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Ferrocement- Past and Present 
By Gajanan M. Sabnis 

Synopsis: This is an introductory paper to the symposium and should be 
considered in conjunction with papers by Batson et al., and Romualdi 
presented in this volume. An attempt is made to review briefly the 
historical background and to create the stage for the symposium that 
ferrocement is a useful engineering material rather than a boat-build­
ing material. 

Keywords: boats; construction materials; ferrocement; history; 
reinforced concrete; reinforcing materials; welded wire fabric; 
wire cloth. 
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Dr. Gajanan M. Sabnis, F ACI is an active member of ACI, serving on ACI 
committees 549, Ferrocement and also, on Committees 116, 435, 444. He 
is also active locally in ACI activities and presently is Director of 
the National Capital Chapter, of which he was a co-founder and past 
President. Dr. Sabnis obtained his Ph.D. from Cornell University and 
is registered engineer in the States of California and Maryland. He 
is currently associate professor in Civil Engineering at Howard Univer­
sity and is editor of Handbook of Composite Construction Engineering to 
be published by Van Nostrand Reinhold. 

INTRODUCTION 

ACI Committee 549 on Ferrocement was formed in 1974 and was charged 
with the mission to study and report on the engineering properties, 
construction practices and practical applications of ferrocement and 
similar materials and to develop standards and safeguards for ferro­
cement construction. The first activity of this committee was to pre­
pare a state-of-the-art report and to review the literature on the 
subject by holding a symposium that would feature developments around 
the world. The present symposium reveals the success of the Commit­
tee's efforts. 

Although ferrocement has been used as a construction material for 
several decades for various applications in many countries, establish­
ment of the above ACI Committee 549 indicates the recent interest in 
this country in the use of ferrocement as a structural material. The 
major use of this material has previously been in the developing coun­
tries, where the advantage was taken of a large but unskilled labor 
force, and where excellent properties of ferrocement and successful 
field applications were observed with relatively little theoretical 
basis. As the material technology developed, so did the interest of 
engineers who began to view this material as a potentially significant 
material of construction. It is the hope this writer and the com­
mittee that such developments will continue and allow engineers to 
exploit ferrocement though their ingenuity in new structural applica­
tions. 

This paper provides a brief historical review and discusses the 
current status of ferrocement. The papers in this symposium will 
present considerably more information in terms of the many properties 
and the applications of ferrocement in countries around the wor~d. 
The last paper will be devoted to the research needs and potential 
applicatinns of ferrocement. 
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Past and Present 3 

HISTORICAL BACKGROUND 

Ferrocement is a form of reinforcement concrete in the sense of 
the grouping the terms 'reinforced' and 'concrete'. It differs, how­
ever, from reinforced concrete by the manner in ~~hich the reinforce­
ment is distributed in the matrix. The general arrangement of closely 
spaced continuous reinforcement converts the matrix into a composite 
material unlike conventional reinforced concrete. B~cause of the 
closer spacing (of the order of 1 to 2 in. (25 to 50 mm)) and the 
small size of the reinforcing, the materials are used efficiently in 
thin sections. The nature of the reinforcement is such that hardly any 
formwork is required to form complicated shapes. Many of the charac­
teristics of ferrocement are the result of the experience in field and 
not from theoretical analysis, since no skilled or trained labor was 
needed. It has been most widely used in the developing countries of 
Asia. 

The use of ferrocement, if considered in the very broad sense of 
the term, goes back many centuries. One can consider it as reinforce­
ment impregnated with mortar because of the high percentage of rein­
forcement, strongly influences the mechanical properties. The use of 
bamboo and mud (concrete) in constructing huts has been conunon for 
centuries in villages of India and other Asian countries. 

The Europe, although others had attempted using reinforcement in 
concrete in the early part of the 19th century, credit for using 
ferrocement should go to J. L. Lambot in France, who constructed a con­
crete rowing boat in which the reinforcing was the form of interlocking 
wires and thin bars. His patent was issued in 1847 and it states a 
fairly accurate description of ferrocement (1): 

"My invention shows a new product which helps to 
replace timber where it is endangered by wetness 
as in wood flooring, water containers, plant pots 
etc. The new sub.stance consists of a metal net 
of wire or sticks which are connected or formed 
like a flexible woven mat. I give this net a form 
which looks in the best possible way, similar to 
article I want to create. Then I put in hydrau-
1 ic cement or similar bitumin tar or mix, to fill 
up the joints." 

The underlined words in the above extract from his patent clearly 
indicates that ferrocement is even older material than the conventional 
reinforced concrete. Probably the use of words like water containers 
plant pot suggested the use of the material in boat-building, which 
remained the major application of ferrocement for a long time. In the 
First World War, large scale use of ferrocement was in the building 
ships using a combination of lightweight reinforced concrete with 
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ferrocement, due to the shortage of steel plates for shipbuilding. 

In the early 1940's, Nervi in Italy applied ferrocement for roofs 
of buildings and warehouses. Since then ferrocement has been used in 
the construction of domes and roofs of stadiums, opera houses, res­
taurants, etc. in Europe. It is worth mentioning that in spite of 
Nervi's demonstration of successful use of the material, no systematic 
investigation was carried out till much later. 

It was not until the 1960's, that ferrocement began to be used 
in the developed countries such as Australia, the United Kingdom and 
New Zealand. However, it still remained largely a boat building mate­
rial. But, because of the universal availability of the basic component 
materials of ferrocements and the low skill needed for construction of 
structural forms developing countries became more concerned with its 
use as a general purpose structural material. This resulted in its 
use (in applications such as) low cost housing, food storage silos, 
and irrigation troughs. 

In 1972 the National Academy of Sciences established the Ad Hoc 
panel to study the use of ferrocement in developing countries. The 
final NAS report (2) aroused interest in Ferrocement in the United 
States. This was followed by the American Concrete Institute (ACI) 
establishing the Committee 549 on Ferrocement in 1974 with the follow­
ing mission: 

"To study and report on the engineering properties, 
construction practices, and practical applications 
of Ferrocement and similar materials; develop stan­
dards and safeguards for ferrocement construction." 

In the last 4-5 years, considerable effort has been made by the 
many individuals and organizations around the world to develop ferro­
cement as a construction material. Another symposium planned by the 
Internati on a 1 Ferrocement Information Center (I FIG) in Bangkok Thailand, 
later this year is another indication of interest of the professional 
community in the potential of this material. 

DEFINITION OF FERROCEMENT 

As the material "Ferrocement" was used for a long time in boat 
building and similar allied structures rather than in structural appli­
cations and a rigorous engineering definition of ferrocement was not 
essential. Within ACI Committee 549 and after considerable discussion 
on various definitions from many sources, it came up with a concise, 
accurate definition that may be acceptable to the engineering profes­
sion. Some of the definitions from various sources are presented. 
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The definition according to the American Bureau of Shipping is: 

"A thin, highly reinforced shell of concrete in which 
the steel reinforcement is distributed widely through­
out the concrete, so that the material under stress 
acts approximately as a homogenous material. The 
strength properties of the material are to be deter­
mined by testing a significant number of samples ••. " 
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Although at first glance, the above definition seems a pretty 
good one, it raises a number of questions about the words underlined 
that obviously may suggest different meanings to different people. 
BIGG (3) has discussed the various aspects of this definition and has 
suggested other ways to define it, including reference to ferrocement 
as a composite material. He points out how the available engineering 
concepts in composites of fiber reinforced concrete may be used to 
come up with a definition of ferrocement. 

BEZUKLADOV (4) defined ferrocement in terms of the ratio of the 
surface area of reinforcement to the volume of the composite. In this 
manner, ferrocement was distinguished from conventional reinforced 
concrete by assigning arbitrarily a specific surface greater than 2 
cm2 /cm 3 was considered reinforced concrete. 

SHAH (5) defined ferrocement in a manner similar to Bezukladov, 
and called it a composite made with mortar and a fine diameter contin­
uous mesh as reinforcement. The continuous mesh has higher bond due 
to its smaller size and a larger surface area per unit volume of mor­
tar. According to him, this ratio may be as much as ten times that 
which is observed in conventional reinforced concrete. This results 
in failure of ferrocement in tension by the actual breaking of wire 
mesh and a much higher cracking strength in the matrix. 

