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ABSTRACT
 

A literature review on the characteristics of ferro

cement is undertaken. A description of the material is
 

siven with an outline of existing theories on its behavior.
 

The engineering properties are examined with emphasis on
 

aexplanation of the physical phenomena and methods of 


nalysis of mechanical behavior.
 

Topics in which no work in ferro-cement has been done,
 

but which are considered important for the future appli

cation of this material to mechanical systems, are also
 

covered.
 

Mention is made of fiber type reinforcement of concrete;
 

methods for fast curing and quality control are discussed.
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CHAPTER I 

INTRODUCT ICN 

Concrete is among the oldest engineering materials used
 

by man, and ranks today among the most widely used, especially
 

in the construction industry. It consists of a mixture of
 

Portland cement, sand, gravel and water.
 

In this investigation we try to find further applications 

of this material, thq feasibility of substituting concrete for 

metals and other engineering materials in fabrication of ma

chinery for industrial use. This idea is particularly attract:1Uve 

in countries with a lesser degree of industrial development due 

to the fact that most of these countries lack the necessary
 

technology or even the raw materials for a successful industrial

ization of metals, while Fortland cement is often plentiful and 

locally produced. Also, these countries seek more labour In

tensive techniques of manufacture. The moulding of metals can
 

be done today in big foundries which are highly automated, hav.ng
 

a very hi;gh capital to labour ratio, while the moulding of con-

crete still requires relatively more labour.
 

Concrete has many desireable properties such as the low
 

cost of construction and maintenance, high compressive strength,
 

chemical stability, good durability, zood abrasion "iproperties; it 

is easy to mould in the unhardened state ard can be made into 

almost any shape. Cement is weak in other mechanical properties, 

most remarkably in tensile strength. As a typical brittle ma

terial its tensile strength is about eight to ten times smaller 

than its compressive strength. To overcome this defficiency, 
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concrete has been reinforced in various manners. For many ap

plications, especially in the construction industry, steel rods
 

are incorporated into the mortar. Concrete thus behaves as an
 

uncoupled material and not as a composite in the sense that the
 

steel rods carry virtually all of the tensile stresses while the
 

concrete carries the compressive ones. In a typical compot.ite
 

material the presence of one phase enhances the behavior of the
 

other, and vice-versa.
 

Attempts have been made to make of reinforced concrete
 

a composite material; this was done by incorporating into the
 

mortar various kinds of fibers such a& glass fibers, asbestos
 

fibers, short steel fibers and others, or by increasing the dis

tribution of continuous reinforcement employing thin wire meshes
 

instead of steel rods. The latter is named ferro-cement and has
 

been used originally in the construction of vessel hulls.
 

I. 1. History 

Ferro-cement was first used around 1850 by Joseph Louis
 

Lambot who considered himself as the inventor of this composite.
 

He used it for the construction of boats that were in operation
 

for more than fifty years and are now in display in France.
 

However, this material unaerwent a Feriod of very little use
 

until 1943 when it was taKen up again by Pier Luigi Nervi who
 

used it for the construction of large transport boats.
 

Extensive research and experiments by the Italian Navy to
 

determine the physico-mechanical properties of ferro-cement and
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the coming of the war, at which time steel became scarce and ex

pensive, made people think more seriously about this material
 

for naval construction.
 

The operational performance of ferro-cement ships has
 

proven to be very satisfactory and comparable to steel and
 

wooden hulls, having smaller initial and operational costs, simple
 

repair and maintenance.
 

After Second World ,4ar Australia, Canada, China,
 

Czechoslovakia, England, New Zealand and Russia, amon3 others,
 

adopted ferro-cement for the construction of hulls realizing the
 

savings implied in sheet metal, the simplicity of construction
 

and of the procution process, and the high quality of the product.
 

Today there are many shipyards throughout the world which
 

specialize in the construction of ferro-cement hulls. Naval
 

architects are learning to design for this material but they
 

still lack extensive information regardinE the properties of it.
 

Very few papers on ferro-cement were published during the 50's,
 

and scientific research only started in the early 60's.
 

I. 2. 	 Ferro-cement
 

As previously mentioned, ferro-cement can be briefly
 

described as a composite material made of a matrix of concrete
 

(Portland cement, sand, gravel and water) or more commonly
 

mortar (Portland cement, sand, water and aggregates) reinforced
 

with layers of thin wire steel mesh.
 

The mechanism of crack formation and propagation is not
 

fully understood despite the efforts of several investigators
 



-9

who tried to correlate the experimental results with theoretical 

predictions. Part of this difficulty is due to the fact that 

there is a very large scatter in the published data, and some of 

the result-s proved to be irreproducible by later investigators, 

Many of the earlier investigations neglected what turned 

out to be useful information, as for example, the properties of 

the reinforcement, the composition of the rortar or even some test

ing procedures.
 

An important fact established by Key (4) is that the ul.

timate strength and the apparent modulus of elasticity of the 

commercially available woven wire mesh is different when the 

mesh is tested in its longitudinal direction and when it is tented 

in the transverse direction. This difference is caused, as ex

plained by Key (4), by the plastic deformation of the wires in

duced during the manufacturing of the mesh; the longitudinal 

wires are bent to allow the shuttle to travel across with the 

transvers.e wire. Naaman (1) pointed out that it can also be 

caused by residual stresses added to the wire by alternate bending. 

As a result, the ultimate longitudinal stress is lower than the 

transverse one, the variation being smaller the smaller the yield 

strength of the wire. The modulus of elasticity of the woven 

mesh, which is not equal to the modalus of the wire, can be re

lated to the weaving angle (see Fig. 1), the larger this is the 

smaller the modulus of elasticity, and because that angle is u

sually different in both directions the apparent moduli are 

also different.
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Figure 1. Showing Mesh Weaving Angle
 

Another important fact poiJnted out by Key (4) is that the
 

properties of wire meshes coming from two different rolls of the
 

same manufacturer can vary quite extensively because the current
 

use of these meshes does not require a knowledge of its propertieE
 

He thus recommends testing a sample from every roll to determine
 

the properties of the mesh -beforehand. These peculiarities of
 

the reinforcement are bound to affect the behavior of the test
 

samples; as it will be discussed later, the ultimate strength
 

of ferro-cement is that of its reinforcement, the modulus of e

lasticity is linearly related to the modulus of the mesh, and 

the cracking pattern is related to the stress strain behavicr
 

of the meshes.
 

I. 3. Theoretical Approach 

Concrete heinE a brittle material, it fractures under 

tension without undergoing plastic deformation. The measured 

tensile strength of concrete and mortar 5.s consistently 8 to 10 

times smaller throughout the whole range of their compressive 

strengths. 



It is now an establi.shed fact that the mechanical pro

perties of concrete are greatly enhanced by the addition of 

closely spaced steel reinforcement. However, there is disa

greement 6n the reasons, and most investigators have subscribed 

to one of the two hypothesis which try to explain this fact. 

The first postulated hypothesis uses Griffith's theory on
 

fracture mechanics of brittle materials, while the second one
 

explains the superior behavior of ferro-cement using concepts
 

of the composite materials theory. We now proceed to outline
 

both theories.
 

The theory based on fracture mechanics was first postu

lated by Romualdi and Eatson (11), (10). They suggest that 

the weakness of concrete in tension is caused by the presence 

of structural flaws or microcracks, which act as stress ccncen

trators at their tip, so that when the specimen is subject to
 

stress, the flaws will propagate normal-to the losdinG direction.
 

A crack, while propagating, absorbs the energzy necessary
 

to create the ,w crack surface (surface energy) and releases
 

elastic strain energy (relaxation energy) that was concentrated 

around the cracK. When the rate of elastic relaxation energy
 

becomes larger than the rate of energy consumption, the crack
 

will self propagate unstably. This energy Lalance theory .ias 

first established by Griffith (25) in 1920, later received con

tributions from Orowan (26) and Irwin (27), and was applied by 

Romualdi and Eatson to analyze fracture mechanics in ferro

cement. They started from Griffith's postulite that the creck
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will start to pro.agate unstably when, 

.(U-V) =0 

2C - Crack length 

U - Stored elastic energy 

Vf - Crack's surface energy 

Exact expressioas for L4 and V exist in the literature 
for a limited number of crack geometries; Romualdi and Eatson 

assumed a situation of plain stress for a degenerate elliptic 

hole of length 2.c and unit thickness 

._,rr Tzc 

- tensile stress 

7 - modulus of elasticity
4 Orc
- specific surface enerzy
-o____1=,, 

The left hand side of this equation is usually expressed 

as G (strain energy release rate), which is the work done ;:er 

unit of extension Per unit of thickness. The usefulness of this 

p~arameter is that its critical value (at which cra-.' self Iro

pagates) is a property of the material.
 

From equation 1. 1. we see that not very much can be done 

to improve the tensile streng4th since all the parameters are pro

perties of the concrete, including c, which is approximately
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constant given a certain mixture and process.
 

The introduction of steel fibers has, according to this
 

theory, the purpose of modifying the stress field in front of
 

the crack; by merit of a wood bond between the mortar and the
 

reinforcement, tpart of the strain energy that otherwise would
 

concentrate in the tip of the flaw will be absorbed by the re

inforcement delaying the propagation of the crack. Romuald.
 

and Eatson expanded Griffith's theory to cope with the addition
 

of the reinforcement, and postulated that 1 c is inversely pro

portional to the square of the spacing between the fibers. They
 

pointed out that the spacing effect wculd be significant for
 

wire spacing below .5 inches. The two investigators ran tests 

on samples with continuous wire reinforcement, and later Romualdi 

and Mandel (12) tested samples reinforced with short randomly 

oriented steel fibers. Eoth investigations agreed with the pro

posed theory; nonetheless, Shah and Rangan (3) questioned the 

results pointing out that in the first investigation Romualdi
 

and Eatson used wires with different ultimate strength in their
 

aim to vary fiber spacing at constant volume fraction of rein

forcement (they used stronger mesh in the closed spaced rein

forcement samples). In tho investiEation using short fibers
 

"their spacing-strength relationship was obtained by asins fibers
 

of different volumes as well as of different aspect ratios, using
 

two types of testirn methods (splitting tests and flexural
 

te st s ) ". I 

In their investigation, Shah and Ran,-an arrived at the
 

1 Sbah, S. P., and Rarnan, E. V., 'Fiber Reinforced Concrete 

Properties', American Concrete Institute, Title
 
No. 68-14, February 1971, p. 128. 
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on
conclusion that fiber spacing does have an influence the
 

strength of the material for 9-aci::Es over 0.8 inches, although
 

this influence is much Emaller than postulated by Romualdi and
 

Eatson, bein5 nelitiole below 0.8 inches (see Fig. 2). This
 

critical spaclnSz (o.8 inches) is related to the lengrth of the
 

structural microcracks, implying that fibers spaced closer than
 

a normal crack lenwth do not influence as much the stress field
 

at the tip of the crack, thus being inefficient. They conclude
 

that a small volume of steel fibers does not affect the formation
 

of cracks (or stress at first crack), but instead hinder propa

gation, this way increasinE ttnsile and flexural strensths.
 

