Nervi, but later on, the
importance of the subdivision of reinforcement was confirméd by experimental
and theoretical studies (15,16) on closely spaced wire reinforcement. In
addition to the subdivision, the amount of the reinforcement was believed, from
the early experiments on ferrocement, to be very important. Oberti (1) found
that steel content of 120 to 240 kg./m3 of mortar will not practically enhance
the elongation of the mortar. But increasing it to a range of 480 to 640
kg./m3 increased the elongation to 5 times that of the mortar.

Recently, the subdivision and amount of reinforcement have been described
using the terms specific surface which is defined as the ratio of the surface
area of reinforcement to the volume of the composite, and the fraction volume
which is defined as the percentage of the volume of the reinforcement to the
volume of the composite.

These two terms have been found (5,17,18) to give good correlation to
the load response of ferrocement. Bezukladov (5) found that ferrocement
superior behaviour compared to reinforced concrete can be achieved when the
specific surface of reinforcement exceeds 2J)cm2/cm3. However, in most
previous practical uses of ferrocement, the reinforcement had less specific
surface. This, in addition to the many available types of meshes may result

in a confusing picture about the properties of ferrocement.

-11 -



1.4.4.2 Behaviour under Tension.

1. Elasticity and Stress-Strain Behaviour.

The stress-strain curve is characterized (5,17,19) by three stages, see
Fig.l.1, namely, the elastic stage, the cracked stage, and the yielding stage.
In the elastic stage, both reinforcement and mortar behave elastically and
there is no evidence of crack formation. This stage is followed by a
transitory stage or the quasi-elastic stage (19) which is between the elastic
and the cracked stages. In this stage the cracks propagate and multiply
producing a curvilinear stage, leading to the start of a second linear stage.
The range of quasi-elastic stage in ferrocement is longer than in reinforced
concrete (19). The term first crack, used by many investigators, usually lies
in this stage. In the cracked stage or elasto-plastic stage, the matrix
suffers some plastic strain and cracks increase in number rather than width.
However, the stress in reinforcement is still in the elastic limit. The
yielding stage is characterized by yielding of reinforcement which results in
increasing of the crack width, while the number of cracks has almost reached
its maximum.

A more detailed definition of these three stages, in connection with the
crack width and the tensile strain in the extreme fibre was given by
Walkus (19). Fig.l.l and Table 1.1 give details of these stages and the
associated crack width and temsile strain values. These values require more
experimental verification, bearing in mind that they are assumed to be the
same for any ferrocement section. Such assumption may not be valid because
of the expected differences in performance of ferrocement sections, depending
on the characteristics of the reinforcement.

The modulus of elasticity, both in the elastic and elasto-plastic stages
has been predicted (17) using the following equations which are based on the

law of composite.
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Table 1.1 Working Phases, Stresses and Strains of Ferrocement
under tensile loading (4).
No. of Strength Techno- Max .width Stress Unit
phase Phase logical of 2 Elongation
KN/m ;
Phase Cracks micro-
10—3 m strain
1 Linearly tight - - -
Elastic
Ia Quasi 20 3230 200
Elastic
1b Non- non 50 3530 290
Linearly | corrosive
Elastic
11 Elastic- 100 4220 645
plastic
III Plastic corrosive >100 - -
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EC = EM Vﬁ + ERL . VﬁL (elastic stage) (1.1)

E, -~ Bpp - VRL (elasto-plastic) 1.2)
where

Eg = Elastic modulus of the composite.

EM = Modulus of elasticity of mortar.

ERL = Elastic modulus of mesh.

VRL = Volume fraction of longitudinal reinforcement in loading

direction.
Vﬁ = Volume fraction of mortar.

These equations, which take into account only the longitudinal reinforce-
ment underestimate (17) the modulus of elasticity. A detailed analysis taking
into account the orientation of the oblique reinforcing elements seems more
appropriate for reinforcement like hexagonal mesh (11).