Certain characteristics of ferrocement as a composite may be 
summarized as follows: 

a. Since the wire mesh (reinforcement) is much stronger in 
tension compared to the matrix (mortar}, the role of the 
matrix is to properly hold the mesh in place, to give a 
proper protection and to transfer stresses by means of 
adequate bond. 

b. Compression strength of this composite is generally a 
function of the matrix (mortar) compressive strength, 
while the tensile strength is a function of the mesh 
content and its properties. 

c. It follows from (b) that the stress-strain relationship 
of ferrocement in tension may show either complete 
elastic behavior (up to fracture of reinforcement mesh) 
or .some inelasticity depending upon the yielding properties 
of the mesh. 
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d. Since the properties of this composite are very much a 
function of orientation of the reinforcement, the material 
is generally anisotropic and may be treated as such in theo­
retical analysis. 

The above discussion indicates the variety of approaches that have 
been used in a structural definition of ferrocement. ACI Committee on 
Ferrocement defined it as a construction material as follows: 

"Ferrocement is a type of thin wall reinforced concrete 
construction, where usually a hydraulic cement is rein­
forced with layers of continuous and relatively small 
diameter mesh. Mesh may be made of metallic materials 
or other suitable materials." 

ENGINEERING PROPERTIES 

Traditionally, ferrocement has been viewed as a material for boat 
building rather than for building applications. Its use, however, has 
been extended to many types of structures in the eastern hemisphere. 
As such, little scientific information on its engineering properties 
was available. This is not to say that the intent here is to make a 
simple material used by unskilled labor more complex, but to throw 
light on its engineering properties in order to assist the profession 
in the design and use of ferrocement as a viable material for construc­
tion. 

The main properties which have been studied include: 

1. Tensile behavior (or alternatively, flexural strength) 
2. Cracking behavior 
3. Compressive strength 
4. Impact strength 
5. Fatigue strength 

and 6. Water (or liquid) retaining capacity 

Since ferrocement is basically composed of reinforcement and mor­
tar one may be tempted to compare it with reinforced concrete. However, 
from the discussion of its definition, the material differences are 
clear. Structural properties also differ due to the fine dispersion 
of the reinforcement in ferrocement. 

The above properties are important in many structural applications. 
Although the first three properties are of general structural use, the 
rest having use in special applications. These properties will be 
dealt in detain in the next paper (6) in this symposium. 
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IMPROVEMENT OF FERROCEMENT PROPERTIES 

Attempts have been made recently to improve the properties of 
ferrocement. Notable improvement is reported by ATCHESON and ALEXAN­
DER (7) in another symposium paper using fibers with ferrocement. 
Fibrous concrete has also been found to have good structural proper­
ties. Combining the two types of concrete, the above authors demon­
strated that fibrous ferrocement performed equal, or better than 
either individually. The fibrous ferrocement produced by using large 
aperture steel mesh and fibers, thus removing the restriction on 
ferrocement to have closely spaced wire mesh. 

Other possibilities of improving the properties of ferrocement 
exist such as using polymerization techniques, which have been demon­
strated to improve properties of reinforced concrete. As the techno­
logy progresses toward more economic use of polymerization, it is 
hoped that research will encourage its application in ferrocement. 

RECENT APPLICATIONS 

There have been many applications of ferrocement all over the 
world, both in developing and developed countries. The particular 
aspect of using the reinforcing cage as the stiff formwork itself is 
an important advantage of ferrocement for use in complex structures. 
Where the cost of forming is sometimes prohibitive. Recent applica­
tions have been discussed in some of the papers in this symposium. 
The universality of the applications of this material is apparent from 
the contributions from countries around the world. In addition, 
recent use of ferrocement in North America has been demonstrated for 
prefabricated thin domes in Quebec, Canada (8). Naaman and Shah (9) 
also have pointed out some potential of this material in off-shore 
structures such as buoys, deep submersibles and vessels for transpor­
tation of liquid gases. 

CONCLUDING REMARKS 

This introductory paper presents briefly the past and the present 
status of ferrocement as a construction material. The next paper will 
present the detailed version of the properties of ferrocement, while 
the others include both analytical and experimental evaluations of the 
various properties. There are a number of application papers, as men­
tioned earlier, to give one the range of its uses as a potential mate­
rial in structural applications. Finally, the last paper will take 
the reader into future of ferrocement to conclude the symposium. 
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Survey of Mechanical 
Properties of Ferrocement 
as a Structural Material 

By Gordon B. Batson, Gajanan M. Sabnis, 
and Antoine E. Naaman 

Synopsis: This is a summary of the mechanical properties of 
ferrocement as a structural material based on the state-of-the-art 
report being prepared by ACI Committee 549, Ferrocement. The mechanics 
of ferrocement is very complex because of the almost infinite variety 
of size, geometry, fabrication methods, orientation, yield and ulti­
mate stress of the steel wire mesh reinforcement available. The 
specific surface area of the wire mesh appears to correlate well with 
the first crack strength and the spacing and number of cracks .. The 
tensile, flexural and compressive strengths depend on the orientation 
of the mesh, technique of fabricating the mesh and its ultimate 
strength. It appears that the conventional methods of analysis for 
reinforced concrete can be used to calculate the flexural strength of 
ferrocement. Ferrocement has superior impact properties, but its 
fatigue strength may limit the otherwise high allowable stresses to 
which it could be subjected. A design approach based on allowable 
crack width for service loads seems to be practical. 

Ke words: compressive strength; construction materials; cracking 
fracturin ; crack width and spacing; fatigue (materials); 

ferrocement; flexural strength; hydraulic cements; impact 
strength; mechanical properties; tensile strength; welded wire 
fabric; wire cloth. 
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received his Ph.D. from Massachusetts Institute of Technology in 1972. 

INTRODUCTION 

One of the historical difficulties in considering ferrocement as 
a unique material has been the problem of .defining it. There are, in 
essence, two problems. The very term ferrocement implies the combina­
tion of a ferrous product with cement. Yet there are certain 
characteristics of ferrocement that can be achieved with reinforcement 
other than steel mesh. The idea of ferrocement boats, for example, 
can be said to predate Lambot because the Chinese long ago used for a 
similar purpose burnt lime in combination with a reinforcement of 
bamboo rods. Also, the ancient and universal method of building huts 
or reinforced structures in countries like India by using reeds to 
reinforce dried mud (wattle and daub) is a form of ferrocement. 

Thus, the ACI Committee 549, Ferrocement, concluded that a 
definition of ferrocement should not be limited to steel reinforcing 
even though it is recognized that most applications emphasize it. 

Another difficulty has to do with the spacing or dispersion of 
the reinforcement. It is generally recognized that ferrocement 
utilizes "closely spaced" layers of mesh in which the opening or mesh 
spacing is "small." But how close and how small? In short, if one 
expands the distances between the individual wires, at what point does 
ferrocement become reinforced concrete? 

In attempting to overcome these difficulties, the Committee has 
adopted the following definition: 

"Ferrocement is a type of thin wall reinforced 
concrete construction where usually a hydraulic 
cement is reinforced with layers of continuous 
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and relatively small diameter mesh. Mesh may 
be made of metallic materials or other suitable 
materials." 

11 

Ferrocement is a term used to describe a form of reinforced con­
crete that differs from conventional reinforced or prestressed 
concrete primarily by the manner in which the reinforcing components 
are dispersed and arranged. The arrangement of reinforcement is such 
that a composite material is formed which exhibits behavior so 
different from conventional reinforced concrete in strength, deforma­
tion and potential application that it is classified as a separate and 
distinct material. It differs from conventional reinforced concrete 
in that its reinforcement consists of closely spaced, multiple layers 
of mesh or small bars completely impregnated with cement mortar. It 
can be formed into thin panels or sections, frequently less than 1 in. 
(25.4 mm) thick with only a thin mortar cover over the outermost layers 
of reinforcement. 

In essence, ferrocement can be considered as mortar impregnated 
reinforcement. 

COMPOSITION OF MATERIALS FOR FERROCEMENT 

For the purpose of this paper the composition of ferrocement 
will be divided into two components; matrix and the reinforcement. 