This study and others performed by different investlz.ators, have
 

shown so far that althoug., there is a dependence of strength on
 

wire spacing, this dezendence is much weaker and still very far
 

from theorets has not discouraged research
 

in the field, but very recently investigators have been more
 

concerned with obtainin valuable data to be used in design
 

rather than trying to find data that suits a proposed theory.
 

The second hyothesis based on the composite materials 

approach sur,-:Asts that the iresence of one phase im':,roves the 

behavior of the other. It is postulated that concrete is capable 

of sustaininr: larzer strains in the ne!, .1-borhood of the reinforc

ing steel, and ferro-cement has a substantially larger surface of 

adhesion between mortar and steel as compared to the conventional 

reinforced concrete. Stresses also become more evenly distri

buted throunhout- the matrix, thus decreasinF the probbilities 
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of concentrated efforts. When thinner fibers are used their
 

volume decreazes as the sqaure of tae radius, while their surface 

decreases linearly with the radius. This implies that at cons

tant volume of reinforcement the specific surface (surface of 

fiber per unit volume of composite) is larger the smaller the 

diameter of the fibers. The specific surface of reinforcement 

was used by Eezukladov (14) as the parameter to analyze the re

sults of his tests on ferro-cement sa-nples in bendln z and tension.
 

He found that leaving: the fraction volume of reinforcement cons

tant, stress at first crack and relative elongation increased with 

an increase in the specific surface of reinforcement up to -its
 

3limit, rangr1n:: between 7.6 in 2 /in and 9 in2/In3 , at which point 

the stresses of crack formation start to derrease.
 

Naaman (1), while performir more quantitative and exten

sive testing, found a linear relation tetween stress at first 

crack and srecific surface of reinforcement up to an upper limit 

of 5 in2/in3 of specific surface in the direction of loading 

(which for square izrid reinforcement corresponds to 10 .lYU/4r-3 

of overall s.zecific surface). He also found an increase in elon

gation at firct crack with an Increase in specific surface ap

parently reachin also an upper limit. The upper limit is 

reached, accordn, to Eezuil.ov (1i), when the reinforcement 

saturates the composite, and insufficient packing of the wires 

jeopardizes the combined action of the mesh and concrete. This 

results in a different kind of failure of the composite, char

acterized by the separation in layers parallel to the plane of 

the reinfcrcinu meshes. 

http:Eezuil.ov
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Key (4), who by using other mesh sizes performed similar
 

tensile tests as Naaman (1), coincided with the latter in the
 

linear relation of stress at first crack to specific surface.
 

The results o.tained by both investigauors independently, are
 

plotted in Fig. 3; it is worthwhile to notice the good agreement
 

in the experimental data. Key (4) further found a linear re

lation between the number of cracks (or crack density) and the
 

specific surface of reinforcement independent of the reinforce

ment's strength. He pointed out that once this maximum density
 

is reached, the behavior of ferro-cement tecomes dependent on 

the reinforcement properties. 

It is remarkable to notice that the specific surface of 

reinforcement can be related to a number of other important 

parametermof ferro-cement; this is the case with: volume vf 

fraction of reinforcement, wire spacin:, wire's dia.meter, the 

bonding force (of steel to mortar), ard tho area of the concre: e 

cross 
section making of the specific surface of reinfcrcement
 

a very useful and important parameter.
 

The second hypothesis is more empirically oriented and
 

is supported by more valuable data than the fracture mechanics
 

theory. This does not mean that there is no further need of a
 

theoretical tase; on the contrary, it seems that a point has
 

been reached where by trying different kinds of mortar and re

inforcement people have obtainedAvaluez for the strength, stiff

ness and toughness, and these values can most efficiently be
 

improved with a better understanding of the material character

istics and the development of new and more accurate models.
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CHAPTER II 

MECHANICAL PROFER-TIES 

II. 1. Tensile Tests on Ferro-cement 

When subject to tensile forces, ferro-cement goes through 

several staves tefore complete rupture. Eriefly, we can say that 

at first structurRl flaws grow and new microcracks appear in the
 

material; then, most of the elongation and energy oes into the
 

propagation of these cracks, and during the last reriod the
 

concrete matrix ceases to carry any further load so that the ma

terial behaves as its reinforcement.
 

When observinS a stress strair curve we can distinguish 

the transition of one stage to the other by changes in the slope 

of the curve, Four sections can be differentiated (see Fir. 4). 

In the first section, ferro-cement behaves in an elastic manner 

so that all of the deformation disap.pears after relea3e of the 

load. The behavior in this section, when small volumes of re

inforcement are considered, is very similar to the behavior of
 

unreinforced concrete; stress and elcn,.aticn at first cra-zL
 

does not drastically vary. For higher fractions of reinforce

ment, over 2;b by volume, the higher mcdulus of elasticity of the
 

steel will have a stiffening effect, the elastic limit will con

sequently be hi;her and the specific surface of reinforcement
 

will become more significant.
 

The transition to the second stace is determined by the
 

appearance of the first crack and is indicated by the change in
 

slope of the curve. Usually this crack is very small and cannot
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be seen. For some applications, the stress at first crack is 

an important desi;n parameter although in most cases people de

siEn for higher stresses than that. N'aaman found that the stress 

at first crack is linearly related to the specific surface of 

reinforcement, independently of strength and ductility of the
 

reinforcement (see Fig. 3).
 

The second section of the curve is characterized by the
 

formation of new microcracks. These microcracks are very small
 

and can only be detected by microscope or by using other in

direct methods (in concrete some investigators have used ultra

sonic devices to detect crack formation and prolagation). At
 

this stage microcrack s are inhibited from propagating by the dis

persed reinforcement so that this section can be pictured as a
 

plastic region where energy is used irreversibly in the creation
 

of new cracks and not in their extension. 

In the third section of the strain stress curve, no new
 

microcracks are formed and some of the microcracks propa-ate
 

so that they become visible to the naked eye; the steel structure 

continues in its elastic range, whereas the matrix undergoes 

permanent defcrmation; ferro-cement still behaves in this section 

as a composite and it is for this range of stresses that Eezukladov 

advises to design for marine construction at orerational and cri

tical stresses.
 

In the fourth section the cracks open up and virtually all
 

of the load is carried by the reinforcing steel so that the pro

perties of the samples become those of the steel.
 

From the above description we notice that the difference
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in tensile jehavior between ferro-cement and normal reinforced 

concrete relies on the Yresence of stages two and three of the 

former, which are of negliEible importance in the latter. 

Some authors distinguish just two zones in the stress-strain 

curve, the region where the reinforcement behaves elastically, 

usually called the elastic region, and the oiie where the rein

forcement behaves plastically, called the plastic region of 

ferro-cement. In this case the first three previously described 

stages are together considered the elastic region; the fourth 

stage is the plastic region. By merit of the appearance of a 

large number of cracks before these propagate, ferro-cement be

haves more like a ductile material having a stress-strain curve 

similar to that of a metal. 

A qualitative analysis of the stress-strain curve will 

be related to the properties of the reinforcinw mesh; in other 

words, once its geometry is explained the extent and boundaries 

of the regions described will depend or: the characteristics of 

the steel used as reinforcement.
 

Stress at first craca of concrete has been related in an 

empirical manner to the specific surf ace of reinforcement. The 

relation between fraction volume of reinforcement and stress 

can be theoretically dedaced by usin "working stress" analysis 

(Appendix r) to obtain a transformed cross-sectional area that 

is isotropic and homogenous. In the original member the fraction 

volume of reinforcement in the loadinE direution is linearly re

lated to the cross-sectional area of reinforcement and this, 
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again, is linearly related to an equivalent area of concrete
 

added. In a pure tension member no consideration should be
 

given to the location of the equivalent area of concrete added
 

since moments of inertia do not come into the analysis. Below
 

we show how the cross-sectional area cf the transformed bean can 

be related to the fraction volume of reinforcement in the load

ing direction for a section of a beam shown in Fig. 5. 

As 	 - ---- 2
_ 

Acr 

_.. •ot ,L
 

Fig. 5 - Section of Reinforced 
Eeam 

- fraction volume of reinforcement in tI. loading direction 

Ace - cross-sectional area of original member 

A,$ 	 - cross-sectional area of steel 

Aca - equivalent area of concrete added
 

Atr - cross-sectlonal area of transformed beam
 

E'c - elastic modulus of concrete
 

E-S - elastic modulus of steel
 

fL 	 - number of mesh layers in sample
 

- diameter of wire in mesh
 



(ncr V s from equation ( Z.i) 

S -i) -------------- (2*z) shown in Appendix B 

.+~~ /Va 

= c.(i + V E-_ - 3 

Equation (2.3) determines the cross-sectional area of
 

transformed beam as a function of fraction volume of
 

reinforcement.
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II. 2. Ultimate Strength and Elongatlon
 

The ultimate strength of ferro-cement was found by
 

Bezukladov (14) to be independent of the specific surface of
 

reinforcement, yet related to the volume fraction of reinforce

ment, which is the relative amount of steel in the sample.
 

iiaaman (1) and Key (4) established that the ultimate strength
 

of ferro-cement is approximately the same as that of the rein.

forcement (see Fig. 6). These facts clearly show that once
 

the concrete is cracked, it ceases to carry any substantial ten
 

sional force, and therefore no composite action is shown after
 

cracks are fully developed. It follows that to the effects of
 

design at ultimate conditions, a first step would be to deter

mine the amount of steel necessary to carry the desired stress
 

and then consider the elonations, bearing in mind the observ

ations that follow in the next paragraph.
 

Unlike ultimate stress, ultimate elongation is not in
 

general that of the reinforcement. In fact, it was found that
 

ultimate elongation varies with the specific surface of rein

forcement increasin6 as the specific surface increases (1,14),
 

up to a limit where the ultimate elongation of the reinforce

ment alone is reached. This increase is very remarkable in a 

low strength ductile tyle of reinforcement as can be seen in 

Fig. 7 from Naaman (1). This author pointed out that ferro

cement approached the elongation of the reinforcement at values 

of the surface of reinforcement over 3.5 in2/in3 in the loading 

direction. 
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II. 3. Analysis of Ferro-cement in Eending 

From a qualitative point of view, the deformation of the 

tension face of a member in bendin;: shows the same characteris

tics as an axially loaded specimen. The stress-strain curves 

Rre similar- in shape, and the same characteristic sectors that 

were distingzuished in curves obtained through tensile tests can 

be di.stir.u.ished for those obtained through flexural tests. 

The quantitative data, however, is different with bending member 

ehowing hiEher values of first crack and ultimate tension stress
 

than axially tensioned samples having also higher modulus of
 

elasticity. How much higher these values are, depends on the
 

particular sample, reinforcement and distributior of reinforce

ment.
 