The characteristics of the stress—strain relationship are affected mainly
by the characteristics of reinforcement, while rich mortar has no significant
influence on it (5). Increasing the fraction volume of reinforcement (5,17)
increases the modulus of elasticity. Increasing the specific surface
increases (5) the stresses and elongation during crack formation. According
to Bezukladov et al. (5), ferrocement should have specific surface of rein-
forcement between 2 and 3 cm2/cm3.

The stiffness of ferrocement is largely dependent on the geometry and
ductility of reinforcement and independent of its strength. Cold worked
reinforcement appears to give a stiffer composite than ductile mesh (21).

2. Cracking.

One of the best advantages of ferrocement is its cracking performance.
Higher number of cracks with spacing as little as 5 mm result in smaller

crack width and reflect the superior ferrocement performance compared to

reinforced concrete.
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The cracking behaviour was found (5,10,17) to be affected mainly by the
properties of reinforcement including the reinforcement amount, type, ductility,
proof stress, and spacing of transverse wires of the mesh. The specific
surface, as a measure of the bond area, is an important factor. Increasing
it results in smaller crack width and smaller crack spacing after failure
(5,10,17,19,22,23). However,Nathan and Paramasivan (23) suggested that the
cracking behaviour is influenced by the total bond stress between steel and
mortar rather than just the bond area. This means that in addition to the
specific surface, the proof stress of the reinforcement has also an influence
on the cracking behaviour. In addition to the total bond stress, the
ductility of reinforcement and the spacing of the transverse wires of the mesh
affect the cracking behaviour. Increasing the ductility increases the crack
width (10) and higher transverse wires spacing result in less number of
cracks (24). Different types of meshes result in different cracking perform—
ances, For example, expanded metal mesh exhibits superior cracking performance
compared to that of welded mesh.

The cracking behaviour is characterized by two stages. In the first
stage, which follows after first cracking, the cracks increase in number with
increase of load until they reach the ultimate or saturation limit. The
second stage will begin then and is characterized by increase of the crack
width more rapidly.

Based on the above description of cracking behaviour, Naaman_(24)
suggested equations to predict the crack width. The end of the above first
stage was called the crack stabilization and the steel stress at the crack

stabilization was calculated using the following equation:

fsta = 20 Ser. § 60 KSi (1.3)
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where

The steel stress at crack stabilization, KSi .

sta

S

RL Specific surface of reinforcement,inzlig.

The crack width prediction equations are as follows:-

For SRL £ 3 ]'.n_1

a) For any steel stress less than fsta

f
2
1 sta 0 (1.4)

w = = . = e ses s

Where ER is the modulus of reinforcing system.

b) For steel stress larger than fSta but less than yield strength

29000 4574 e (1.5)
R

wmax = [6.9+ (fs - fsta)] E

For S__ > 3 in_l and, for any stress less than the yield strength or about

RL
60 KSi
W = (15.5-3 S_.) 1074 > 0.0004 in.  ..... (1.6)
max RL
3. Strength.

The investigations tend to define two strength values in the life of
ferrocement specimen, namely, strength at first crack and strength at failure.
From the previous discussion about the stress-strain relationship in tension,
the first crack takes place in the transitory state which is a later stage
beyond the elastic range. Therefore, the strength in the elasto-plastic
stage has not been considered.

Bezakladov (5) found that the load at first crack increases with the
specific surface of reinforcement up to a total specific surface of
SR = 3.0 to 3.5 cm2/cm3 after which reduction in the load takes place.

Naaman & Shah (17), defining the first crack as the first deviation of

linearity of the load-extension curve found that irrespective of the type and
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size of the mesh the load at the first crack increases linearly with the
specific surface of reinforcement, see Fig.l.2. From the figure it can be
seen that the saturation limit of the specific surface takes place at SL
between 1.5 and 2.0 cmz/cm3, which is about the same range as that from
Bezukladov. Increasing mortar strength was found (10) to have little effect
on the strength at first crack. Attempts were made (25) to predict the
strength at first crack based basically on the theory of reinforced concrete.
The ultimate strength is found to be dependent on the fraction volume of
reinforcement and is not affected by the degree of dispersion. A one to one
relationship has been reported by many authors (10,17,20,21,22,26) between the
ultimate strength of the mesh and the ferrocement section. The ultimate
strength does not depend on the thickness of the specimen or the strength of
the mortar (21). It seems that it is basically a function of the properties

of the reinforcing mesh and its orientation.