The matrix of ferrocement is a hydraulic cement binder which may 
contain fine sand, fibers and admixtures to reduce cost, control 
shrinkage and set time, increase corrosion resistance and modify the 
plastic and hardened properties. The binder is itself a composite 
material consisting of a hydrated cement paste and an inert filler 
material. The cement commonly used is Portland cement possibly mixed 
with pozzolanic cement which serves to replace or supplement the 
Portland cement. Filler material is usually a well graded sand 
capable of passing a No. 8 sieve and this classifies the binder 
material as a mortar. However, depending upon the characteristics of 
the reinforcing material, concrete containing some gravel filler may 
also be used. The binder is thus not significantly different from 
that which is used in the production of conventional reinforced 
concrete. 

For a Portland cement binder, the physical properties and micro­
structure of mortar depends upon the chemical composition of the 
cements, the nature of the sand filler, the water to cement ratio used 
in the production of the mortar, and the conditions under which the 
finished products are permitted to cure. As the binder represents 
approximately 95 percent by volume of the resulting ferrocement 
produced, the properties of the binder component have a great influ­
ence on the final properties of the ferrocement product. 

Portland cement as the binder material in ferrocement yields a 
composite in which the binder is considered to have some tensile 
strength. This results from a composite behavior between the matrix 
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and the reinforcement. The use of fibers will also affect the tensile 
properties of the resulting matrix but the definition of ferrocement 
specifically eliminates fibers as a reinforcement component. Because 
the addition of fibers favorably affects the control of·cracking and 
the tensile load capacity of the mortar matrix, fibers are included 
as a part of the binder material. The use of relatively short, 
slender (aspect ratio of about 100) (~/d ~ 100) randomly distributed 
fibers in hydraulic cement mortars is well known (1)(2). Alexander 
and Atcheson have reported that fibrous concrete mortars can also be 
effectively used in the production of ferrocement (3). The overall 
effect being to improve tensile and shear properties of cement mortar 
matrix and thus improve the properties of the resulting ferrocement 
product. 

The mixing water should be relatively free from organic compounds. 
Water to cement ratios commonly used in ferrocement production vary 
between 0.35 and 0.55, by weight. The average value, 0.45, yields a 
workable mix which generally will completely penetrate and surround 
the mesh reinforcement and still result in acceptable levels of 
·shrinkage and porosity. Water reducing admixtures may be used to 
enhance mix plasticity and retard initial set, as with conventional 
concretes. 

Reinforcement of ferrocement is restricted to layers of con­
tinuous mesh formed by welding, twisting or weaving. Specific mesh 
types include: woven or interlocking mesh (such as aviary wire 
cloth); woven cloth mesh in which filaments are interwoven and their 
intersections are not rigidly connected; welded mesh in which a rec­
tangular pattern formed by perpendicular intersecting filament 
elements are welded or cemented together at their intersections; and 
specially woven patterns which may include diagonal elements woven 
through the rectangular mesh pattern. There are at least two other 
forms of metal reinforcement in use; expanded metal lath, which is 
formed by slitting thin gage sheets and expanding in a direction 
perpendicular to the slits; and punched, or otherwise perforated, 
sheet products. Another form of reinforcement consists of continuous 
filaments which are randomly, or at least irregularly, assembled into 
a two dimensional mat. This particular form of reinforcement has 
been formed using vegetable fiber and glass fiber filaments. It has 
appeared most often using indigenous materials in developing countries. 
And lastly, specially designed three dimensional space frame mesh 
reinforcements have also been assembled using plain or galvanized 
steel wire. 

There is a wide variety of mesh dimensions as well as the 
amounts, sizes and properties of the materials used. Some mesh fila­
ments are galvanically coated or impregnated with sizing before, or 
during, assembly of the mesh. Properties of the resulting ferrocement 
product can be expected to be affected by filament size or gage, 
strength, ductility, manufacture, and treatment, in varying degrees. 
It will be important to keep this fact in mind in the discussions 
of this paper relating to the mechanical properties of ferrocement. 
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Aside from the water reducing, set retarding, and air entraining 
admixtures commonly employed in the production of both ferrocement 
and conventional reinforced concrete, ferrocement may require addi­
tives to reduce reaction with galvanized reinforcements. Chromium 
trioxide added to the mix water has been reported to be useful in this 
regard (4). The recommended solution concentration depends on the 
water to cement ratio used and is approximately three hundred parts 
per million by weight. The reaction between the alkaline cementitious 
binder and the galvanized reinforcement results in the liberation of 
gases which can cause disruptive pressures within the ferrocement 
matrix. No special precautions need be taken when using non­
galvanized reinforcing materials. 

Many of the same surface and near surface coating treatments 
available for use with conventional concrete and reinforced concrete 
installations can be applied to ferrocement. These include polymer 
impregnation, epoxy impregnation and the use of acrylic, latex, and 
cement base coatings. These are applied to reduce porosity, repair 
cracks, or provide a surface of particular functional design. 

MECHANICS OF FERROCEMENT 

Ferrocement is often thought of as just a variation of conven­
tional reinforced concrete. While this may be true for ferrocement 
with small quantities of reinforcement, it is not true for the quan­
tity of reinforcement considered in this paper. 

The Italian engineer-architect P.L. Nervi is generally credited 
with the present day usage of the term ferrocement to describe a 
material system constructed of layers of closely spaced wire mesh 
separated by skeletal rods and filled with cement mortar. He 
observed that "the material thus created did not behave like regular 
concrete, but presented all the mechanical characteristics of a homo­
geneous material" (5). He had no theoretical explanation, but he did 
associate the mechanical properties with the close spacing and distri­
bution of the mesh throughout the volume of the matrix. This 
qualitative perception of the importance of the degree of subdivision 
of the reinforcement was subsequently confirmed and quantified by the 
establishment of an inverse relationship between ultimate strength 
and average spacing of the reinforcement elements (Figure 1), and was 
supported by a theoretical analysis based on linear-elastic fracture 
mechanics indicating an inverse relationship between first crack 
strength and the average wire spacing (1)(2). The concept of a 
critical value for the maximum average spacing or a minimum volume 
concentration of reinforcement was established and would differentiate 
the behavior of a composite either as ferrocement or as conventionally 
reinforced concrete. 

The present state-of-the-art indicates the response of ferro­
cement to load can be correlated with the specific surface area of 
reinforcement, S, defined as the total surface area of the wire in 
contact with the cement mortar divided by the volume of the composite. 
However, one should note that some investigations use only the surface 
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area of wire in the load resisting direction, denoted by SL, as used 
in Figure 2 showing the experimental relationship between SL and the 
first crack stress (9). Also in some of the investigations on the 
flexure of ferrocement, only the surface area of wire in the tensile 
region is used. 

Bezukladov (6) selected a specific surface area, SL, equal to 
2.5 in2/in3 (1 cm2/cm3) as the lower limit for a composite to be 
ferrocement. Figure 2 shows the maximum composite stress at first 
crack to increase in direct proportion to the specific surface. How­
ever, this relationship may be considerably different for other types 
of reinfo~cement such as expanded metal lath (7)(8). It is important 
to note that many of the .test data available and for the composites 
commonly used, SL values are less than the above suggested minimum 
value. Perhaps this is one reason why the theoretical results based 
on an analysis using conventional reinforced concrete design 
principles agree so well with test data on ferrocement as shown in 
Figure 3 (9). 

The value of S or SL appears to influence not only the first 
crack strength in tension, but also the width and spacing of cracks as 
shown in Figure 4. 

The percentage of reinforcement, p, is defined as either the 
volume of wire per unit volume of composite in the loaded direction or 
the area of wire per unit cross sectional area in the loaded direc­
tion. There is a unique geometrical relationship between S and p, but 
their relationship to the physical properties are quite different. 
S is mostly associated with the cracking behavior while p is a direct 
measure of the ultimate strength of ferrocement because the ultimate 
load is resisted entirely by the wire mesh. 

Other parameters can be found to correlate with some of the 
strength properties such as the mesh-mortar parameter for the modulus 
of rupture and ultimate moment in flexure (10). 

A typical tension stress-strain curve for ferrocement is shown 
in Figure 5. The curve was divided into three regions by Walkus (11). 
In region I, the material is linear elastic because both the rein­
forcement and matrix deform el as ti ca lly. Cracking of the cement 
mortar matrix is the beginning of region II and the slope of the 
stress-strain curve decreases. There seems to be several definitions 
of "first crack." It may be the point at which the slope of the 
stress-strain curve decreases, the first crack visible to the eyes, or 
the first crack visible with special lighting or optical magnifica­
tion. 