Flexural tests are very common in concrete and they are
 

popular among the investigators because they are very easy to
 

perform, the samples needed are very simple, just a straiaht 

rectangular beam with no gripping problems (gripping is a usual 

difficulty encountered in tension tests) but the results are in 

general much more nomplex and difficult to analyze. When a 

beam is in bending there exists three stress conditions in the 

beam itself: tension, with its maximum occurring at the outer 

surface, called tension face; compression, with its maximum oc. 

currinS at the inner surface, called compression face; and 

neutral surface where transition from tension to compression, 

or vice-versa, occurs (see Fig. 8). The latter surface is free 

of stresses and in a homogenous isotropic material coincides wit 

the centroid of the cross section. 
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Figure 8 - Diagram of beam in ending 

It should be realized that complications arise when a 

material composed of two phases is con 3idered in whi ch one jhas!? 

is brittle and the other is fairly ductile, with different 

moduli of elasticity, different ultimate strength and a partlcu

lar distribution of one in the other one. Many methods have been 

developed to overcome these complications and to model the 

situation in simple but accurate terms; most of this work was 

done to design traditional reinfcrced 3e~ent, althc*'vh ::uhlert (16) 

has adapted one of them, the owr6.in: stress analysis, to the 

study of ferro-cement. This method, which can be applied to 

cracked and uncracked rem'Uers, is o ~tlined and di~ciss.d in 

Appendix E. Taking a close loo, at it we notice the relevance
 

of different parameters, some of which are often times nczlected
 

or simply ignored by investigzators in this field. This is the
 

case, for examile, with the distribution of reinforce::ent as it 

affects the location of the neutral axis and the moment of in

er-tia, both factors being strongly related to stress determinations;
 

the fraction of cross-sectional area occupied by each phase; the
 

modulus of elasticity of the mortar, an4 of the reinforcement as 



-28

load is carried by which
these determine what fraction of the 

phase of the composite; ard. the state of the concrete, meaning 

whether it is cracked or uncraceed. To illustrate the point, 

and to explain how working stress analysis is used, we applied 

it to one of the beams (series A) used by Claman (7) in his 

flexure experiment, calculations are shown at the end of Appendix 

B. We chose this particular case vecause the test procedure is
 

correct and most of the necessary information to carry out the 

calculations is provided. Cur only assumption was that the re

inforcement was evenly distributed and that the thin layer of 

mortar that covered the outmost meshes was 1/16 in. In the .un

cracked range, the neutral axis was located in the middle of the
 

beam as can be deduced without further analysis from symmetry
 

The moment of inertia was found to be .01404 in4
 consideration3. 


instead of .01041 in 4 , which was the value calculated by Claman; 

this indicate= that if stresses arc calculated fro.ii the tending 

moments, usin:- the formula for slender beams, 

, Mb •Y .. (2oC) - stress 

yy 1Mb - bending moment 

- distance from neutral 
axis 

- moment of inertia 

stresses on the uncracked beam a pear to be .727. of the stresses 

obtained using the value of moment of inertia given by Claman.
 

In practice, most of the design in bcnding is done for 

values higher than its yield strength, which means cracked
 

members, although these cracks are very thin and usually not 
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visible unless with the aid of a microscope or a dye that will
 

uncover the crack. This indicates that the maximum working loads
 

on a member will depend on the compressive strenth of the con

crete, the tension strength of the steel and a good balance
 

among them. An over reinforced beam is one which fails when the
 

steel reinforcement reaches the yield strength, and a balanced
 

beam is one in which both concrete and steel fail at the sam.e 

applied load. As the balanced beam is a rare exception, for 

optimum desiEn one should search in the under reinforced side
 

as close as possible to the perfect balance. The reason for this
 

lies in stability considerations, namely the unreinforced specimen 

fails after larger deflection than over reinforced specimen,
 

implying that failure comes with more warning, and more energy 

is absorbed by the under reinforced team before collapsing.. Using 

working stress analysis outline in Appendix B, one can calculat3 

for a specific ferro-cement sipecimen the maxlmum I>}rfdi .c:ent 

that can be suastained by the steel and by the concrete, as was 

done by Muhlert (16); this will indicate if the beam is over or 

under reinforced, and how close it is to be balanced. It is 

also possible to develop an al~zorithm which by mean2 of iteraticns, 

and subject to certain constraints will optimize a given desin: 

for example, drIven a fairly balanced beam by zlihtly ::eifyr: 

the location of the meshes within the same sample dimensions, 

the design may be improved. 
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II. 4. Shear in Ferro-cement
 

Little attention has been devoted so far to shear stres

ses and strains. Ferro-cement is neither homogeneous nor iso

tropic, and due to the nature of the reinforcement, it is possible
 

to distinguish two kinds of shear stresses which should be con

sidered independently (they are represented in Fig. 9). Taking 

as a reference the plane of the reinforcement, 

Figure 9 - Direction of Shear Stresses 

(x,z) in the above diagram, the first category includes shear 

stresses that act on faces perpendicular to the plane of the 

reinforcement in a direction parallel to that plane (Fig. 9a); 

the second category includes shear stresses in the plane of the 

reinforcement and those cccurrin in planes perpendicular to 

the plane of the reinforcemnent actinq in the direction perpen

dicular to this plane (showin in Fi . 9b). 

The behavior of ferro-cement plates subjected to shear
 

stresses of the first type mentioned was studied by Eezukladov (14).
 

The testing apparatus was a four bar linkage to which square 

plates were bolted so that they could be stretched along one
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diagonal and compressed along the other (see Fig. 10a); a record 

was taken of the pulling forces acting on the main diaoonal and 

of the strains along both diagonals. With this information the 

shearing angle was approximated as follows, 

- shearing angle 

av,--
1 

2 mAc_._ (2.5) 
, 

dimensional change 

major diagonal 

dimensional chan;ge 

of 

of 

minor diazonal 

S- initial length 
diagonals 

of 

and the shearing stress was calculated by, 

F- - force exerted alcn 

F (2 the main dia.'onal 

/ r tt - thickness of the plate 

Failure of the samples occured by crack formation in the 

direction perpendicular to the expandirn dia;onal. This in

dicates that failure occurs ".hen tersicn strseses reach a cer

tain minimum value, and this is consistent with the fact that 

tensional strength is much smaller than ccrnuessicnal strenth. 

The stress strain curve was found to te approximately a stralght
 

line which shows a slope chan.ze at a certain point that was not 

associated with any particular phenomenon.
 

The initial slope, which is taken as the shear rodulus, 

does not change after the appearance of the first crack but 

after formation of a dense arrangement of cracks of practically 

constant width. In Fig. 11 we reproduce the stress strain 

curves reyorted by Eezukladov. 

The study of the second type of shear deformation ren
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Fig. 10 Shear Test Apparatus
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tioned previously presents some difficulties with testing
 

procedures. in fact, as the load should be applied normal to
 

the plate's surface, part of the load goes into bendin5 stress
 

and part into compression, which sometimes causes crushing of
 

the samples (diagram of testing apparatus appears in Fig. lOb).
 

Claman (7) performed shear tests on beams about 1/2 inch wide
 

and 1 inch deep, and noticed as Eezu'ladov did, an abrupt slopF 

change of the stress-strain curve after formation of cracks.
 

He also observed an abrupt unloading after the mentioned slops
 

change of the curve. As it could be expected, the shear
 

strength that he reported for- mesh reinforced beam, whicb was 

1093 psi, was about 30,Q higher than the values obtained by 

Eezukladov. 
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II. 	 5. Fatigue Tests on Ferro-cement 

Engineering materials that are subject to cyclic loading 

fail after a number of cycles if that load is smaller than the
 

elastic 	limit, but larger than a certain percentage cf that
 

limit. 	 Usually the fatigue limit is taken as the macimum cyclic
 

stress that can be applied to the material without failure after
 

108 cycles. 

It was noted that the failure mode of non-reinforced
 

concrete samples subject to cyclic loading is similar to that
 

of samples under increasing tensile stress, namely by pro agation
 

of microcracks. These propagate by small increments in every
 

cycle until a critical crack length is ieached for 6hich ths
 

real cross-sectional area (that is, the fraction of cross-section

al area that is aot fractured) is so reduced that it is unable 

to carry the applied load, and failure occurs. It is known that 

a uniform distribution of reinforcement hi.ders crack propa
gation, 	therefore it is expected that the fatigue characteristic2 

of ferro-ce-ment will improve over regular reinforced concrete. 

The rather limited information that was found on this topic will
 

be discussed below after observing the results obtained by Shah
 

and Chandra (6) on unreinforced samples of concrete under cyclic
 

comressive loading. This study describes very good wor'iinF 

techniques, reliable results and a good description, and under

standing of the physical phenomena, qualities that were not
 

generally found in the investigations of fatigue tests of ferro

cement; 	it is thus thouEht that it can Trovide future researchers 



in this field with a gcod wnrking 	 scheme. 

suffers from creep, implyingThe fact that the concrete 


are time dependent,
that the load deflection characteristics 


induced ShE.h and Chandra to perform fatigue tests by slowly
 

applied loads, being these the conditions of normal usage of
 

by

concrete. Microcracking and crack propagation were studied 


measuring &tenuation and velocity of ultrasonic pulses, 
and
 

through direct microscopic observation of carefully 
ground,
 

polished and dyed specimens, while strain measurements were
 

surfaces of the
recorded using strain gages attached to the 


Analyzin, the results they distinguished two stages
samples. 

of crack growth: stage I, characterized by slow but progressive 

propagation of cracks with volume contraction under nompressive 

loading, and stage II, characterized by rapid extension of micro

cracks and volume dilation occurrin- -.imultaneously. Stage I 

amwas observed when loads were applied at'a slow rate and of 


plitude below 70b of the breaking load. It is concluded that
 

viscous flow as with ductile metals,cyclic loadinc does not cause 

but it induces crack propazation, and that the loading rates are
 

important as they influence the fatigue characteristics of
 

cement.
 

samples of mortarD. R. Lankard (29) tested over fifty 

both with and without steel fiber reinforcement in one direction
 

found the fatigue limit of the reinforced
cyclic flexure. He 


in specimens subjectedsamples to be 95% of the first crack stress 


limit of
to two to thrce million cyclea, while the fat.iue 
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plain mortar was 65,'. Similar tests were performed on concrete
 

reinforced with the same type of steel fibers (2/, to 3;' by volume, 

.5 inches to .625 inches long and 0.004 inches in diameter, 

aspect ratio 94) and for these the fatigue limit was 90?' in one 

direction loading and 75/, in reversal icading. 

Romualdi, Ramey and Sanday (13), who worked ;ith 2 and
 

2.5% by volume of fl~er reinforcement (o.oo6 inches in diameter.
 