1.4.4.3 Behaviour under Compression.

Ferrocement behaviour in compression is reported (5,26,27,28) to be mainly
affected by the moxrtar characteristics. Although the modulus of elasticity
increases (28) with increase in the fraction volume of reinforcement, the
ultimate strength is mainly determined by the compressive strength of the
mortar.

Bezukladov et al. (5) reported that the specific surface and the fraction
volume of reinforcement do not exert appreciable influence upon thg compressive
strength of ferrocement. Varying steel content from 0.7Z to 2.8% increases
compressive strength by 157 and this strength is determined chiefly by the
prismatic strength of the mortar. Rao and Gowder (28) showed that the
increase in the compressive strength with increase in percentage area of
reinforcement is not significant and in any case steel area of more than

2-2.57 was not economical as it results in reduction in strength. Pama and
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Lee (26) concluded, from tests, that the ultimate compressive strength of
ferrocement depends on the fraction volume of mortar and is lower than that
of equivalent pure mortar.

However, Johnston and Martar (21) showed recently that significant
compressive strength gains can be realized by using mesh reinforcement in
closed box or cylindrical arrangement which restrains the matrix. The
transverse wires of the mesh contribute relatively more to the overall
strength than the longitudinal wires, which is proebably why the welded mesh
showed better performance than expanded metal mesh.

Therefore, it seems that in addition to the mortar characteristics, the
compressive strength is influenced by the type, orientation and mode of
arrangement of meshes.

Both the modulus of elasticity and the compressive strength of ferro-
cement can be predicted using the composite theory (11).

1.4.4.4 Behaviour under Flexure.

1. Load-deflection and Stress—strain relationships.

The load-deflection and the stress—strain relationship for sections under
bending are, as the case for section under tension, characterized by three
stages (5,14,29,30,31), namely, the elastic, the elasto-plastic,and plastic
stages. The end of the steeper linear portion of the load deflection curve
corresponds to the first cracking of the mortar. No cracking was optically
observed before this point, while the cracking was always observed soon after
this load. The second part of the curve represents the elasto-plastic stage
in which the multiple cracking takes place and the steel strain is less than
the yield strain. The range and the slope at this stage increases with
increase in steel content (22,31,32). The end of this stage is at the

yielding of the steel which marks the beginning of the plastic stage.
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The load-deflection curve can be idealized (26,29) to a trilinear
curve with each of the above three stages considered as a straight line.
Near ultimate load, the deflection can be approximated by an elastic-—
perfectly plastic bilinear analysis. Walkus (20) had divided the behaviour
of ferrocement section under bending, as he did for section under tension,
according to the serviceability and in connection with the crack width, see

Table 1.2 and Fig. 1l.1.

Table 1.2-Properties of ferrocement section under bending/
tensile zone (20).

Measured values Technological State
Tight Anti= AntlT Corrosive
corrosive | corrosive
I II

Permissible width of
micro-cracks (microns) 0-20 20-50 50-100 > 100
Stress, o kg/cm2 43 49.5 56 -
Unit elongation €. 10-6 130 325 650 -
Coefficient of
deformability 330 33 20 -

10_3 . E, kg/cm2

2. Cracking.

The cracking behaviour of ferrocement was studied mainly by observing
the crack number at first cracking and at failure and the factors which
influenced them. The more appropriate and systematic approach of measuring
the crack width and separating the influences of the different factors on it,
was neglected. Consequently, there are no experimental data to initiate or
verify crack width prediction equations.

Recently, tests were carried out (24,31) to measure the crack width and
present prediction equations for the crack width in connection with the

factors considered. However, the amount of data in this field is far from
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enough. In fact, from the above mentioned tests it was concluded (24)
that extensive amount of work is required to decide the effect of the
different factors on the cracking of ferrocement.