Naaman and Shah (9) have shown that the stress at first crack can 
be increased by increasing the volume of reinforcement, by decreasing 
the spacing between wires in the loaded direction, or by increasing 
the specific surface of the reinforcement in the loaded direction 
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for the same volume of reinforcement. A lower bound to the modulus 
of the composite after first crack (the slope of stress-strain curve) 
can be evaluated by 

where 
ERL = modulus of the mesh 

VL volume of percentage of their forcement in the 
loaded direction. 

Walkus and Kowalski (11) divided region II into a "quasi­
elastic" portion followed by a "plastic" portion. The separation of 
the two portions of region II was assumed to occur when the cracks 
were 50 microns in width to establish limits for resistance to 
corrosion and water penetration. 

In region Ill, the wire reinforcement supports the total load and 
the ultimate capacity can be estimated from the maximum load capacity 
of the wire reinforcement alone. 

The great variety of wire mesh size, geometry, method of fabrica­
tion, orientation of mesh in the composite, yield and ultimate 
strength of the wire can shift the range of the three regions of the 
stress-strain curve shown in Figure 5. For example, the termination 
of region I can be changed by changing the spacing of the wires in 
the loaded direction (9). Likewise the region III would depend on 
the yield and ultimate stress of the wires. It is entirely possible 
that the break in the stress-strain curve between region I and II 
could vanish and the composite would have a stress-strain curve 
similar to conventional reinforced concrete. 

Johnston's (7}(8) data for tensile and flexural strength of 
ferrocement clearly show the influence of the geometry, orientation 
and fabrication method (woven or welded) for wire mesh and expanded 
metal lath as illustrated in Figures 6a and 6b. The expanded metal 
lath and the welded wire mesh provide approximately the same strength 
in uniaxial tensile loading. However the expanded metal lath suffers 
a much greater reduction in strength than the welded mesh when its 
orientation is changed. The orientation is even more important for 
the expanded metal in flexure, the strength in the weak direction 
being only about 13 percent of that for the longitudinal direction of 
slots in the direction of the loading (10). There is also an 
important reduction in the flexural strength for the welded wire mesh 
when the wires are not parallel and perpendicular to the flexural 
stresses. However, woven wire mesh is nearly independent of orienta­
tion, probably because the longitudinal and transverse wires are not 
rigidly connected. In summary, expanded metal lath is superior to 
welded mesh and welded mesh is superior to woven mesh for uniaxial 
bending, but welded mesh is superior to expanded metal lath for 
biaxial bending. However the anisotropy of the expanded metal lath 
can be countered by alternate orientation of several layers just as 
is done in the fabrication of plywood. 
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A ferrocement beam with several layers of mesh is generally over 
reinforced compared to a typical conventionally reinforced concrete 
beam. However, it should be noted in Figure 7 (15) that there 
were no sudden failures typical of over reinforced concrete beams, 
supporting the concept that the mechanics of ferrocement are different 
than for conventional reinforced concrete. 

The compressive strength of ferrocement is contributed primarily 
by high compressive strength of the mortar. Johnston and Mattar {7) 
have shown that significant compressive strength gains can be realized 
by using a closed box or cylindrical arrangement of mesh which pro­
vides lateral restraint and developes a triaxial stress condition. 
The welded wire mesh is superior to expanded metal lath as shown in 
Figure 7. A rectangular mesh with greater amount of transverse rein­
forcement is more cost effective in increasing compressive strength {by 
creating a triaxial stress condition) than the addition of longitudinal 
reinforcement. 

Very little information is available on the shear strength of 
ferrocement, perhaps because ferrocement is generally used in thin 
panels where the span-depth ratio in flexure is large enough so that 
shear does not govern failure. 

The survey of the mechanical properties of ferrocement so far has 
assumed static or slowly applied loads. Limited data on the impact 
and the fatigue strength suggest potential applications and possible 
restriction to the use of ferrocement. 

Shah and Key {12) indirectly determined the impact strength by 
measuring the damage caused by a swinging pendulum impacting on 
ferrocement slabs. The damage was assessed by the relative discharge 
of water through the damaged surface for a fixed amount of impact 
energy. The damage decreased (i.e. the discharge was reduced) for 
increasing specific surface and ultimate strength of the mesh. The 
result agrees with the observation of the minimal damage done to 
ferrocement boat hulls in collisions with rocks and other boats. 
Ferrocement has good resistance to dynamic punching loads. 

Flexural fatigue properties of ferrocement beams reinforced with 
square woven and square welded mesh have been investigated by Balaguru, 
Naaman and Shah (13). It was generally observed that the deflection 
and crack width increased expontentially with the number of loading 
cycles for a constant load as shown in Figure 8. Therefore, the 
fatigue properties may limit the otherwise possibly high design 
stresses that can be used in ferrocement elements. 

Present applications of ferrocement are generally in region II 
of the stress-strain curve shown in Figure 4. The size {width) and 
spacing of the cracks are controlled by various characteristics of 
the reinforcing mesh. Thus a design procedure for ferrocement in 
region II could be based on a criteria of maximum allowable crack 
width under service loads. Figure 9 shows data for typical average 
crack width versus steel stress for several layers of woven wire 
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mesh (16). A practical application of the suggested design method is 
for example in ferrocement water tanks. The average crack width for 
ferrocement water tanks has been shown by Guerra, Naaman and Shah (14) 
to be an order of magnitude smaller for the same steel stress than 
that of conventional reinforced concrete. Figure 10 shows the average 
crack width for various steel stresses compared to recommended values 
for silos containing moisture sensitive materials and water retaining 
structures. 

CONCLUSIONS 

Although ferrocement is basically layers of closely spaced mesh 
impregnated with a Portland cement mortar, the mechanics of ferro­
cement and the mechanical properties are very complex because of the 
almost infinite variation of size, geometry, fabrication method, 
orientation, yield and ultimate stress of steel wire mesh that could 
be used as reinforcement. 

Beyond a minimum reinforcement content, the tensile stress-strain 
diagram for ferrocement exhibits three regions. Region I, the matrix 
and reinforcement act together with linear elastic behavior up to 
the "first crack." Region II begins with a reduced modulus compared 
to region I and cracking continues until the number of cracks in 
the matrix has stabilized and the reinforcement has yielded. In 
region III the load is carried entirely by the yielded reinforcement 
and is for all practical purposes the ultimate load. 

It appears that the specific surface area of the mesh correlates 
best with the first crack strength, spacing of cracks and width of 
cracks in tension. 

The tensile, flexural and compressive strength of ferrocement 
can be greatly varied by the orientation of the mesh, by its method 
of fabrication (welding or weaving of wires or slitting and expanding 
a metal sheet) and by its ultimate strength. 

It appears that the flexural strength of ferrocement can be 
calculated by the conventional methods of analysis for reinforced con­
crete and the tensile strength by laws of composite materials. The 
compressive strength depends primarily on the compressive strength of 
mortar and to some extent on the confining action of the wires 
transverse to the load. 

Ferrocement has superior impact properties, but fatigue strength 
may 1 imi t otherwise high a 11 owab 1 e design stress. 

A design approach for ferrocement based on allowable average 
crack widths for service load conditions is practical. 
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Design Predictions of Crack 
Widths in Ferrocement 

By Antoine E. Naaman 

Synopsis: One of the distinguishing features of ferrocement as com­
pared to reinforced concrete is the larger number of finer cracks for 
the same stresses in the steel reinforcement. Designing ferrocement 
structures to satisfy recommended serviceability criteria in a manner 
similar to the design of reinforced concrete structures is a logical 
and rational approach to follow. Serviceability is greatly dependent 
on cracking and crack width under working load conditions. Thus the 
prediction of crack widths (average and/or maximum) is an important 
consideration in design. 

This paper is based on ~ number of recent investigations on the 
cracking of ferrocement elements: they include tests on flexural 
beams under static and fatigue loadings, tests on ferrocement prisms 
with and without transverse reinforcement subjected to direct tensile 
loads, and tests on internally pressurized model ferrocement cylin­
drical water tanks. The following aspects of cracking are clarified 
for both flexure and tension: cracking behavior; influencing 
parameters; observed variations of crack widths; crack width predic­
tions and suggested design approach. 