.500 and .625 inches long; aspect ratio of 83 and 104) performed
 

fatigue experiments by one point one direction flexure on beams
 

38 inches long, 2.5 inches wide and 3.0 inches deep. Failure 

was defined as the appearance of the first crack at 

50X magnification, and a satisfactory fatiEue limit was considered 

to be over 2 x 106 cycles obtained at a rate of 1800 cycles per 

minute. Under these conditions the investig-ators found that 

the fatigue limit of steel fiher reinfcrced samiles ran,:ie ce

tween 90 to 95, of the cracking streni-th while unreinforced 

beams showed a limit of around 55j. There is a further i'nteresting 

point to be mentioned in conection with this investifaLion: 

Romualdi, et al, found that flexural tests perfor.ed on samples 

which had been subjected to fatigue loading but which had not 

failed, showed larjer resistance than when tested -Iricr tc fatigue
 

loading. They explain this phenomenon ty sayir that cyclic
 

loadina releases residual stresses that build up when curing
 

shrinkage is restrained by the presence of the reinforcement.
 

They postulate that post fatigue flexural cracking strength is
 

incrcased by the amount thpt the residual stress.s are reduced.
 

http:perfor.ed


Collins and Claman (9) report on the results of an un

published thesis by Bailey of Clarkson College of Technology,
 

who worked with fiber reinforced concrete and found lower fa

tigue limits, 60 to 70:U of the pre-fatigue static cracking stress. 

The steel. fibers used in this investigation had an aspect ratio
 

(length over diameter) lower than that previously mentioned,
 

and this is probably the reason for the poorer fatigue performance.
 

The three investigations just mentioned were the only in

formation available to the author on steel reinforced concrete.
 

There is no work known that reports on the fatigue characteris

tics of wire mesh reinforced concrete, which is the main subject
 

of this study. Furthermore, the investigations by Lankard and
 

by Romualdi, et al, were very similar; same type, size and per

centage of reinforcement, and same testing procedure reportir
 

very similar results. All this indicattes that much research is
 

yet to be done in this field, hopefully covering a very wide
 

range of situations which are still not mentioned. Some ideas
 

in this respect could te the performance of fatigue tests by
 

axially loading in tension, in compression and reversal loading
 

at different rates, including slow rates (of the order of 4 to 6
 

cycles per minute) as mentioned in Shah and Chadra's study;
 

performance of fatigue tests of members in torsion, being this
 

a loading mode of which there is no available information in con

nection with ferro-cement; the performance of fatigue tests on
 

beams subjected to pure bending by using a four point loading
 

set up thus eliminating shear stresses in the central section of 
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the beam. All this testin5 should be performed for different 

types and distributions of reinforce7ernt in order to determine 

if the fatiguc limit can be related tc any important design 

parameter. It was mentioned that d-fcrination of concrete is 

time dependent, therefore testing has to be performed at rates 

comparable to those occurring under ncrmal usage, which are 

usually much slower than testin. rates. Further understandin:
 

of the failure mechanism of reinforced concrete under cyclic 

loadini is needed, and for this purLose it is reccLmernded to 

observe crack !zopagation by usinS microscopic and sonic equip

ment as well as by using strain Eages for measurin: directional
 

and volumetric strains.
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II. 6. Modulus of Elasticity 

The modulus of elasticity which is the constant of pro

portionality between the applied stres: and deformation of an
 

elastic material can be predicted for a composite if the com

position and the moduli of matrix and reinforcement are known.
 

The relation to determine the composite modulus is usu.ally
 

written in the following form:
 

Ec= ErVr + Em (1 Vr) (2.7)-

where
 

EC - modulus of elasticity of the composite 

Er - modulus of elasticity of the reinforcement
 

E - modulus of elasticity of matrix
 

Vr - fraction volume of reinforcement 

Er is the modulus of elasticity of steel in the case of
 

fiber reinforcement and the modulus of the mesh for mesh re

inforcement. It was pointed out previously that the modulus 

of elasticity of the woven meshes is lower than that of steel.
 

The reason for this is that part of the strain goes into straight

enin; out the wires in the directLon of the load. :ow much lower 

the modulus of the mesh is deperds on how much the wires are bent 

and this is .rc. ortional to the d.a::!etr of the ;Ires and in

versely proportional to the spacinG between transverse wires. 

Therefore, to improve the modulus of elasticity of ferrc-cement 

it is recommended to use fairly wide mesh (1/4 inches or bigEer) 

and thin wire (see figure 1). With a hiEher modulus of elasticity 

ferro-cement will exhioit fiirst crack at hiehe' stress and thus 
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will improve the design characteristics. 

Once a ferro-cement specimen has cracked, it is reasonablE
 

to assume that the matrix carries no trore tensile load so that
 

the expression for the composite modulus will be reduced to,
 

Ec = ErVr (2.8)
 

It is mentioned in most of the investigations which dis

vuss this subject, that the two expressions mentioneG atove
 

give very close values to physical oLservations, but generally
 

in the lower side. It should also be pointed out that the
 

modulus of elasticity of concrete varies deperding on the
 

composition of the mixture, compaction of the wet mixture and 

curing process; therefore, it is advised to test a plain con

crete sample before desiEning a ferro-cement structure. Common 

values for the modulus of elasticity of concrete, taken in com

pression tests, range between 106 and 5 x 106 psi. :%oortar, 

which is more used than concrete in ferro-cement, has modulus 

of elasticity between 2 x 106 and 3 x 106 psi. 
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CHAITER I"I 

SURFACE P-TE::C:.:WA 

I1. 1. Corro-ion 

The references which were consulted for this section
 

treated corrosion on unreinforced concrete and on regular rod
 

reinforced concrete; no studies were found specifically on che:i

cal attack on ferro-cement. It is thus estimated that extensive
 

research has to be performed in this area because, although there
 

might be some similarity in the mechanism of chemical attack with
 

regular reinforced concrete, ferro-cement has a much more dis

persed reinforcement, a larg-er surface of expo.sure, and in
 

general the thickness of protective cc.ncrete is much thinner.
 

There are two ways by which reg;ular reinforced concrete
 

can deteriorate when S3ubject to chemical attack: by corrosion
 

of the reinforcin steel, and by attack on the Entrix.
 

Steel expands under oxidation or rustir, thus causing

cracks in the surrounding.t matrix. In this procecs, steel looses
 

stren th Zecause it is only capaole of carrying load in the un

attacked fraction of the cross-sectional area, and ccnci ete 

decreases in strength due to premature crackir that often in

cludes spallin. The forces of adhesion between the steel and 

the concrete decrease as well, and thus the coupled action of
 

the two phases is jeopardized. ' ,uch of the mesh that is used 

to reinforce ferro-cement is galvanized providing better pro

tection to oxidation than ;lain steel, but the ratio of sur

face area of exposure to volume ,f reinf'orcec:m,_nt is auch larF.er; 
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therefore, once a corroding agent reaches the reinforcement, it 

will corrode it at a much faster rate. ljo prevent oxidation of 

the reinforcement, it is recommended to use a dense, well packed 

mixture of low water to cement ratio which is free of crac.s, in 

this manner preventing the access of oxygen and dampness of the 

steel. In regular reinforced concrete, people advise to ccver 

the reinforcement with at least two inches of concrete, rather 

impossible to accomplish in ferro-cement because it is usually 

one to two inches thick.
 

In most cases, deterioration of the sand-cement matrix 

under chemical attack is caused by the resence in the matrix 

of uncombined lime, usually known as free lime, that readily 

reacts with many subjstances to form compounds which alter the 

continuity of the matrix, therefore w(eakeninE it. 

A kind of cement called high alumina cement, is used in 

applications where concrete is exposed to ccrrodin agents. 

Alumina reacts with the calcium oxide or calcium hydroxide, 

which are formed during hydration, and form aluminum oxide, 

more stable than lime. This type of cement is disadvantageous 

in its beingE -ore expensive than regular cement 

Other kinds of treatments that have been tried on regular 

reinforced concrete, and w;hich can Le applied to fcrro-cerent, 

have been based on one of the three following processes: 

(i) 	 EtchinE of the surface, so that pores are blocked
 

and concrete becomes less permeable.
 

(ii) 	 Surface coating, which prevents contact betwecn 

concrete and the aggressive solution. 
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free lime, so that the active
(iii) 	 Reaction with the 


inert.
elements in the matrix become 


The choice of the process has to be based on the appli

on cost considerations
cation intended for ferro-cement, and 


two ways
if two or more processes are suitable. The first 


based on the same principle of

of protection mentioned are 


avoiding the penetration of the attacking substance. They
 

differ in that etching also hardens the surface as it siynul

propertiestaneously makes it smoother, improving the abrasion 

On the other hand, this type of treatment
of ferro-cement. 


is only good for weak attack so that it usually has to 
be com

plemented with surface coating.
 

Samson and Wellens (18), who are ferro-cement boat con

tractors, recommend complementinS both processes; etching should 

using a 5 to 1O. solutiorn ofbe done when ferro-cement is wet 

then washed off and neutralized withmuriatic acid. Acid is 


a 5/0 to 10,0 caustic soda on the etched surface. These two 

authors recommend the application of 	two coats of eroxy resins
 

on the etched surface, and of epoxy paint over the resin. 

concreteCther etchin-. substances that have teen used on 

are magnesium, or zinc fluosilicate, hydrofluoric or hydros!i-

In the precast industry, a procofluoric acid, or their salt. 


it employs siliconcess commercially known as Ocrat is used; 


tetrafluoride gas under pressure.
 

For surface coating several substances can be used:
 

In precast concrete units are impregnated with bitumen and then 
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it is put ander pressure so that the citumen fills in the pores
 

and surface microcracks. Paints used on concrete for other ap

plications aru based on dryint oils with aErewates to assist
 

penetration, natural and synthetic resins, chlorinated rubber
 

Paints, co-9l tar, bituisnous mastic, etc.
 

Another approach to reducing free lime in a sandy cement 

matrix is to use an inhibitor, which is t, ,;uugtance mixed with 

the water used for manufacture of the mixture. -ezukladov (14) 

recommends to use sodium nitrite in a concentration of 1.2;, to 

21 of the cement weiEht. 
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III. 2. Abrasion 

Wear of concrete can be caused in many ways, 'Dut two
 

broad categories will be distinguished: one type of wear is
 

caused by friction with another solid, metal, concrete or other
wise; the second type occurs in hydraulic applications where most 

of the wear is caused by cavitation of the fluid.
 

The first consideration in the design of concrete that will
 

be subjected to abrading a;ents of any kind, should concern the
 

compressive strength of the material. Taylor (28) points out
 

that the initial wear rate of a concrete of 2,000 psi compres

sive strength is about five times the rate of a 4,000 psi specimen,
 

but over 4,000 psi the dependence of abrasion resistance on com

pressive strength is very much reduced. It is thus recommended 

to start with concrete of strength 4,000 psi or over, and for 

that purpose .. t is advised to use one of the followina techniques, 

or a combination of them, vhich should produce Food quality con

crete: use as low water to cement ratio as possible; extract 

part of the mixin7 weater by vibratory compaction or pressure con

solidation and carefully control quality and quantity of mixin,: 

elements. The procedures lust i:entioned are of commron usaae in 

connection with concrete, therefore extensive information in any
 

of those rarticular topics can 5e found in the literature. 