In general, it was believed that the cracking behaviour in bending is
similar to that in temnsion (5,18,30). The subdivision, amount, type and
ductility of reinforcement are the most important factors that affect the
cracking behaviour. Increasing the specific surface decreases the crack
width and spacing (30). Logan & Shah (18) presented a formula to predict the
crack spacing depending mainly on the specific surface.

However, Naaman (24) from later tests, concluded that the specific
surface did not seem to have as strong an influence on the cracking behaviour
in flexure as in tension. This less pronounced effect found by Naaman could
be explained by noticing that additional layers of meshes are placed away from
the extreme fibre where the highest tensile stress takes place. Therefore
they contribute less to the crack arresting mechanism which will be mainly
provided by the outermost meshes. A more pronounced effect of the specific
surface may be found by considering samples of different specific surface of
the outermost layers.

According to Balaguru, Naaman and Shah (31), the crack width is mainly
influenced by the strain level in the outermost layer of mesh and the spacing
of the transverse wires as they are favourable positions for cracks.

A design equation based on the above mentioned two factors was suggested.

A more detailed review of literature about cracking behaviour can be
found in Chapter 4.

3. Strength.

As in tension, the strength in flexure for a ferrocement member was
considered at two stages of its life. They are the strength at first crack

and the ultimate strength. Several methods were used to predict these
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strengths and they all fall into one of the three theoretical models mentioned
in sec. 1.4.5. A more detailed review of these methods can be found in
Chapter 6. In any case, none of these methods is fully accepted as ration-
alized design method and more work is needed in this context.

The factors which influence the strength at first cracking and at failure
are discussed separately as follows:

a. Strength at first cracking;-

There are several definitions of the first cracking load. Depending
on the definition adopted, first cracking represents a certain point in the
elasto-plastic stage of the life of the section. It is this non-uniqueness
of the first cracking definition which has led to the uncertainty of the factors
affecting it.

Some researchers(12,33) have found that the strength at first cracking
increases with increase in steel content. Logan and Shah (18) concluded
that the strength at first cracking increases with increase in the specific
surface of reinforcement. However, Balaguru, Naaman, & Shah (31) could not
find a clear relationship between the first cracking load and the specific
surface.

It appears that the term first cracking itself is not suitable unless all
are agreed on its definition. If it is defined as the instance of first
movement of the existing flaws, then there is a doubt whether there is a
factor, other than the ultimate tensile strength of the mortar, wh?ch will
enhance it. But if it is defined as the instance in which a crack of a
certain width appears, then the factors affecting the cracking behaviour will
be expected to influence it.

It, therefore, follows that the term first cracking whenever used should

be associated closely with its definition.
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b. Ultimate Strength:-

The ultimate strength in bending is expected to reflect the combined
influences of factors governing the tensile and compressive strength.
Therefore, and as far as reinforcement is concerned, the amount, type,
orientation and inherent geometry of the reinforcing meshes, in addition to
their position relative to the neutral axis and to each other, are factors
influencing the ultimate strength. As for the mortar,its strength was found to be
of relatively little importance (34) on the ultimate bending moment .

Thus, a mortar of medium compressive strength of 35 to 50 N/mm2 is adequate
(5,34). The thickness of the section has little influence on the ultimate
strenéth, aside from the influence of depth as expected from analytical
principles (34).

It follows, therefore, that the reinforcement gharacteristics have the
greatest influence on the ultimate bending strength. Increasing the reinforcé-
ment content iﬁcreases the ultimate strength (5,12,32,33,35), but the épecific
surface has no effect on it (5). The type of mesh also affects the ultimate
strength, For example, members reinforced with expanded metal or welded wire
mesh of a given cross-sectional area and used in their normal orientation,
perform better than those reinforced with woven wire mesh or standard bars of
the same cross—-sectional area.