Keywords: cracking (fracturing); crack width and spacing; 
ferrocement; flexural strength; serviceability; structural design; 
tensile stress; tension tests; wire cloth. 
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INTRODUCTION 

One of the distinguishing features of ferrocement as compared to 
reinforced concrete is the larger number of finer cracks for the same 
stresses in the steel reinforcement. The development of fine cracks 
under loading makes it possible to build safe ferrocement structures 
in thin sections and still maintain acceptable appearance, corrosion 
resistance and virtual watertightness. 

Designing ferrocement structures to satisfy recommended service­
ability criteria in a manner similar to the design of reinforced 
concrete structures is a logical and rational approach to follow. 
Serviceability is greatly dependent on cracking and crack width under 
working load conditions. Thus the prediction of crack widths (average 
and/or maximum) is an important consideration in design. 

Cracking in reinforced concrete has been the subject of a large 
number of investigations [1 to 8], which have added to the better 
understanding of its behavior. Although ferrocement is a type of re­
inforced concrete--and is expected a priori to behave similarly--its 
cracking behavior is substantially different [9]. This seems to be 
due to at least three major differences: 1) ferrocement comes in thin 
shell-1 ike elements with its reinforcement distributed throughout the 
section, 2) its specific surface of reinforcement is an order of 
magnitude higher than that of reinforced concrete (for equal amounts 
of steel), and 3) the presence of transverse wires in the mesh rein­
forcement of ferrocement enhances bond transfer properties and crack­
ing characteristics. 

As the terms volume fraction and specific surface of reinforce­
ment will be often used in this paper, their meanings are intended as 
follows: the volume fraction of reinforcement is the ratio of volume 
of reinforcement per unit volume of composite; it may indicate the 
total volume Vf or the volume in the loading direction Vfl; note 
that Vfl is quantitatively equal to the reinforcement ratio of the 
identical reinforced concrete section; the specific surface of rein­
forcement is the lateral surface (bonded area) of reinforcement per 
unit volume of composite; it may refer to the total area SR or to 
the area in the loading direction SRL· The specific surface and the 
volume fraction of reinforcement are related by the following 
relationship: 
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(1) 

where <P is the diameter of the wire used. Note that a similar rela­
tionship exists between SRL and VfL, 

This paper is based on a number of recent investigations on the 
cracking of ferrocement elements reinforced mostly with square, gal­
vanized steel meshes; they include tests on flexural beams under 
static and fatigue loading [10,11,12], tests on prisms subjected to 
uniaxial· tension [13,14] and tests on internally pressurized model 
ferrocement cylindrical water tanks [15,16]. Based on the observed 
results, the following aspects of cracking will be clarified for both 
flexure and tension: cracking behavior; influencing parameters; 
observed variation of crack widths; crack width prediction and sug­
gested design approach. 

UNIAXIAL TENSION 

Tensile tests were carried out on prisms which were 12 in. 
(30 em) long, 1 in. (2.5 em) wide and 3/8 in. ("' 1 em) thick. The 
reinforcement consisted of various amounts of either square wire 
meshes or smooth longitudinal wires (no transverse wires). Only two 
mesh openings {spacing center-to-center of wires) were tested: 1/4 in. 
(6.3 mm) and l/2 in. (12.7 mm). Thus "1/4" or "1/2" will refer to the 
mesh size or opening. Most of the meshes used were welded meshes and 
the woven meshes used had a high modulus. The elongation (and equi­
valently the strain) in the ferrocement composite under load was 
measured over a 6 in. (15 em) gage length using a device directly 
attached to the specimen and equipped with an LVDT. The load­
elongation curve was automatically recorded on an electronic XV re­
corder. Cracks along the observed gage length were detected, counted 
and their widths measured at different loads using an internally 
illuminated microscope equipped with a micrometer that allowed an 
accuracy of about 50 microinch (1.27 x 10-3 mm). Details of the above 
investigation are given in Ref. 14. Only some of the salient remarks 
and conclusions are described below. They help reinforce some of the 
findings reported in an earlier investigation on tensile cracking in 
ferrocement [13] while bringing new and accurate results on crack 
widths. 

1. The tensile stress-strain curve of ferrocement can be generally 
divided into three stages: a) elastic behavior until the first 
matrix cracking; b) multiple cracking stage--in this stage the 
number of cracks keeps increasing with an increase in tensile 
stress or strain; their width, however, may only slightly increase 
depending on the reinforcing parameters used, but not in direct 
proportion to the stress increase; and c) crack widening stage--in 
this stage no or few additional cracks are formed, the existing 
cracks become wider and the behavior of the specimen is controlled 
by that of the reinforcement alone. Typical stress-strain curves 
of tensile specimens reinforced with longitudinal wires only and 
with wire meshes are shown in Figs. 1 and 2, respectively. 
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Figure 1 shows that the number of cracks increases from 1 to 
17 while the stress in the longitudinal steel varies from about 
20 to 50 ksi (138 to 345 MN/m2 ); the average crack width, however, 
increases only slightly from 4 x lQ-4 to 5.6 x lQ-4 in. (0.010 to 
0.014 mm). An identical specimen with smaller number of wires 
(smaller Vf and SR) will show a substantially higher increase in 
crack width for the same stress range. A mixed trend is observed 
in Fig. 2 for a specimen reinforced with square wire meshes (i.e., 
having transverse reinforcement); here the number of cracks keeps 
increasing even in the nonlinear range of behavior of the steel 
and thus crack width is greatly influenced by the strain increase 
in the reinforcement. The stress at which the number of cracks 
stops increasing is termed here the stabilization stress fsta. 
Depending on the reinforcing parameters, namely specific surface 
and transverse wire spacing, the stabilization stress may be some­
where along the elastic or nonelastic range of behavior of the 
steel reinforcement. 

2. Everything else being equal, the higher the specific surface and 
the smaller the transverse wire spacing, the larger the extent of 
the multiple cracking stage, the larger the number of cracks 
developed in the same gage length, the smaller the crack spacing 
and the smaller the crack widths. Thus for specimens having 
identical longitudinal reinforcement, better cracking character­
istics are obtained when transverse reinforcement is used (i.e., 
meshes versus wires). Figure 3 shows the variations of the number 
of cracks developed as a function of steel stress for typical 
tensile specimens with and without transverse reinforcement. A 
similar curve is also shown for a flexural specimen for comparison. 

3. A direct relationship between the average crack spacing (6t)av 
at crack stabilization and the specific surface of reinforcement 
seems to exist. An analytical evaluation of this relationship 
has been proposed in [13] and is given by 

where 

( _ a 1 6t) -- r­
av n "RL 

(6t)av average crack spacing 

a 

n 

a factor relating average crack spacing to 
maximum crack spacing 

ratio of bond strength to matrix tensile 
strength 

specific surface of reinforcement in the 
loading direction 

As the factor 8/n can be approximated for design purposes a 
direct relation between (6tJav and SRL can be obtained. The 
observed values of average crack spacing at crack stabilization 

(2) 
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are shown (Fig. 4) versus the specific surface of reinforcement in 
the loading direction SRL for both the series of specimens rein­
forced with smooth longitudinal wires and those reinforced with 
square wire meshes. It can be seen that for the same specific 
surface, smaller spacings are obtained when the reinforcement con­
tains transverse wires (i.e., meshes). The analytical equation 
(2) is also plotted with the values of (e/n) =land 2.7. It can 
be observed that for (e/n) = l, Eq. (2) predicts very well the 
experimental data for square meshes while for (e/n) = 2.7 it pre­
dicts the data when smooth longitudinal wires are used. Thus 
Eq. (2) with the above values of the factor 8/n can be used as a 
design equation to predict crack spacing in ferrocement at crack 
stabilization. 

4. A large number of data on crack widths were generated. They are 
quite complex to analyze as crack widths depend on many parameters 
and in ferrocement the extent of the multiple cracking region may 
have a significant effect on the results. However, as in rein­
forced concrete the stress in the steel after cracking is of major 
importance, data on crack widths, average and maximum, were 
plotted versus the stress in the steel. Typical results are shown 
in Fig. 5 for one series of tests having six identical specimens. 
It can be seen that for stresses below 60 to 65 ksi (which are 
much above recommended design or service stresses), there is 
little increase in crack width, at least for this series of tests. 
This is essentially due to the effect of the extent of the 
multiple cracking stage (which can be visualized in Fig. 2 for 
one specimen of the above series). 

