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'ABSTRACT

This study investigates the mechanical“behavibr of ferro-

*
-
.

cement under b;;fial tension and compression. A‘Hfief revigw of the

ferrocement and a survey of the various?expérimentalf

)

applications o

~ .

.

) S SN o
~investigations are also presented. The tensile strength of ferrocement. ¢

. c. . . ) | . . ) . T, R S .
depends mainly on that of the wire mesh while the compressive strength "

E

depends mqinly on that of cement mortar. - Cbnventional reinforced. -~

concrete fheory can be adopted to predict the flexural strength

¢

conservagively.
- The test‘geries_consisted of ten specimens;; Each speéimen

~was loadéa.;o-failﬁre bybincreasing the éompress{%ﬁ lbédvéffef thg:
designatéditenSioﬁ lbadi&gé reéched}.ﬁThe‘major Qériablés:iﬁcludeav
werekghe:épecimeﬁigeométry,‘the aﬁoung of wiré éésh féinforcémenf;;.
and‘théfvalué Of_the‘appIied‘tension..ﬂk | |

The rg£ults of che tests are presenteg4in the form of'gfépﬁs,

.tables aﬁd photographé.‘ The behavior of tﬁe specimens Qas diséﬁssed'
Wiéh respect to the lqad;strain rglationships_andkphe cracking pattefn,
. From tHé'test.résuifg, it appea;sufhat‘fhéréfis no significant'inﬁer—
apgipﬁ Bégzeen the téhsion.and Eémpfessidifforlthe épecimens tés?édf

~

&
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L A o L *» Chapter I .
S .~ - - INTRODUCTION - .
i ‘ ' . . - BN . ,
e F Ferrocemént, a.new structural form'of'reidforced'concrete,
r = - : _

consists primarily of'a cement sand mortar matrix and f%yers/of steel.
‘wire mesh reinforcement.- The basic {dea behind this material is thath
concrete can undergo large strains 1n the neighbourhood of the re1n—

forcement and the magn&tude of .the" deﬁormations depends on the

”’.distribution and subdivisron of the reinforcement throughout the mass -

= . of the concrete. As a result, when this relnforcement Jis xubdiv1ded

s R . : . . qg
- into a small dlameter closely spaced mesh the whole tends to behave

”J\as a crack—free, homogeneous material w1th—htgher~tensile strength °
, . CAet W

and better mechanical properties than normal reinforced concrete

Slnce Pier Luigi Nervi successfully proved the remarkable strength

. and. lightness of thls new method of construction, there has been i_

P c
;e 1

1ncrea51ng interest in ferrocement for both naval and c1v1l engineering
- i . . .

structures Slnce mortar can be applled directly on the’ mesh

<‘ferrocement can be fabricated to virtually any conceivable thin:

‘-;Qcomplex\shape withdut forms oer1th a minlmum of fprmwork This
unique adaptability of ﬁerrocement has led to 1ts exp101tat10n in -
b = g boat building and structures that owe their strength to fOrm such
. o

as thin shells and corrugated surfaces. A number of 1nvest1gators
. .

hav - examined the engineering properties “of ferrocement. ’Structures

5 ~h asg shells are’ ba51cally loaded 1n . tyo dimen51ons. However, the
. . B o N v oo e
- tests conducted are all one- dimen31onal

[




The objectives of this study are to review the mechanical

>
- ¢« r

properties of ferroceﬁqnt'investigated and to present its behavior

under biaxial tension-compression. Ten ferrocement specimens were

\

S _ | _
tested. The printipal variable?‘were<specimen geometry, amount of
wire mesh reinforcement and values of applied tensimn. The results

were obtained in the form of‘electricalfrésistance strain gauge
readings and applied Ioad”readings,iand:photographs of the specimens’

were taken after failure..

X




Chapter II 7

LITERATURE REVIEW.

2.1‘ Introduction * e

. o ‘ .
,”" Ferrocement is the name given by Dr. P.L. Nervi (L,2) of
‘Italy, to a material consisting essentially of mortar made of fine
sand and Portland'cemeht and reinforced with a number of layers of
. v ‘ o :

, 5 ‘ S '
small-diameters wire mesh to create a stiff structural form. In this

f(

chapter, ferrocement is brieflv surveyed fnformation on its origin,

N ~

ddﬁposition, preseﬁtrana future potermtial applications are reviewed.
A surve§ of the various experimentél investiéations on the behavior
of ferrocement repofted is then ersented. Much of the work has beeﬁ
concerned with the flexural gehavior of ferrocgmentnbeams, focusing
Eginly on uitiﬁateAstrengthm cracking and'déflectionjconsiderations.
Little has been dong.qn igs sheaf strength. At present,‘it appears

‘that ferrocement can be designed on the badis of conventional rein-

forced concrete and laws guverning composite materials.