A secohd consideration for abrasion resistant concrete 

should be 6iven to the quality of the a gregate once one has ob

tained a mixture of 4,000 psi minimum strength. Aegregate should
 

be tough, hard and dense; rain size distribution has to be care
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fully controlled and 
it is'strongly recommended to use a mini

mum of fines, if p.3sible not more than 5; passing No. 
100 sieve;
 

control has to be imposed on the moisture content of the aggre-


Bate, although for laboratory applications it may be kept rear
 

zero; in production moisturc should be controlled, kept to a 

minimum.
 

A third consideration should be given to special treat

ments that can be given to the concrete, and which have proved
 

to improve the wear characteristics of the material. 
 ,re will
 

just mention a few with no comments because they are of easy
 

access in the literature, and because 
some are discussed in
 

this paper. Some of these treatments are: high pressure steam
 

curing, using a lime-silica base in conjunction with cement;
 

gas-hardening treatment 
of surfaces, in particular carbonation;
 

granular metal su.facin; surface-harj eninz treatments, ty ap

plication of liquid coating; provision of artificial surface 

like coating, paintin7 or similar others. 

No method has been developed for accurate quantitative
 

analysis of concrete abrasion, and the relations uoed in metals
 

cannot be used because the wearing mechanisms are different.
 

Wear of concrete ty slidin-7 
forces is caused by frictional
 

forces breaking the bond 
between the matrix and the aggregate,
 

by breaking of aggregate particles or by breaking the -matrix. 
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III. 3. Abrasion of Hydraulic Structure (Cavitation)
 

Cavitation is a process in which vapor bubbles form
 

in the bulk of a liquid. This occurs when the pressure in
 

the flowing liquid falls below the vapor pressure correspond

ing to the temperature of the system; this is usually caused
 

by velocity changes.
 

Cavitation can be harmful in hydraulic equipment because
 

vapor bubbles that are formed in the process collapse on enter

ing a zone of higher pressure, determining localized and re

petitive hish pressure gradients. Local values up to 100,000
 

psi are estimated in a high velocity flow, which is sufficient
 

to rapidly erode high quality concrete. In order to prevent
 

this destructive action of.fluids, smooth and uniform flow
 

should be sought through design and construction of smooth sur

faces.
 

A technique which gives gcod results but which has limited 

application is to introduce a ,as into the fluid, since in its
 

presence cavitation will be governed by the pressure of the
 

gas rather than the vapor pressure. 

Special studies in this topic are available mainly in 

connection with concrete -ipin;. :;o work has been found which 

treats abrasion of any type on ferro-cement samples, thus 

leaving another entire area for research. 
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CHAFTER IV
 

MORTAR
 

IV. 	1. Mortar Composition
 

The effect of mortar composition on the mechanical be

havior 	of ferro-cment is very small. Key (4) found that in

creasing the sand to cement ratio from .75 to 3.0 decreased
 

the ultimate strength of the compos-ite by 10' which is a rather
 

small response. Yost of the other investigators used a ratio
 

lying between the two bounds used by Key.
 

It is common to use sand with few fines, less than i00
 

passing No. 100 sieve, and no coarse sand, 100,' assing o* 2,
 

with an even distribution in the interxediate sieves; masonary
 

sand usually fulfills this size requirsments.
 

The cements most commonly used are type I, the re.-ular
 

kind, and type III (High Early) which is a fast setting kind.
 

Some.investigators have compared the performance of one and the
 

other, arriving at the conclusion that there is no significant
 

difference in their mechanical behavior; however, type III has
 

the advantage that it develops almost full strenath in 7 days
 

and is thus rreferred for experimentation.
 

Pozzolan, an additive that is sometimes mixed with cement
 

in a 5, to 1 , ty wei';ht kroiortion, is a fine amcrjhous silica
 

or silicous aluminous material which in the presence of moisture
 

will react with calcium hydroxide or free lime liberated durinz
 

hydration, and form cementuous materials. In this manner, a
 

more compact and stronger material is obtained at the cost of
 

a larger setting period; workability in the unhardened :;tate
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is improved, an advantage for ferro-cement because it helps
 

to fill in well around the meshes.
 

The water to cement ratio is the parameter which,to a
 

larger extent, determines the mechanical behavior of mortar
 

or concrete. The Duff A. Abrams' water/cement ratio law
 

states that fundamentally the strength of concrete is determined
 

by this rEtic provided that the mixture is workable, fully
 

compacted and adequately cured, the relation being,
 

C - cylinder compressive 
strength of moist cured 
concrete at 28 da'.s 

(4-1) Siven in pounds perC 4 
squar.e inch.
 

Y% - water/cement ratio by 
weight. 

Some authors suEgest that the procedure to select the
 

mortar or cor.crete mix is to first choose Lhe water, to cement
 

ratio that will give the minimum desirad strength end durability
 

by using tables or other available information, then determine
 

experimentally the sand to cement ratio that will wive a dry
 

but workable mixture, and which can be compacted with the 

available equir ment. 

The watcr, to cement r tio that riost Ie tihto; have
 

used was commonly around .5 (by weight), with a minimum about
 

.35 and a maximum .65; not very much ccmpaction or drying 

eouilment was used, at the most a vibrating table.
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IV. 2. Curing of Concrete 

Curing is the process adopted during the hardening of
 

a concrete mi:: to ensure that the chemical reactions, hy

dration, proceed in 
a normal manner under favorable conditions.
 

The factors that can be controled and which influence this
 

process are temperature, water content (also referred to as
 

moisture or humidity), pressure and time (period of appli

cation of certain conditions). The behavior of cement in the
 

hardened state is very much influenced by the factors men

tioned, therefore, it is very critical. to follow a controled
 

Rnd effective curing process in order to obtain good quality
 

concrete.
 

The most simple and common way of curin, known aS3 moist 

curing, consists of water spraying or wetting the corcrete 

for a period of seven to ten days, LreventInz i. .. s way 

premature drying which would resut in incompleteness of 

the chemical reactions. This practice is particularly ef

fective during the early stage and esPecially in concretes 

that set rapidly as the type !II, .,ith Early Ceaent, whIch 

is commonly used in fabrication of ferro-cement. Te, perature
 

has to be carefully controled and kept between 60 F and 90 F, 

showing optimum results around 70 F; divergence from these 

limits may result in reduced strength and quality of concrete.
 

Moist curing reduces permeability, thus increasing the re

sistance to chemical attack and frost action. Other ways
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of keeping the mixture damp is to prevent or restrain the 

evaporation of moisture, thus ottalning similar results. 

be attained in several ways that can be classified
This can 


into: etching, which produces a smooth surface closing or
 

partially closin: pores through which evaporation takes place;
 

painting or applyinv an impervious coatin~F on the surface; 

covering the concrete with an impermeable membrane that 

confines a water saturated environment around the concrete 

hinderin, evaporation from the surface. 

There is another class of curing- methods designed to
 

speed up the -.ain of strenzth of concrete and shorten the
 

curina time. These were developed for the prefatrication
 

.ndustry, where ther is obvious advantage in reusing molds 

at a faster, rate cutting d.own delivery time and reducln; 

storage space. Curing, as a chemical process, can be acce

lerated by increasing the teml.erature qf the environment;
 

this has to te achieved without loss of moisture of the mix, 

and both conditions are fulfilled by providin- a steem en

vironment in a process .inown as steam curing. V,'e can speci

fically distl.n,.uish between t',o tyy:.es of steam.9 curir: -: low 

pressure steam curing at temperature ranges bet;een 100 F 

and C0'F, an. .-rout atmos.heric ressure whIch rcduces con

crete of characteristics very similar to re-gular moist cured
 

concrete; hi: h pressure steam curing at 150 psi and 350 0 F, 

which produces a rather different product since at high
 

3?mperatures new chemical reactions take place which consider
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ably improve the behavior of concrete.
 

As mentioned above, low pressure steam curing can be
 

done at a wide variety of temperature ranges, but distinction
 

is made between the low temperature and the high temperature
 

ranges. In the first case, steam is maintained at a tempe

rature of 100 F to 1300 F, dependinz on the size of the part, 

for a 10-hour to 14-hour period durin: which encuvh strength 

is gained to permit demculdin:'. This i! followed by moist 

curing for a minimum of seven days. 

The low pressure curing at the hiEh temperature range
 

is usually done at 160" F to 1700 F for a period of 10 to 

16 hours. It is convenient to start the steaminF a few
 

hours after concrete has been poured in the molds; during
 

this period that is usuall-y called presettir. the internal 

temperature of the concrete increases due to the chemical re

action that is taking place. Steam is -added at a slow rate 

in order to keep temperature gradients small thus creventinrc 

severe thermal strainln,=. The ,aximxw tem:i:rture is kert 

for I to 6 hours dependin.4 or the physical dimensions, type 

and size of a.r.-6re .:ates and type of concrete; exact times 

have to be determined within the mentioned limits for each 

particular situation. T:e.jerature is alsc decx-eased at a 

slow rate and subsequently the product is moist-cured for a 

minimum of three days. 

The drying shrin,.a e, strength and arpearance of concrete
 

subjected to low pressure steam curinr is very similar to moist 
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curin-w if all the sters are zerformed with care. 

High pressurc in curin-z is associated with high tem,-e

ratures which accelerate chemical reactions very re.jarkably 

in some "cases. 

Free lime or calcium hydroxide which is form.ed as a 

product of hydration quickly reacts at high temperature with 

fine silica formin: new stable and ansoluble com.ournds: so:;e 

hydrated calcium silicates, btt mostly hydrated dicalcium si

licates,which in combination .ith aluminates, form very stable 

and sulphate resisting co::jounds, hydrcg:ar::ct-. The hEh de

mand for. fine silica in the reaction, requires that .art f 

the lortlana cement of the mix be replaced by finely Erou-d 

silica or flyash; this results in costs reduction wr.ichay 

in the long run offset the higher initial costs incurre d in 

the purchase of the equipment that includes a steel oato

clave for high zressure steam.
 

Concrete products should be allowed a ir.inimu of 2 hours, 

and a maxirmu.- of 24 hours of praFet.tin.-, and then i- :oL. e 

steaed to 3500 F in a 2-hour tc 5-hour period, rT.intatni,-" 

that te~iporatur-e cr , to hears. -. ,air .s veryThe st-er.:;th 

rapid in the first eirzht hourz of steam curin.:, leveIir.7: off 

thereafter. 

In general, the properties of high pressure steam cured 

concrete are very &ood. This concrete has very high stren;-th, 

crack formation resistance, lov, shrinka,,ze coefficient (there

fore little irosture mve:r.ent.), zood apisurane, s,.erior 
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chemical and abrasion resistance, fast delivery. The bi ast 

inconvenience of this technique is a reduction of the bond
 

strenth between concrete and steel reinforcement to 30 to 

SO percent of moist cured products. 

Another process that was tried on anhardened specimenB 

is mechanically pressin., the mixture. This was suggested 

acknowledgin: the fact that the stren:th of cement is very 

dependent on its porosity or void density. 