5. The ratio of maximum crack width to average crack width was com­
puted for steel stresses less than 60 ksi, and for all series of 
tests using square wire meshes. It was generally observed that 
the higher the specific surface of reinforcement, the smaller the 
ratio. The mean value of that ratio was equal to 1.85 with a 
standard deviation of 0.51. 

6. For the purpose of design a simple approach to predict maximum 
crack widths is necessary. A method is proposed here for ferro­
cement specimens reinforced with square wire meshes. It consists 
of first predicting a "stabilization stress" fsta and then 
predicting a maximum crack width value which applies for any 
stress fs less than fsta· For stresses above fsta it is 
expected that the crack width will increase in direct relation to 
the increase in steel strain; thus it will also directly increase 
with the steel stress if the latter is less than the yield 
strength. It will be assumed here that the yield strength will 
be of the order of 60 ksi. The proposed design approach is 
su~narized as follows: 
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S 3 . -1 For RL :S 1n. 

a) Determine stress in the steel at crack stabilization from 

~ 60 ks i 

where fsta is given in ksi for SRL in in~ 1 . 

b) For any stress less than fsta determine the maximum crack 
width using 

W = _l_ f s ta _ 20 
max SRL ER - ER 

where ER is the modulus of the reinforcing system. 

(3) 

(4) 

c) For any stress fs larger than f t but less than the yield 
strength given in ksi use: s a 

WnlaX [6 9 + (f - f )] 29000 10-4 . s s ta ER (5) 

where W is in inches. max 

For SRL > 3 in~ 1 and for any stress less than the yield strength 
or about 60 ksi use the following: 

Wmax (15.5- 3 SRL) l0- 4 ~ 0.0004 in. 

Figure 6 shows the above relations for various values of SRL and 
steel stresses. 

It is noted that the above proposed approach has provided a 
reasonable upper bound value to all the data of this investiga­
tion. A typical representation of the above equations (3,4,5) is 
shown in Fig. 5 for the series of tests described in that figure 
and·can be compared to actual values of maximum and average crack 
widths. 

TENSILE CRACKING OF FERROCEMENT WATER TANKS 

The detailed information on tests of model ferrocement water 
tanks has been already published in [15] and [16]. As the crack 
widths, average and maximum, for the tanks were sometimes higher (up 
to two or three times) for the same steel stress than those reported 
above for prisms, a note of clarification is necessary. It is 
believed that the difference is due to several variables as follows: 
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a) The hoop direction of the mesh in the tank was the longitudinal 
direction of the roll of mesh used, which generally shows a sub­
stantially lower modulus than the transverse direction. 

b) The average crack width was calculated as the mean value of only 
10 cracks under observation. These cracks (among more than 100 
cracks) were detected first and thus had a larger width than the 
average of all cracks. Thus their average widths is in effect an 
upper bound measure. 

c) One or two cracks occurred generally in the overlap region of the 
mesh reinforcement and led to unusually high crack widths, thus 
substantially influencing, in some instances, the value of maximum 
and average crack widths. 

d) The ferrocement walls of the water tanks were in effect subject to 
biaxial tension instead of uniaxial tension. Furthermore, the 
thickness and reinforcement cover of the walls were not as con­
trolled and constant as in the experiments on prisms. 

CRACKING IN FLEXURE 

A large number of flexural specimens having overall dimensions 
of 18x5xl/2 in. (457xl27xl2.7 mm) were tested, in third point 
bending, under static and fatigue loads. Details are given in 
[10,11,12]. The reinforcement consisted of three types of square 
galvanized steel meshes, 1/2 woven, l/2 welded and l/4 woven (1/2 and 
l/4 refer to the mesh size or spacing center-to-center of the wires 
in inches in either direction). For each type of mesh three volume 
fractions of reinforcement corresponding to 2, 4 and 6 layers of mesh 
were used. The reinforcing layers were cut along the transverse 
direction of the mesh rolls to assure a better modulus of the rein­
forcing system. Generally the layers were stacked in such a way that 
the transverse wires of the different layers were along the same cross 
sections. Cracks were measured at different levels of loadings using 
an internally illuminated microscope fitted with a micrometer that 
allowed a measuring accuracy of 50 microinch (1.27 x 10-3 mm). The 
analysis of the data generated by the above investigation leads to a 
number of pertinent results summarized as follows: 

1. The transverse wires of the outermost layer of mesh are preferen­
tial locations for cracks. In most specimens the number of cracks 
in the constant moment zone reached a steady value soon after the 
occurrence of first cracking (independently of the number of 
layers used). This steady value corresponds to an average crack 
spacing equal to the spacing of the transverse wires (Fig. 3). 

2. The specific surface of reinforcement did not seem to have as 
strong an influence on the cracking behavior in flexure as in 
tension. This may be because in flexure the specific surface in 
the tensile zone of mortar around the outermost layer of mesh 
does not increase substantially when the number of mesh layers 
used increases. 
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3. A systematic regression analysis of observed crack widths showed 
that the average crack width is primarily a function of the 
tensile strain in the extreme layer of mesh and does not depend 
on the other parameters found important in reinforced concrete. 
This may be because of the relatively small cover and high 
specific SJ.lrface of reinforcement in ferrocement beams. 

4. A computerized nonlinear analysis in bending of the ferrocement 
section showed that the stresses in the mesh reinforcement up to 
about yielding of the steel can be predicted, with a good approxi­
mation, using linear elastic analysis of the cracked section. 

5. A linear regression analysis of all the data on crack widths for 
all the series of tests on static bending leads to the following 
relationships between crack widths and the stress fs in the 
outermost layer of steel mesh: 

wav = (0.271 fs- 3.73) 10-4 (6) 

and 

Wmax (0.324 fs- 4.36) 10-4 (7) 

where wav average crack width, in. 

Wmax = maximum crack width, in. 

fs = stress in the steel in ksi 

The above equations as well as the corresponding data are plotted 
in Figs. 7 and 8. Note that the average secant modulus at 45 ksi 
of all the meshes used in the above tests was around 23,000 ksi. 
Note also that each data point of Fig. 7 has a substantial weight 
as it represents the average reading for at least three specimens, 
at a given steel stress and for a large number of cracks each of 
which characterized by two measurements along its length. For 
example, the data point representing two layers, l/2 welded at 
50 ksi represents the average of about 60 measurements. 

A number of linear relationships between crack widths and steel 
stress, similar to the above, were developed for each type of mesh 
in Ref. 10 and can be used if a better accuracy is desired. 

6. The overall average ratio between maximum crack width and average 
crack width, for 32 sets of data and for the overall range of 
steel stress considered, was determined and found equal to 1.21 
with a standard deviation of 0.14. It can be observed that the 
abov~ ratio and the coefficient of variation are substantially 
smaller than those observed in tensile tests. From the above 
results it can be concluded that generally the maximum crack width 
in flexure for ferrocement is, with 98% probability, less than 
1.5 times the average crack width. 
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7. A simple design equation is proposed in Ref. 10 to predict average 
crack width as a function of steel strain in the outermost layer 
of mesh. However, when compared to the experimental data the 
equation gave a useful upperbound value and could be used in 
effect to predict maximum crack widths. If, in the elastic range 
of behavior, the stress in the steel is expressed in function of 
the strain, and Wmax is used instead of Wav. the prediction equa­
tion given in Ref. 10 takes on the following form: 

where 

f 
w f3 s ---2. 

max ER 

Wmax maximum crack width, in. 

S mesh size or spacing center-to-center of mesh 
wires, in inches 

f3 ratio of distances to the neutral axis from 
the extreme tensile fiber and from the outer­
most layer of steel (elastic cracked section 
analysis) 

fs steel stress in ksi 

ER =modulus of reinforcing system in ksi 

{8) 

Note that ER is the same as the modulus of elasticity of the 
steel for welded meshes but can be substantially lower for woven 
meshes depending on the pitch of the weave and other parameters. 
It has been also observed that ER may be substantially different 
if measured alon~ the transverse direction instead of the longi­
tudinal direction. For the types of square woven meshes generally 
used in ferrocement ER can vary between 15,000 and 29,000 ks i 
(103,500 to 200,100 MN/m 2 ). 