Orientation and geometry of the mesh have a significant effect on the
ultimate strength. ACI Committee 549 (7), reported that different meshes
exhibit weaknesses in different directions and therefore orientatioﬁ becomes
particularly important when strength under biaxial loading is considered.
Expanded metal mesh imparts a considerable weakness in the secondary direction
(34). Welded wire mesh, while having equal strength in both longitudinal
and transverse directions, has weakness along planes at 45° to the directions
of the wires. Large weaving angles in woven wire mesh result in cracks along

the mesh (12). This could result in premature failure.
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In ferrocement, unlike in reinforced concrete, uniform distribution of
the mesh along the section gives better ultimate strength than concentrating
tﬁem near the fibres (34).

The steel strength was reported (34) to have relatively minor importance
in the ultimate strength and it is controlled by the degree of cold working
employed in the manufacturing process of the mesh. This result seems to be
illogical especially for specimens reinforced with small numbers of meshes
where flexural failure takes place due to fracture of the mesh (12).

1.4.4.5 Behaviour under Shear and Torsion.

Very little information is available about the shear strength of ferrocement,
perhaps because ferrocement is generally used in thin panels where the span-
depth ratio in flexure is large enough so that shear does not govern failure.
In any case, the parallel and longitudinal alignment of the reinforcing layers
in ferrocement precludes the inclusion of shear reinforcement equivalent to the
bent up bars or stirrups used in reinforced concreté, so férrocement is not
suited to resisting shear.

Collen & Kirwan (35) reported that the ultimate shear strength increases
with increase in steel content. For the woven wire mesh used, the maximum
shear strength obtained was at steel content of 513 kg/m3 and it was equal to
8.5 N/mmz. Bezukladov et al. (5), from tests on ferrocement plates with in-
plane shearing forces, obtained stress-strain curves which were characterized
by two straight line stages. They found that the shearing modulus.in the
first stage was influenced by the specific surface of reinforcement, while in
the second stage it was almost the same for the different series.

Pama et al. (26) suggested analytical expressions, based on the theory of
law of mixture, to calculate the shearing and torsional rigidities. The
exﬁerimental results from bending and anticlastic slabs and torsion on

tubes tests were used to support the analytical expressions developed and
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to show the success of the approach. They concluded that the elastic
constants in the uncracked range for ferrocement are not much different from
those of the mortar.

1.4.4.6 Behaviour under Fatigue and Impact.

1. Fatigue.

The fatigue behaviour of ferrocement is very important. Most of the
structural members will be subjected to a certain type of repeated loading.
Picard and Lachance reported (36) that the load which causes failure on a
ferrocement member after 1x106 cycles was only 277 of the ultimate load. Also,
residual deflection during the unloading of the first cycle was noticed and
this deflection increases with increase in the amplitude of the loading cycle.
It is, therefore, essential to establish enough data on fatigue behaviour of
ferrocement before setting its serviceability criteria.

Preliminary flexural fatigue tests by Wind Boats Limited (37) showed the

following results:

Sample Nominal stress level Cycles Remarks
2
kg/cm
A + 44 to - 38.3 2x106 Cracked
B + 49.3 to - 42.3 2x106 No fracture
C + 77.5 to - 77.5 1x105 Cracked
D + 83.5 to - 83.5 1x105 Cracked

It was reported (11) that Karasudhi, Mathew, and Himityongskul (in their
fatigue tests) showed that the fatigue strength of ferrocement is dependent
on the fatigue properties of the reinforcement including both the wire mesh
and the skeletal steel. The load-cycle curves for ferrocement specimens

reinforced with three different meshes were given in the following form:

Log, N =12.27 - 0.128S (Welded wire mesh) ......... (1.7)
Log10 N = 7.417 - 0.031S (Expanded metal mesh) ...... (1.8)
Log,y N = 9.750 - 0.0738 (Hexagonal wire mesh) ....... (1.9)
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wvhere N and S denote the number of cycles to failure and the maximum repeated
load expressed as percentage of the ultimate static load.

Using equation 1.7 (for welded mesh) on data from Picard & Lachance (36)
gave S = 497 while the experimental value was 27%. This indicates that there
are other factors apart from the type of mesh which affect the load-cycle
curves.,

McKinnon and Simpson (38) reported that ferrocement specimens reinforced
with ungalvanized welded mesh, and water cured showed better flexural fatigue
results than those reinforced with galvanized welded mesh and steam cured.
The deterioration in the fatigue properties due to galvanization of the
mesh was confirmed by Bannet et al. (39).