Experimentation in this area has been very sFccessfal; 

tests have been performed applyirn mechanical pressure ur. to 

100,000 psi cn small size samples of ,.ortar. :ouda andA'oy, 

Bobrowsky (31) reported on these and cn hot jressn. tests 

performed by them at 1500 C and at pressures from 2,5,. to 

50,000 psi. The procedure for cold pressed sam~les is fairly 

standard amcr7 the different investl:atcrs; it consists in 

mixing cement,sand and very little wster (wster-ce:.ent ratio 

about 0.21), stressing the mixture for. 70' second. and !:aCin 

the saiple in a vacuum chs::,,er ,it a)n ' efor'0 cte, oceed t 

with normal curin! procedures. In the hot pressed experiments, 

pressure and tewp..eratare vere ::aintaineJ fc.r one hour. 

Results show that cold hich -ressured ccncrete has etter 

pro,ert ies than normal conci.eTe, -nd hIot 1presse.d concrete 

has better properties than cold hi.h 1.ressured concrete. 

I.n mechanical behavior, compression strenFgths were recorded 

as high as 46,100 psi in cold pressed samples, and up to 

73,900 sI in hot plreped smle. The tensiorn.l .9ress 
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increases linearly with the compresslcn strenth but it is 

about ten times smaller. 3i-nificant Imprcvements in physical 

properties were also observed such as, very hih density, very 

low porosity, very low dimensional chanc.e dur ing curinx and in 

the hardened state; in hot pressed mortar, an early high strenth 

is attained.
 

So far this method has only been tried on Iplain mortar 

so no information is available in respect to bend strength 

with the reinforcement. The lar,er capital investment that 

may be incurred for hot pressing may b= offset by the advan

tage of havirn high early strength, but all this is still ib

ject to research. Other properties of mortar-treated in this 

manner have to be investigzated, sach as brittleness, tou,: h

ness, fati-ue, chemical attack, abrasion characteristics, du-, 

rability, cost and others that will determine if tne usa!e of 

the procedure is advantaxeous. 
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F
CFAHA R i 

OTHER CCNSIDIRAT I1N$ 

V. 1. Cost 

One of the great advantages claimed for ferro-cement as
 

a ship construction material is its low cost. In fact, Portland 

cement, sand and steel are among the most inexpenslve materials, 

the estimated cost of the composite boir- about 0.7 cents per 

pound. Nevertheless, other factors that influence the cost
 

of the final .roduct have to be considered. Among these, the 

most important are capital investment and labour cost. 

Ferro-cement construction requlres relatively low capit.l! 

investment using basically the same equipment as regular re

inforced concrete. Labour costs, on the other hand, are fairly 

high because, althouch unskilled labour can be emlloyed, there 

is extensive hand work involved. 

Most of the cost analysis done for the United States 

and Canada show that 1/5 to 1/4 of the total cost of a ferro

cement hall corresponds to materials,and aioar costs represent 

about 1/3 to 2/5. The rest of the cost of the hull correspond.s 

to capital investment, facilities, overhead and miscellaneous. 

From these fiEures it is clear why some people, particularly
 

amateur boat builders, claimed savinEs of 50,- to 75, of a wooden 

or metallic boat. They neglect labour costs, overhead and pro

bably equipment. 

From a cost stand point we can see why there should be 

a definite advantag:e in woring with ferro-cemnent in under

developed countries. In these countries labour costs are from 
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five to ten times lower, cement is generally available and un

expensive, and in some countries steel mesh is locally produced.
 

It is expected that in the future small parts of machinery will
 

be manufactured in an industrial scale, but first, techniques of 

manufacture and quality control have to be developed.
 

Special consideration has to be given to more involved
 

methods of fabrication which at first glance might seem ex-. 

pensive, but after further consideration may turn cut to be 

advantageous cost-wise. In this connection one should look 

into time saving processes such as fast curing, prompt after 

moulding handling, and processes which will give good and hard 

surface finish because savings in coating processes and ma

terials may be earned. Most of these processes give a more 

uniform and better quality, and this means further saving:s in 

quality control, a lower rejection ratio, Letter appeal and 

an increase in the product's value. 

The relatively easy and inexpensive set up for production
 

of parts, should mak-e ferro-cement particularly co:metitive
 

when few number of parts is needed, and when fast delivery of 

non standard ,arts is needed.
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V. 2. 'Mortar Reinforced with Random Steel Fibers 

Many investizators who studied the effect of increasins
 

distribution of steel reinforcment have used short steel
 

fibers randomly oriented, usually in a proportion of 1 percent
 

to 5 percent by volume. Most of the experiments have been per

formed using fibers of cylindrical cross-section but square and
 

rectangular sections have also been eUployed, and more recently
 

some work was done (32) usinE tridimersional fibers.
 

So far the results have shown that the propertles of this
 

composite are well below theoretical lpredicticns; today fibers
 

of 200,000 psi tensile strength are commerica-ly avallable; these
 

mixed in a very small proportion coulk easily produce concrete
 

of 4,000 psi tensile strength if the law of mixtures held true. 

On the contrary, the results have shown that fibers do not in

fluence the ma&nitude of stress at first crnc; ard incre.e ult.

mate strength by a factor of 1.2 to 2.5. Shah and Ranian (3) 

pointed out that fibers do not influer.ce very 7uch the fzrm9.tlcn 

of cracks but they hinder crac, I-ro-a.a-aticn. This resulted in a 

material with significantly increased ductility, the wcrK neces

sary to bring a specimen to failure (toughness) Increased in 

Shah and Rangan's work by as much as 20 tjies in 3 po.nt flexure 

tests of 2 x 2 in beams reinforced with 1.25 percent by volume 

of fibers (0.01" x 0.01" x 3/4", yield strer&;th 110 ksi, ultimate 

strength 120 ksi). 

These char-.cteriistics of fiber reInforced concrete makes
 

it suitable for applications in which it will be subjected to
 

http:influer.ce
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impact or shock loading and to structures subjected to cyclic 

the situations in which
loading of' any type because these are 

sensille improvement of ductility
most profit is made of the 

If we thins in terms of strength, continuous
and toughness. 

can hold together
efficient since it
reinforcement is much more 


a way this could be achieved in fiter
 
cracked structures. In 


be inlength of 	the fibers could
reinforced concrete if the 


in mixing 	 as fibers tanglebut this creates problemscreased, 

The optimum reinforcement sue
together causing segregation. 


of fibers

gested by 	 Naaman, M.c Garry and Sultan (32) is under 

and aspect ratio (length to diameter of the fibers)
by volume 


the effect of tridimensional
 
of 60. These investigators studied 

very good results, making of this a very
reinforcement obtaining 

The flexural strength was doubled and energy
promisinq 	field. 


of -en over similar- samples
absorbed was increased by a factor 


fibers, but the most impressive res-ult

reinforced with straight 


mixture that was observed

is the elasto-plastic behavior of the 


for one type of fiber and which may be obtained even usir brittle
 

to ductile type of

steel. The elastc-plastic behavior leads a 


failure which is very desireable for safety considerations since
 

this kind 	 of failure is 1,receded by ample deformationi which act

as a warning. Furthermore, more energy is required to induce this 

kind of failure.
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Future Work in Ferro-cement
V. 3. 


According to the literature research undertaken in pre

vious sections, it is clear that careful study of various
 

ferro-cement applications is a promising proposition. So
 

far most of the efforts of the research in this field have
 

been directed towards marine applications, especially boat
 

construction.
 

A whole field of research is opened for the mechanical
 

engineer, and we can say that so far investigations have only
 

barely started. There is no point in mentioning all the
 

be performed on ferro-cement
testing that would have to 


to get a good feeling of the material's properties, and
 

some indications in this direction were mentioned in the
 

ortext. We simply want to mention fields where very little 


no work at all has been done, and from which useful results
 

are expected.
 

In the mechanical projpert.es, nothing is 'Tmoi,wn on tor

sional characteristics of ferro-cement, very little was
 

studied in relation to creep, and extensive examination was
 

Studies of abrasion resistance have.
suggested for fatisue. 


to be overtaken and topics associated to this field such as
 

friction, lubrication, surface phenomena have to be inves

tigated. 

Chemical attack can be further investiated, but for 

the time beinZ, by using epoxy coatings and 1,a~nt s this prob

lem is solved for a variety of applications.
 

http:projpert.es
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FasteninE and joining of ferro-cement parts has not 

yet teen tack;led, and this is a problern of fundamental im

portance in the mechanical engineerinr field, where we deal 

with the mechanism of various pcrts which are held to7ether 

yet can move in relation to one another. N.ot only fasteninz
 

of ferro-cement parts have to te studied, but also fasteninz
 

of ferro-cement to other materials, whether and how tra

ditional fastenin-z methods can be used, development of new
 

methods, etc. :\o wcr has teen done so far in investi.:atin.z
 

the thermal ]roperties of this material, its various possitle
 

uses for heat. conducticn, for heat stcra.ce, as an insulatr,
 

but studies of this nature have been done for. regular concrete.
 

A very -.arxe field opened for investi;:ation is that re

lated to the production of ferro-cem.ert rarts, in p*articu].ar 

msnufactu.ins,', handling, cost, etc. !any technrices of maru

facture have Len investia'ted that ir,'iprove the quality of the 

finlshea proc.ut, speed uz the process and which are im':racti

cal or unecono.,ical to use in lar,.c scale parts such as sh!L. 

hullo, tut that cccld be used at an economic advanta,-e to the 

iroductio. of :-allpart - :,cost of t'ese techric-e:.h,, a err 

Gevelo,,ed for ,refari cation cf Llock', pini:: ar 2 fairlv 

24t of t : o ,o ntritr 

pressure, humidity, vibrstory action, prestressin; of re

inforcement, diffusion of ":ases into the mstr.lx, centrifaual" 

ires24res and others. It is clr-ar that r.ost of these are de

si.gn to Le used in the unhardened state of the concrete, durln 

http:p*articu].ar
http:stcra.ce
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setting, that is, the timre durinrw which one can ,ost suc

cessfully var. irc-lertes of ... 1-y adecuatelythe tl;e iXture 

repulatirw.- te.::erat, re, ,oisture cc.rtnt r.;res-re. 3Zcze 

cf these Frocesszt the the-crerciol -lter natu.e- of tcnd 

-between reinfcrce ent and concrete, scme char.-e t.h- zechrnical 

and chezical proTerties of the _rlotrix ani; therefcre,31n order 

to evaluate thes-. t'.-,i'c ,es, thev fi'-t have to e a.rl 1cd 

to ferro-ce:-,nt 

Finally we would like tc irdicate that further research 

into the mechnnisms of fracture will improve the behavior of 

this raterial. The discrerancies that exist morn. the dif

ferent investi :ators on what is the effect of dis>ersed re

inforcement Dn the mechanical properties of ferro-ce.!ent is
 

a clear indiz-aticn that the ,mechanlszr of fracture of the ma

terial is not clearly understood. It is exprected that a bette.c
 

understandin- of this problem, especially in relation to crack 

formation and .,roaA-ation, will result in improved fracture 

characteristics. This will also save a lot of effort to in

vestigation as a whole since most of it has been devoted to 

experimentinc with 5ll kinds of mesh sizes, distriation -and 

streng:th. 