Assuming a value of f3 = 1.2, the 1 ine corresponding to Eq. (8) is 
plotted (Fig. 9) for different hypothetical meshes and compared 
with the regression equations (Eqs. (6) and (7)) from all the 
data. It can be seen that in view of the variability expected in 
crack widths, both approaches are acceptable as a design predic­
tion. 

Note that the avera 11 average modulus ER for the fl exura 1 experi­
ments described in [10,11] was around 23,000 ksi (158,700 MN/m 2 ). 

Thus if one can determine the modulus ER of a given mesh, 
Eqs. (6) and (7) can be modified to more accurately predict crack 
widths (given in inches) as follows: 

and 

W a v = 23EOOO ( 0. 2 71 f s - 3. 7 3) 1 0-4 
R 

(9) 
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Wmax = 23EOOO (0.324 fs- 4.36) 10-4 
R 

( l 0) 

for stresses higher than the stress at cracking and smaller than 
the yield strength and given in ksi. 

8. Test results on fatigue loading [12] have indicated that the 
average and maximum crack width at a given load keep increasing 
with the number of loading cycles. 

9. The following relationship was found [12] acceptable to represent 
crack width data, average or maximum, under fatigue loading up to 
about 90% of fatigue life: 

where 
W = AeBr 

W = average or maximum crack width 

A = value of crack width at maximum load under static 
test. It could be predicted from Eqs. 

e = base of Naperian logarithms 

( ll) 

r =cycle ratio; i.e., number of cycles at which crack 
width is calculated to the number of cycles to 
failure Nf 

B a parameter determined from the experimental data 
and described in [12]. A constant value of B = 1.67 
is proposed for Nf ~ 450,000 cycles which is 
generally the case for most design situations. 

In order to use Eq. (ll) the number of cycles to failure Nf is 
needed. A regression analysis of the data [12] between stress 
range in the steel and the number of cycles to failure has led to 
the following relation: 

fsr 152.3 - 19.5 log10Nf ( 12) 

where 
fsr = stress range in the outermost layer of steel in ksi 

Nf = number of cycles to failure 

Thus if fsr is known, Nf can be predicted, or if a certain value 
of Nf is required by the design the corresponding limit on· stress 
range can be determined. 

A typical example of crack width increase with number of cycles 
is shown in Fig. 10 curve (a) for a flexural specimen from the 
tests with the following parameters: 2, l/2 welded layers of 
steel mesh (subjected to a fluctuating load of± 36 lbs; steel 
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cover"' l/8 in. (3.1 mm)); maximum tensile stress in the steel = 
37.81 ksi (261 MN/m 2 ); minimum stress= 1.34 ksi (9.2 MN/m2 ) 
(compression); stress range= fsr = 39.15 ksi (270 MN/m 2 ); mean 
stress= 18.23 ksi (126 MN/m 2 ). FromE~. (12), the number of 
cycles to failure can be estimated as Nf " 635,000 cycles. The 
maximum crack width at maximum stress can be predicted for the 
first cycle from Eq. (7) and leads to Wmax = 7.88 l0-4 in. 
(0.020 mm). This gives the value of A of Eq. (11). The maximum 
crack width at any cycle ratio r can then be calculated from 
Eq. (11) as Wmax = 7.88el.67r in lQ-4 in. and is plotted on 
Fig. 10. Note that Eq. (7) has been used to predict A = 7.88 lo-4 
If Eq. (8) was used the result would have been 7.82 lo-4. Also on 
Fig. (10) a number of curves are shown assuming exactly the same 
specimen subject to the same maximum stress but different stress 
ranges. It can be seen that for higher values of Nf the increase 
in crack width at same number of cycles becomes less significant. 
For example, if Nf = 6x 106 cycles, the increase in crack width 
at 600,000 cycles is only about 18% while if Nf = 667,000 cycles 
the increase in crack width is about 449%. This observation can 
be beneficially used in design to reduce the effect of fatigue on 
crack widths. 

CONCLUSION 

The subject of cracking is a complex one for both reinforced 
concrete and ferrocement; exhaustive experimental investigations com­
bined with scrupulous analysis are still necessary in ferrocement to 
better ascertain the influence of major parameters and separate their 
effects. The above study is based on experimental tests of ferro­
cement specimens reinforced mostly with square meshes of relatively 
small sizes and represents in a way the present state of knowledge. 
Similar studies exploring different types of reinforcement (such as 
expanded metal, chicken wire meshes, a combination of mesh and rod­
type reinforcement) and a wider range of sizes are needed before 
generalizing some of the above derived results. 
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Study of Tensile Cracks and 
Bond-Slip in Ferrocement 

By Ricardo P. Pama, Vorachai Intaragumhaeng, 
and Bishwendu K. Paul 

Synoesis: A theoretical model is presented to predict the width and 
spac1ng of cracks in ferrocement elements in tension. A parametric 
study was also conducted to study the influence of parameters such as 
bond stress, volume of reinforcement, size of reinforcement, proper­
ties of mortar and reinforcement on the width and spacing of cracks. 

The theoretical results indicate that the spacing and width of 
cracks are significantly affected by bond stress, diameter and volume 
of reinforcement. An experimental investigation was conducted on 
ferrocement specimens in tension with varying steel content and the 
results obtained are shown to be in agreement with theoretically pre­
dicted values. 

Practical guidelines are suggested for the control of tensile 
cracks in ferrocement elements. 

bondin ; bond (concrete to reinforcement); cracking 
fracturin ; crack width and spacing; ferrocement; mathematical 

models; modulus of elasticity; tensile strength; tension tests; 
wire cloth. --
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INTRODUCTION 

In general a composite material consists of a matrix and rein­
forcement which act together to form a new material which exhibit 
superior characteristics than either of its constituents alone. 
Different types of composite materials have been developed and ferro­
cement is one of them. The history of ferrocement dates back to the 
last century when Lambot made a boat out of ferrocement in 1848. 

Ferrocement contains a high percentage of ductile steel wire mesh 
with a high surface area to volume ratio embedded in a brittle cement 
mortar matrix causing the latter to assume the ductile characteristics 
of the reinforcement. 

The fundamental concept behind the fracture of a brittle matrix 
under load is the initiation and propagation of small cracks and flaws 
which extend and inter connect until the whole internal structure is 
completely disrupted. Cracking behavior of composites consists of a 
combination of sequence of fracture of individual constituents or 
interface separation between reinforcement and matrix. If these 
fractures are locally restrained from extending into adjacent materials, 
then first cracking strength as well as the resistance of the material 
in the post cracking stage can be significantly improved provided 
sufficient length and volume fraction of reinforcing fibers (wire 
mesh) are embedded in the matrix. 
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An early suggestion of close spacing of reinforcement to arrest 
the cracks came as a result of the experiments conducted by Nervi on 
the behavior of concrete slabs reinforced with closely spaced steel 
wire mesh. The spacing of the wires, 0.5 mm to 1.5 mm in diameter, 
was in the order of 10 mm apart (l). Earl.y in the 1 ast decade an 
attempt was made by Romualdi and Batson (2) to improve the tensile 
strength of concrete by using closely spaced short steel wires to 
prevent the flaws from enlarging and propagating throughout the ten­
sion zone. Following this, several investigations have been conducted 
to develop a methematical model to study the cracking behavior of 
fiber reinforced concrete. In ferrocement, several research works 
(l·i·~·~·L·~·~.lQ.ll) have also been done to study the influence of 
the different parameters such as volume fraction, type of reinforce­
ment, geometry of reinforcement, properties of mortar and reinforce­
ment on the basic mechanical properties of the material in tension, 
compression, impact and fatigue loadings. Several experimental inves­
tigations have been undertaken to study the cracking behavior of 
ferrocement (4,9,11,12). To the best of the authors' knowledge no 
mathematical moder-to-predict the width and spacing of cracks in 
ferrocement has been published so far. A recent study by 
Intaragumhaeng (13) on crack and bond slip behavior of fiber rein­
forced material snowed that crack spacing as well as crack width are 
affected by fiber volume fraction, slip modulus, ultimate bond stress 
and tensile strength of the mortar. The authors feel that crack 
width and spacing are two of the main factors which determine the 
failure ferrocement in tension and bending, and these should be 
taken into account along with other design parameters in the design 
process. 