Balaguru, Naaman and Shah (40) suggested an analytical model to predict
the fatigue properties of ferrocement from the fatigue properties of its
constituents, i.e., mortar and reinforcement. Expressions for the increase
in the crack width and deflections, and the deterioration of the flexural
rigidity due to repeated loads, were given. These expressions desparately
require more experimental verification.

Singh (41), recently, from the comparison of his and other investigators'
results, found that performance of ferrocement under repated loading is a
function of such factors as:

1. Amount, type and disposition of reinforcement.

2. Mode and method of testing as well as criterion of failure.

3. Specimen form and si?e.

4, Type of cement and method of curing.

2. Impact.

Because of the importance of the impact resistance in the application of
the material in marine structures,impact tests were some of the very early

experiments carried out on ferrocement. Impact tests (37) on ferrocement
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slabs demonstrated the high impact resistance of the material and showed that
failure did not consist of the development of an actual hole in the slab, but
rather a weakening of the wire mesh and a relatively dispersed breaking away
of the mortar. This property is one of the advantages which encouraged the
use of ferrocement in boat building. Impact tests to compare the performance
of ferrocement with reinforced concrete were carried out by Bezukladov et al.
(5), They found '1:’r-1at a 25 mm thick ferrocement plate could give the same
impact strength as 50 mm thick reinforced concrete plate.

Shah and Key (10) carried out impact tests to investigate the effect of
the specific surface and tensile strength of the mesh.The rate of flow of water
through the sample was used to measure the damage in the specimen due to impact
loading. They found that the higher the specific surface or the tensile
strength of the mesh, the lower the damage induced by impact loadings.

Nathan & Paramasivam (23) carried out tests and showed that increasing the
fraction volume of reinforcement increas‘es the absorbed energy required to
cause impact failure. It was reported (13,42,43) that inclusion of short
steel fibres with wire mesh reinforcement in ferrocement greatly enhanced the
impact strength.

1.4.5 Theoretical Models.

The theory governing the ferrocement has not been established yet.
The state of knowledge and the experimental data available about the material
are still in the stage of exploring its different properties. However,
several theoretical models were used in predicting some of the mechanical
properties of ferrocement.. Most of these models fall into one of the following
three main categories:

1. Using the theory of composite materials, mainly developed by
Pama (11,26). This approach was used in predicting several mechanical

properties of ferrocement. It considers ferrocement as composite material
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consisting of mesh as reinforcement and mortar as a matrix. The skeletal
bars are usually neglected.

2. Using reinforced concrete analysis. In this approach, the theory
of reinforced concrete is used in analysing the section and mostly to predict
the flexural strength.

3. Models based entirely on experimental results. A typical example
of the use of this approach is that of Walkus (30,44). Section behaviour is
divided into several stages and the mechanical properties found experimentally
were fixed at these stages. This approach has the disadvantage of limitation
inflicted by the limitation of the experimental programme.

None of the above approaches has proved to be fully adequate for the
analysis of ferrocement and many theoretical models developed for the material
still require further experimental confirmation. Therefore, ferrocement
requires much more work before the development of its theory can be arrived at.

1.4.6 Practical Applications.

During the past ten years, ferrocement application has been extended
widely. This was specially helped by publishing a report on the uses of
the material in developing countries by the National Academy of Sciences (2)
of the United States of America. The report explored the many advantages
of the material like ease of fabrication, low skill and adaptability of the
material for complicated shapes. On the other hand research progress helped
developed countries to find many new potential uses of the material.

In marine applications, it includes a wide range of boat building
varying in size between 10 to 30 m. It also includes (11), docks, buoys,
floating breakwaters, submarine structures, floating and submerged oil
reservoirs, offshore tanker terminals, floating bridges and others.