-64-

R E F E R E 	N C E S
 

1. 	Naaman, A. E., "Reinforcin:; '.echanisms in Ferro-Cement",
 
MS Thesis, Department of Civil n ineerin3,
 
Massachusetts Institute of Technology, 3eptember
 
1970.
 

2. .VTaaRman, 	A. E. and Shah, S. P., "Tensile Tests of Ferro-

Cement", Journal of the Amenrican Concrete Institute, 
Title No. 68-59, September 1971, p. 693. 

3. 	Shah, S. P. and Rangan, B. V., "Fiber Reinforced Concrete
 
Properties", Journal of the American Concrete
 
Institute, Title No. 68-14, February 1971, p. 126.
 

4. 	 Key, W. H., "Impact Resistance of Ferro-Cement Plates", 
DS Thesis, Department of Naval Architecture and 
Uarine.n.ineerin.;, 1Yassacnusetts institute of
 
Technolosy, May 1970.
 

5. Shah, S. P. and I:ey, W. H., "?.rro-Cement.. ns a aterial 

for Offshore S;tructures", Offshore 'echnlov 
Conference, .Parer Yo. 0' 1 Aori! 1071, Vou*e {, 
p. 452.
 

6. 	Shah, S. P. and Chandra, 3., "Fracture of Concrete .:.ub-hct 
to, Cyclic -ustained L.o!v-in',", Jour,-v.. or the 
Nmerican Concrete Institute, .'itle '.-o. 67-49, 
October 1970, P. 816. 

7. Claroan, 	J. S., "Bondin; of Ferro-Cement Plates", .,S Thesis,
Department 	of Naval. Architecture and .arine
 

-,.nin,.erint-, e'assschusetts Institute of ,.eohnolo-y,
 
jay 1969.
 

8. 	Collins, Js .,,"An Investi.;ation into Fond ;tren-.th
 
Imprortance in Ferro-Cement", Thesis, Department
 
of l-aval. Architecture and .:arine -Tnrineerin-,
 
..
assachusetts Institute of '?echnolo;y, June 1969.
 

pA
 

F
 

http:tren-.th


-65

9. 	Collins, J. F. and Claan, J• ., "Ferro-Cement for .>mrine
 
Applications - An ;.neineerinS -Ivaluation",
 
Department of "f-vcl ;Architrcture qnd .:arine
 
.nTineerinz, 'assachusetts Instit;ute of Technolo3y 
March 1969.
 

10. 	Romualdi, J. P. and 7atson, ;3. B., -lehaviorof .;einforced
 
Concrete ,ea'ns with Closely 'paced .einforcement",
 
Journal of the American Concrete Institute, Title
 
No. 60-4l0, June 1903, P. 775.
 

11. 	Romualdi, J. P. and Batson, . B., "Mechanics of CrPcl
 
Arrest in Concrete" Froceidin.s of the :Vierican
 
Society of Civil 7nzineers, -n-ineeinic ::chanics 
Division, June 1963. 

12. 	Romualdi, J. P. and Mandel, J. A., "Tensile trength of
 
Concrete Affected by Uniformly Distributed and
 
Closely ;'paced hort Lengths of lire tnforceent",
 
Journal of the American Concrete institute-, Title 
No. 61-38, June 1964, p. 657. 

13. 	 Romualdi, J. P., Ramey, '., and 3anday, 3. C., "Prevention 
and Control of Crackin- by Use of F7h6rt -rstndom 
Fibers", Paoer'No. 10, *ne.i-.l Fubli.cation 4-o. 20, 
American Concrete Institute, 1968. 

14. Bezukladov, V. F. , Amel Yanovich, '.., Verbitskiy, C. '., 
Bo):7oavensnriy, L. P. , ". h.-r Hulls :ade of e',i.,o,4nfovced 
Concrete", :Naval hii 3ystems OornLand Tran slation 
No. 1148, November 1968. 

15. Nervi, P. L. "Ferro-Cement: its Characteristics and Po
t e n t ia l i t i e s " , T'n 	 T.e.ne e.,,-tnu-qi Ty -, (i-11~)., 
or Cement and Concrete Association, Translation 
No. 60, 1959 (Enlish Tran.slation). 

16. 	 uhlert, i. P.,, "Analysis of ' iro- Ceml.ent . in,", 
Department of I,7aval Architecture end '.arine 
Enaineering, The University of 'ichian, December 
1969. 

17o Canby, C. D., "Ferro-CrMent with Particular ieference to 
'.arine Applications", Deoartinent of :'aval Architecture 
md ':.rin-e n~in~ein, Universitw of :lich!.la, 
"arch 1969. 

http:lich!.la


-66

18. 	 Samson, John, /ellens, Geoffrey, "How to 7uild a Ferro-
Cemrent Boat", ?nncouver, 1. C. >Anson :arinte 
Division interprises, 19 3. 

19. 	 .onfor&, . .,, "A :eview of ibe: .. inforcenunt of Portland 
Cement Faqte, .rtnr and Conncretn", journal of the 
Portland Ce.ent 3s.ociation -sarch ?nd :evelop
ment Laborstories, DptP;ber 1963. 

20. 	 Orehard, D. F., Concrete chnnl,1o"y, John Niley A ons, 
N.Y., 19 2, Vol. 1, .. 2. 

21. 	 Geymayer, H. 3. and Cox, ". .,,"?amboo Reinforced Concrete", 
Journal of th. ..... cT-n Concrate institate, itle 
1o. 67-51, October 10, . 94. 

22. 	 Thomas, J. A. 3., "71bpr .Co yoytes us Constrction Faterials' 
Composites, Volume 3, 4o. 2., 7rch 1Y72, p. 62. 

23. 	Thomas, J. A. I., ".ass-iber-e nforced Ce.ent" , Conposites 
Volume 2, Wo. 2, June 1972. 

27Allen,Allen, ",ensile 	 ;even 17Asbestos Ce... m -,24. H. 3., wi ns Properties7, -o of 1 ets",,na" -	 '0 o ,'v.: 1 .7.1 -'D-" 

25. 1riffith, 1. A.' ,, ""'he Pi'eno.nn, o.rd .u.ture AM. '.o. in5olid s ' Trnnsqction.s, loyn:l Philnsgia ioiqy 
A2?. I ! 20, y. Y.! , 

26. 	 Orow.u, 7. , ". ...... nt.I.. ... of... Vvj ...e.. in l s", 
. Arpynhu.e*ts in--t of Wnn% ~niui1, 

Caibridye, assachusetts, June 1950, P. 139. 

27. ir':w .n, 1- . ', " :. ' .. in , ,. . , , C i l~ -n.q. ...Rt ... c. 

of Tracture :t.:fln;th", Nelding Journal, Volu.me 33, 
1954 , P. 193. 

2 q, "ay].or, 	 '. 7., Concrete 'echnvlo [- and Pr'vcticc, ,\n'us and 
,obertson td., vdnny, Australia, 1965. 

http:Pi'eno.nn


-67

in 7-ortar and Concrete",
29. 	Lankard, D. R., "Iteei Fibers 
Composites, VoNuroe , )o. , iarch 1972, 
p. 65. 

310. 'illianson, IT. i "ibrous :leinforcements for Fortiand 
Cement Concrete", Ohio :Atr 6Ivis.on.orator Les, 
Corps of n;ineexs, "'echnical .;eoort .Io. 2-40, 
,ay 1965. 

31. Eoy, D. ., Gouda, (. 2. , rind 	 A., "Very :4i, :h 
trenzth Ceme.'t Prstes Pre -c'd by 'Tot Pressinc 

and Other -i-h Pressru1re ':'echniques", Ct.:,ent and 
"Concrete Resenrch, Vo ie 2, 7o. 3, ,:ay 1972, p. 349. 

32. 	 Eaaman, ii. -E., NcGarry, F. J., ar, Sultan, J. j., 
"Develol.;ments in Fi r-einfrceent for Concri te", 
Department of Civil -n -ineerin7, P:s-,-usetts 
institute of Technolo.,y, ,esearch' Report ?.72-_E, 
May 1972.
 



-68 -

APPENDIX A 

Determination of Srecific Surface of Reinforcement
 

and of Fraction Volume of Reinforcement
 

Given a section of a beam of, 

dimensions shown in Figure Al, we 

can calculate the area and the 7 
volume of reinforcment as


~L 

follows:
 

Fig. Al - Section of a Eeam
 

TL - number of wires meshes 
in sample 

( - number of wires per 
mesh .n !on:;-tu.dinaI
direction
 

KII - number of wires per
mesh in transverse
d irection 

A- = 4 - - () AL  surface area of each 
wire in transverse 

AI A r direction 

L. W. t - diameter of wire 

wdboc1 reSv'It ;e2 5 - sjecific surfaca of 
reinforcement 

5. + -L 5 - sPecific surface of' 
7ureinfaoriement in
 

longitud.nal direction 
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in longitudina!
= ' VwL -vouefeahwrVr (vyIV' v.i) 
direction 

/-~v/ VWw - volume of each wire 
in transverse
V "L ) VW direction 

V_ - fraction volu.me of 
- reinforcement 

V,_ - fraction Volume of 
reinforcement In 
the longitudinal 

-01. . . direction 

VR -v 
-I 

From the expressions for the specific surface of rein

forcement (S:) , and for the fraction volume of reinforcement
 

an important relation between them is immediately deduced:
 

At constant volume of reinforcement the srecific surface 

can be increased by decreasing the diameter of the wires. 
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APF ENDIXE
 

METHODS CF ANALYIS CF F=R -CEMENT 

Working Stress Anal.sis
 

This method consists in transforming one of the ma

terials into equivalent areas of' the other, thus obtaining 

a transformed homogeneous beam simile that can be analyzed
 

using the general theory on isotroric materials. In apply

ing this method to ferro-cement, it is more convenient to
 

transform steel reinforcement into equivalent areas of cor 

crete.
 

First we substitute the steel reinforcement by an
 

amount of concrete that carries the sane load, so that 

Fc =F s The variables sub
scrite,. by c 
respond to concrete 
and those subscripted 
by s correspond to steel. 

or, Ac Ec c As Es 6s A - cross-sectional ares 

F - force supported byeach zhaso
 

E - modulus of elasticity
 

6 - strain 

As the deformation of the transformed beam should be
 

the same as the deforma%,ion of the original reinforced beam, 

the strains should be equal in both cases, 

therefore, (c = Cs 

and Ac = Es 

EEc A8 
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Fart of this equivalent area of concrete has to fill in the
 

space occupied by the steel, therefore we define a new rara
 

meter that is the equivalent area of ccncrete added,
 

c4= -L A5 A5 Aca - equivalent area of 
concrete addedCO -

This result was obtained by establishing that the forces sup

ported by the steel and by the equivalent area of concrete
 

were the same. In order for the moments about the neutral
 

axis also to be equal, the bending arns should be kept constan
 

by placing the equivalent concrete section at the same distanc
 

from the neutral axis as the reinforcement (Figure 1ii).
 