In this paper an attempt is made to predict theoretically the 
tensile property and post-cracking behavior of ferrocement taking 
into account the stress-strain relation of the wire mesh beyond the 
initial yield stress. The influence of the various parameters such 
as bond stress, volume of reinforcement, size of reinforcement, 
properties of mortar and reinforcement on the width and spacing of 
cracks were investigated. An experimental investigation was also con­
ducted on ferrocement specimens in tension to verify the theoretical 
results. 
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THEORETICAL CONSIDERATION 

Assumptions: 

The following assumptions are made in the analysis: 

1. The stress-strain relation of the wire mesh is idealized as 
a bilinear curve (Fig. 1). 

2. All the steel fibers (wire mesh) are straight. 

3. Under tensile stress, cracking in the mortar will occur when 
the strain of the composite exceeds the cracking strain of the mortar. 

4. The tensile stress in the mortar reaches its maximum value 
at a point halfway between the cracks (14). The greatest possible 
distance between cracks, for a given ser-of parameters, occurs when 
the maximum tensile stress is equal to, but not greater than the ulti­
mate tensile strength of the mortar in tension. The minimum crack 
spacing is 0.5 times the maximum crack spacing, 

5. The bond stress at the instant of cracking is zero. 

6. The bond stress at a crack is zero. Immediately adjacent to 
the crack, the bond stress increases abruptly to its maximum value. 
The length over which this increase takes place is negligible. 

7. The bond slip relation of the steel fiber (wire mesh) and 
the mortar can be idealized by an elastic-perfectly plastic curve 
(Fig. 2). 

Effective Normal Stress and Young's Modulus: 

In the analysis of a ferrocement section in tension, it is 
assumed that when stressed, the steel fibers are firmly bonded so that 
no slippage occur at the interface of the steel fibers and the mortar. 
The load acting on a composite section per unit area carried by the 
mortar and the steel fibers in direct tension are expressed as: 

(1) 

in which oc, om and crf are the average stresses in the composite 
section, mortar and steel fibers respectively; Am and Af are the 
area fractions of the mortar and steel fibers respectively. Eq. 1 can 
be expressed in terms of the volume fractions of the constituent 
materials in the form 

(2) 
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where Vm and Vf denote the total val ume fraction of the mortar and 
steel fiber respectively. 

In view of Hooke's Law and the fact that the mortar strain is 
equal to the strain of the ferrocement, Eq. 2 becomes 

( 3) 

47 

in which Et, Emt and Ef denote the moduli of elasticity in direct ten­
sion of ferrocement, mortar and fiber respectively. The first crack 
strength is reached when the composite strain exceeds the cracking 
strain of the mortar, thus 

(4) 

where omu and emu denote the cracking stress and strain of the mortar 
respect1 ve ly. 

The following analysis is based on a one-dimensional model in 
which the steel wire is assumed to be aligned in the direction of the 
applied stress. The formulation is based on the bond-slip characteris­
tic of the fiber (14, 15) instead of assuming a bond stress distribu­
tion on the fiber.--ThTS leads to the bond stress distributions shown 
in Fig. 3 as the composite stress increases. 

The sign convention adopted in such that slip, displacements of 
mortar and fiber as well as the action of bond stress on the fiber 
are positive in the x-direction. 

Five possible cases will be studied, namely: 

1. The maximum bond stress is below the ultimate bond strength 
(Tu) and the fiber stress at the cracked section is below its yield 
point. 

2. The fiber stress at the cracked section is above its yield 
stress, the yield stress is attained at distance t from the cracked 
section, but the maximum bond stress is still less 1 than the ultimate 
bond stress. 

3. The ultimate bond strength is reached over a length t 0 ; the 
yield stress is attained at distance !1. from the cracked section, !1. >!1.. 

1 1 0 

4. The ultimate bond stress is reached over a length !1.0 but the 
fiber stress at the cracked section is below its yield stress. 

5. The fiber stress at the cracked section is above its yield 
stress, the yield stress is attained at the distance t; the ultimate 
bond strength is reached over a length !1.0 , !1.0 >!1. 1 • 

Case 1: T(O) < Tu and a; < ofy (Fig. 3a) 
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In this case the fiber stress crf(x)and the mortar stress crm(x) 
distributions are shown in Fig. 3a. The shear stress T(X) at any point 
can be expressed as 

T(X) = k{-S(x}} 

and 

-k{df(x) - dm(x)} 

for 0 s S(x) s Sy 

for S(x} > Sy 

( 5) 

( 6) 

where the minus sign in Eq. 5 indicates that negative slip is required 
to result in a positive bond stress since slip is defined as the 
difference between the displacement of the fiber and the matrix. The 
parameter k shown in Fig. 2 denotes the slip modulus, and df(x) and 
dm(x) the displacements of the fiber and mortar respectively at 
section x. 

Consider the free body of a P.Ortion of the fiber under the action 
of the normal stresses crf(x) and cr~ acting at section x and at the 
cracked section respectively, and bond stress T(~) as shown in Fig. 4. 
The equilibrium of the forces acting on the free body of the fiber 
requires that 

(7) 

where R is the ratio of the periphery to the cross-sectional area of 
the steel fiber. 

Differentiating Eq. 7 twice with respect to x yields 

d2crf(x) 
RQ:drt ----- - dx 

dx 2 
(8) 

or 
1 dcrf(x} 

T(X) -"R--ax- (9) 

and in view of Eq. 5 

~ 
dx ( 1 0) 

~ 
dx ( 11 ) 

Eq. 8, in view of Eq. 11 becomes 

Full document details: ACI SP-61

http://www.avadocuments.com/doc/aci-sp-61
http://www.avadocuments.com/doc/aci-sp-61


Tensile Cracks and Bond-Slip 

The equilibrium of forces acting on the fiber yields 

Substituting Eq. 13 into Eq. 12, yields 

d2oftx) Rk [mpo;) 
--2-- -(1 + mp)o (x) = -Rk --

dx Ef f Ef 

( 12) 

( 13) 

( 14) 

where m is the modular ratio, Ef/Emt and p the ratio of Vf to Vm· 

49 

Eq. 14 is the governing equation and the solution can be written 
in the form 

where 

A cosh(K x) +A sinh(K x) 
1 1 2 1 

~k(l + mp) 
f 

* 
[mpof) -Rk -­

Ef 

- [KK21)z ( 15) 

( 16) 

(17) 

The constants of integration A and A can be determined from 
the boundary conditions 2 

* of(O) = of (18) 

T(9./2) = 0 (19) 

In view of Eqs. 18 and 19, Eq. 15 becomes 

K2o; + K2 coshK (9./2-x) (K2) 2 
of(x) = { 1 K2 2}{ cosh(k 9./2) } - K 

1 I 1 

From Eqs. 10 and 20, the bond stress can be expressed as 

ko; sinhK (9./2-x) 
T(X) = EfK 1 { cosh(k19./2) } 

(20) 

(21) 
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The mortar stress am(x) is readily determined by substituting Eqs. 20 
and 21 into Eq. 11, thus 

1 [K ] 2 r coshK (2/2-x) ] 
am(x) = m~ L{ cosh(K 2/2) } - 1 

1 1 

(22) 

By using the fourth assumption, a relation between the fiber 
stress at first crack and the maximum crack spacing can be derived 
from 

~ 
pRJ 2T(x)dx 

0 
= a mu 

With Eq. 21, this reduces to 

(23) 

(24) 

The crack width w is the difference between the elongation of the 
fiber and the e 1 ongation of the mortar and is expressed as 

2.<: af(x) am(x) 
w = 2f 2{-----}dx (25) 

o Ef Emt 

With Eqs. 11 and 21, the crack width is given by 

w (26) 

The elongation of the composite, !J.9.,, can be expressed in terms 
of the elongation of the fiber, thus 

2"' af(x) 
2f 2 -E--dx 

0 f 

Case 2: a; > afy and T(O) < Tu (Fig. 3b) 

( 27) 

From Fig. 1, the stress of the fiber above its yield stress, can 
be exP,ressed as 

a = f ( 28) 
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