The in-land applications of the material, both in developing and

developed countries, vary widely. The developing countries, making use of
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the low skill required and the availability of the constituents, used the
material in low cost housing, roofing, grain storage bins, agricultural
buildings and similar applications (11,45). In developed countries

applications include shell structures, water tanks, tunnel lining, permanent

formwork, etc.

A good amount of literature is available (46,47,48) on both the possible
applications of ferrocement and its manufacturing techniques. Moreover, it
wuld be expected that the material will find even a greater range of

application when its characteristics and theoretical prediction are fully

established.
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CHAPTER 2.

PROPERTIES OF MATERIALS AND MIX DESIGN.

2.1 Introduction.

Ferrocement is a composite material with cement mortar as the matrix and
steel mesh as the reinforcement. The properties of any composite material
are determined by the properties of the reinforcement and the matrix. There-
fore, in order to understand the behaviour of the composite material, it is
essential to establish the properties of its constituents.

In ferrocement, although the properties of the reinforcement have a more
dominating effect on the behaviour of the composite, the properties of the
mortar, such as compressive strength, shrinkage, durability, and permeability
also control important properties of the resulting ferrocement. In additionm,
the nature of the reinforcement requires the mortar mix to be very workable in
order to penetrate through the several layers of wire meshes and produce well
compacted elements. On the other hand, the water content should be limited to
reduce shrinkage. Therefore, the mortar mix should be designed carefully.
Although the concrete technology provides extensive knowledge about mortars,
its use in ferrocement requires a flexible approach in the use of that
knowledge. At the same time, research on mortar for ferrocement is
essential to obtain the best product. ’

In this Chapter, the properties of the materials used in this study were
established, .Several trial mixes were studied to reach the most suitable and
economic mix to be used in the main experimental programme. The properties
of the hardened mortar were then determined from that mix.

2,2 Properties of Reinforcement.

It has been established, in the review of literature, Chapter 1, that

the reinforcement characteristics in ferrocement represent one of the most
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influencing factors on the behaviour of the composite material.  These
characteristics may include the type, geometry, orientation, and mechanical
properties of the mesh and bar reinforcement. The mechanical properties of
the bar reinforcement can be established from standard tests used in rein-
forced concrete. Unfortunately, there are no such standard tests for the
mesh reinforcement and different investigators used different tests. In
this study, galvanized steel woven wire mesh and steel bars were used as
reinforcement. The properties of the two types of reinforcement are
discussed separately.

2.2.1 Steel Bars.

Mild steel bars 6 mm. in diameter were used. The mechanical properties
were obtained from three tensile specimens tested in an Amsler machine. Fig.
2.2 shows a typical stress—strain curve for the bar. The strain was measured
over a gauge length of 50 mm. using an extensometer placed at the central

portion of the tested bar. Table 2.1 shows the average values for the prop-

erties of the three bar specimens tested.

2.2.2 Wire Mesh.

Three different types of woven steel wire mesh were used. All were
galvanized with wire diameter equal to 0.914 mm. Two of them were of mild
steel with mesh opening of 5.45 and 6.34 mm. respectively. The third type
was of high tensile steel with mesh opening of 5.45 mm.

It was felt that the mechanical properties of the mesh shou}d be
obtained from tensile tests on a piece of mesh rather than a single wire taken
from the mesh. Tests on single wires ignore the effect of the transverse
wires in the mesh. Preliminary tensile tests showed that a single wire
straightened itself completely near failure, while in the mesh test, the

wires in the mesh were still zig-zag shaped, indicating that even at failure

transverse wires prevented complete straightening of the longitudinal wires

- 31 -



and therefore should have an effect on the stress-strain curve.

Three specimens for each type of mesh were cut with the longitudinal
direction along the longitudinal direction of the mesh in the ferrocement
specimen. Hounsfield Tensometer machine (Plate 2.1) was used to perform the
test. The mesh specimen was 300 mm. long and 50 mm. and 100 mm. wide at the
strain measurement portion and at the grips respectively, Fig.2.1.A.
Specially designed grips were used. Each grip consisted of two steel plates
and the mesh specimen was sandwiched between these two plates. Plastic
padding was used to bond the mesh to the grips and en