Figure .1 (a) Cri.inal E=eaM 

(b) Equivalent ILeam
 

This method contemplates the possibility of having 

various types of meshes with different cross-sections, and 

various elasticity moduli by calculatn- independently the 

equivalent area corresponding to each mesh and locatir! it 

at the appropriate distance from the neutral axis. 
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Locaticn of the 1'eutral Axis
 

We are going to distinguish two situations in this 

analysis: one for the up-cracked beam, and the second for 

the beam after first crack occurrence. Some people consider 

these two together, or deduce one from the other, hL.t ;;e 

chose the alternate way for purposes of clarity. 

In principle the neutral axis will be located using
 

the equilibrium principle which states that the summation of
 

the forces acting on the beam in the direction of the axis
 

parallel to the beam is zero (directions are shown in Fig. R.2):
 

Figure E.2 - Direction of -rIncipal 
Axis Relative to beam 

which is the distribution of normal stress in the direction 

of x, can be expressed as 1 : 

E- modulus of elasticity 

y- coordinate perpendicular to x, 
and with zero on the neutral

Z F, A. 0 axis of the beam 

See, Crandall S.H., Dahl N.C., and Lardner TJ.,
 

An Introduqtior to 'ochanics of 3olids, Chapter 7,
M-cGraw Hill 'oo 1o,;., 19".' f 
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=i Md=o-( radius of curvature of the
beam in flexure 

This indicates that the first moment of the area about the
 

neutral axis is zero; it also indicates that the neutral axis 

passes throuEh the center of gravity of the cross-sectional 

area. 

ICC 
Figure B.3 - Transformed Bea-m Showin,: Areas of Concrete 

Added and their Location 
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Uncracked BSeam
 

This situation is very simple once the configuration
 

of the equivalent beam has been determined because the theory
 

on linear isotropic elastic materials directly applies to it.
 

In the case of the beam shown in Fig. E.3, we proceed in the 

following manner:
 

or, Ai A~ + Ac (ax-r,) A2 A...- (r.-C) Aca 3 r.3c) 

where, -- ,, -- h 

Expanding terms we get:
 

,.k. + 0.(Ac, +ka, +Aco 34+-11oj) 

+ + 

+r3A1C.Q,Y +' +CQ+CC, 3.OLe 
-t 

k W + : + ,o -+.+Acal,/ A 

Cracked -earn 

In this case we make the assumption that the concrete 

in the tension side of the neutral axis carries no load; thus, 

all the tensional force is carried by the reinforcement. In 

the concrete simile this is equivalcnt to saying that only the 
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section of concrete that is equivalent to the section of steel 

has a moment effect, therefore the steel reinforcement is subs

tituted by A , the equivalent area of concrete. On the compres

sion side, we assume that the load is still shared by the con

crete and the reinforcement, therefore the latter is subs

tituted by Aca, equivalent area of concrete added. In this 

case, the first assumed location of the neutral axis is im

portant because meshes that lie in the compression side are 

substituted by Ac If the initial assumption is incorrect and. 

a mesh lie in the wrong side, the location of the neutral axis
 

has to be adjusted accordingly.
 

Proceeding in a similar way as in the case of the un

cracked beam, we set to zero the summation of the first mo

ments of the areas about the neutral axis,
 

=, J2 (OLA(r /. +A -- ( Z a) (r. 

r ),, cZ _S, 3 A1iA - EC 

All the values of the moment equation are known, except a for
 

which we can solve as a quadratic equation:
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Determination of the State of Stress and Strain
 

Once an equivalent beam is obtained, which is homo-


Seneous and isotropic, and of which the location of the neutral
 

axis is known, the problem of relating moments to stresses and 

strains is achieved simply by using the classical theory on
 

slender members. It is therefore assumed that stress varies
 

linearly with the distance from the neutral surface and is re

lated to the bending moment as follow:3:
 

A_ y - the distance from the 
neutral nx t tothe point 
where stress is being: 
neasuired. 

Mb - the bending moment. 

-
Iyy - the second moment,

moment of inertia, 
or 
cf the 

cross-secticn-.l area about. 
Ec- 2:the neutral axis. A =athodfor calculati t 

is explained next. 

The stress on the reinforcement can readily be obtained once
 

the stress on the concrete has been determined.
 

SE
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Moment of Inertia of the Ecuiv~lent_z=em
 

Treatment of this topic can be extensively found in
 

the literature, therefore we will briefly mention a way to
 

calculate it for the equivalent beam in terms of the para

meters mentioned in this connection. The moment of inertia
 

is usually expressed as the following inteSral (calculated
 

about the neutral axis and using the coordinates shown in
 

Fig. B.2): 

We assume that the concrete that substitutes the equivalent 

area of steel is concentrated at one point, a distpnce from 

the neutral axis. In a similar :ay, .sw'as con !dcr0_-. for the 

first moment, equivalent area of concrete (Ac) is used in subs

titution of wire meshes that are 
in the tension side of a crack

ed beam, and equivalent area of concrcte added (A ) is used in 
ca 

all other cases; in the cracked beam the concrete on the tension 

side carries no load. 

For the beam in FiE. _.3, the moaent of inertia will be 

calculated as follows: 

(M) Eefore crackinv
 

-~~~~~I we + P~Coe, + 2 +e12~0 1a~e 
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(ii) Cracked
 

+~ 1~ 2 2 PZ~ 

Example:
 

Calculation of Moments of Inertia for the Eeam (Series A) 

Used by Claman (7) in Flexure.
 

Qverall Dimensions

_• Y2__.
length 12 inches 


width 1 inch ____"_"__ 

depth 1/2 inch 

Fig. B.4 - Cross-section of Eeam 

Used for the Example 

Re nforce~mnt 

4 layers of mesh square woven 4 wires per inch 

diameter of wire =.042 ,n 

ultimate strength of mesh = 42.300 psi 

assume distritution of reinforcement 

Modulus of Elasticity
 

of steel - E8 = 30 x 106 psi 

of concreto - Ec = 3.2 x 106 psi 
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Equivalent, Area of Concrete
 

Ac-AA A M 
2	 

- diameter of wire
 

- wires per inch mesh
 

A v 30"O0 'I (O.0 . .,;,;zA	 5 - area of steel per inch of . width of sample 

Area of Concrete Added
 

Ak. X -.	 x U = o.o 4 4 1 ;n 

- Uncracked ,-eam -

A= + CL ' 	 CI=rt -RCk. 2 Z ~FCCL,.3r.+ 


kW4 Aa,+ Acz+ Pc.CL
 

In the case we are considering ACM, = fC¢ c= 3 - ACOQ= P 
we notice that r, + r2, l' rh Z 

-h.w ± 4 A .	 k.w 41 sPo. 

-~ ~ 4.iW~. _ I(4c A 



----. 

z z ' 
= - (Ii + + 4 

JL - 7 3" ,,,_ J,- 4I (0-0 411)('*j f.L ~)+( . + (-0q4I) 2,0 .oujoq n 

01 4 .74- rer'esent a.lo.e ine. 

- Cracked Eeam -

We assume that the neutral axis will fall between meshes 1 and 2.
 

CL +c. i+cA,,,)+v/(icr4 


. °°,+ ?r2) A" Pc, 2r
 

tic% . rico. - ,oLJ641 In2'
 

A- tcA = A= ia Zosiq5 


2(A., +AI%-/h.) .22 . .1032 ;rz 

.o4cAJ 4 .032 .3796 1r. 

0 .177 ;rL 

= 2 

= .oa,' + . + .0044f7 = .oo6q~4 ;n 
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- Stress Calculations -

Using the equation for slender members given previously,
 

we calculate the stresses given the bending moments.
 

First Crack Appearance
 

Bending moment = 99.73 in. lb.
 

(1) Assuming uncracked beam, the neutral axis is in the middle
 
and the moment of inertia is .014,D4 in4 . The maximum com
pression strength is equal in ma.initude to the maximum
 
tension strength occurring in the outmost surfaces.
 

+

-
=+ qcl.73x.25 177 	 W,;t + *= SZ 	 .;rL 

-	 .014014 -

The maximum tensional stress on the reinforcement is:
 

Es'
 

99-=lq73 1 X5i×l lx a 12!63 -=-_6. wO 
"0Oo -"xo t124675 

(2) 	Right after crackin the neutral axis has been disulaced 
to .177 in. from the surface at the comressive face and 
the moment of inertia is .00694 in.4 

Maximum compressive stress on the beam: 

NJ -	 91'?3 x 7- _ 25'4'' p5 

Maximum tensional stress on reinforcement:
 

c!9.73x(-43375-.177) ( = 
=Z ,oo 6cqq -xK- ×.° 
=-. 	 _30XO -35 j21 

http:qcl.73x.25
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Tho reinforcement is in the plastic range and close to the
 

ultimate strength that occurs at 42,300 psi.
 

(3) Bending moment at ultimate
 

Q"3s a,300 T ;. 

-= ..2( i. 

ECr42.0 3ZxioM6 1'2:1~- 4 120 l-Y 
~. E~ '2605 x 3o x Ib-06 
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APPENDIX C 

TABULATION OF SELECTED REPORTED DATA
 

Table I : Reinforcement Parameters
 

Series 	 Mesh Wire U.T.S. VR SR
 
Sample From in Type of Size Diam. of wire per
 
Number Ref. Ref. mesh wires/in in psi cent inin3
 

7 A 	 square 4 .042 42,000 9.0 8.5
 
woven
 

2 1 A4 	 square 4 .025 51,000 6.3 10.1
 
woven
 

3 1 L4 	 square 4 .025 160,000 4.68 7.50 
woven 

4 1 NI 	 square 2 .063 74,000 5.00 3.20
 
welded
 

5 4 6-0-H 	square 4 .025 161,000 5.4 8.40 
woven 

6 4 O-3-L square 1 .075 57,7000 5.4 2.8
 
welded
 

7 14 IV 	 square 2 .047 5.6 4.6
 
woven
 

8 14 V 	 square 3 .027 5.4 7.9
 
woven
 

9 14 iC 	 square 3 .027 5.4 7.9
 
woven
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Table II Tensional Properties
 

First crack Ultimate Modulus of Elasticity psi x 10
6
 

Sample 

Number Stress psi Stress psi Before Ist crack After 1st crac&
 

1 830 1460 2.91 .52
 

2 960 1630 .55
 

3 8,30 3800 1.0 .64
 

4 504 1850 1.0 .54
 

5 901 3668 2.56 .56
 

6 596 1948 1.1 .58
 

7 840 1130 1.4
 

8 1040 1280 1.1
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Table III: Properties in Flexure 

Sample First Crack Ultimate Modulus of 
Number Stress psi Stress psi Elasticity psi 

1 2690 4840 1.30 x 106 

7- 2300 1.52 x 106 

8 2700 1.25 x 1o6 

Table IV: Shear Properties 

Sample Yield Strenght Shear Modulus 
Number psi psi 

1 1093 1.2 x 106 

9 710 .75 x 106 