-

™~

2.2 Historical Background

The ferrocement technique_Seems to have been firsE,used by
Lambot as narrated by Cassie (3). 'In 1848. Lambot constructed his

first boat using cement mortar reinforce: w:-h parallel rows -of

steel bars interwoven in #wo directions -~ right anglés, .The boat and
a companion one built in 1849 were afloat unnoticed .in .the lake at

™ -' o _ ' , .
Miraval until Lambot s-owed his invention at the International Exhibition



in Parls in 1855 In 1955 they were,rediscovered and are now
o 4+ :
' housed in the museums in Brignoles and Paris. They.are reported to
: 3
be in good condition. Little further de&élopment was performed,until

Dr. P.L. Nerv1 (162) began a series of experlments on ferrocement

‘which led to h® ~2stablishment of ferrocement building technique
_ & } _ S

as it is known today. In 1943, Nervi's firm began’to wprk,on three
150-ton transport boats apd one AOO-toﬁ vessel. The hulls Qf'thesef

“vessels were largely made of ferrocement. “In additionm to constructing

) \ : :
‘the famous ferrocement vessels Irene, Toscana and Nanelle, Nervi also

< ﬂ

used ferrocement to construct several roofs which .today still remain

is the rational and aesthetical'models in structural design.

- *

There seems to have been llttle act1v1tv from 1949 to 1960

- .
.

' However, after the. renalssance of t.e method in New Zealand in 1964 (4),

interest in ferrocement spread tp the U.S.S.R.} North America, China,

[ ) . . o

and eastern Europe Though ferrocement rembids largely untried,

a number of 1nvest1gators ‘have examlned the englneerlng propertles

.
L

of ferrocement such as suitable mix, properties 0. cement mortar,

flexural strength, tensile“strength, compresgive stfength, fatigue

»

strength and water tightnesss.

2.3 The Material

‘\"
Ferrocement is a tYpe of reinforced concrete in which the =~

- L . : . g ) c
reinforcement consists peimarily of layers of wire mesh and the matrix
: : . A .

is cement mortar. Three basic types of reinforcement commonly used

ore welded wire mesh, woven wire mesh and expanded meﬁal lath. The

wire diameter ranges from 0.02 to 0.06 in. (0.5 to 1.5 mm.), the

v



- . \ - \“ ' | .\" . L ) . .
[fsiZe of mesh ranges from 0:4 to 1 in. (10 - 25 mm.) and the¢fractionf‘k
volume of mesh from 4 to 8 percent. The mesh reinforcement‘is dis-

tributed'closelyﬂin_severah Layerscthroughont the thickness of the

element and is impregnated withfa riéh‘sahd—cement matfix.; Welded

mesh reinforcements are fonnd to be superior than other mesh types

:under a w1de range of different types of stresses, espe01ally dropw,ﬁ;&f@gj.}f
1mpact res1stance, flexure strength and compression strength (18) (40),
.‘_‘ -

. (48) -Mild steelvrodSrof-about~6 mm;"diameter can bevinserted between

hmesh layers as’ additional reinforcement to increase the strength

, .

"without losing any of the qualitles of the materlal.F It ‘'was found

'that rods make- a’ signlficant contribution to drop 1mpact resistance R L;;/{

and flexural strength of mesh reinforced panel (18)
| | ihe mortar nsedels composed of cement,-water and"fine:sand‘b

which rarely»exceeds 5 mm.hin'size and is;often of 2,mm; inforder»to‘
permit a more closely spaced_mesht iAdd mixtures euch'as poaaolan can
bernsed to improve the mortar‘workability. The morta*:is usuailv.ofl

high compre351ve strength varying from 5000 to 8000 psi. (35 to 55 N/mm )

The cement-— sand ratio is of the order of l 2 and the water- cement
is kept 1low, usually 0.4 to 0.5, to achieve high compressive strength,

‘The thickness. of a ferrocement element is usually between 0.4 to 1.2

inches-(lO to 30 mm.) and the concrete cover to the wires is usually -

/.

'0.08lto'0,2 in. (2 to 5 mm;).' The mortar and mesh reinforcement are ///
considered to act largely independent of each other. The degree of .

homogeneity depends on'the7specific surface of wire mesh' "The spec1fﬁc L

-

f\
surface of relnforcement is the total surface area of wire in contact

‘w1th the mortar div1ded by the volume of the composite. Bezukladov (8)

‘suggested. that for a specific surface around 5.1 in.=! (0.2 mm.=1), '~



" the material can be treated as é\homogéneous material.  ?bp); specific ' “
sdfﬁace'less-than 1.3 in.~! (0.05 mm.-!), the material is considered

I
'
.

N 1 . o
'}%o be reinforced concrete.

FE . e .': . v ' ) \ *
.:52'4_'Applicatioﬁs I L \'

"Eanly appli;atiéﬁ‘of ferrocement ‘eemSJto be in boat building

(6-23). There3ié'azgobd amount of literat&re available on fermocement |
S Gt S \ IR

lover boats constructed \

\

...~ boat building technique and its advantages

with reinforced concrete, steel and timber.' Reduction in cost up toy

~ 40% and in. weight up to 5% compared to conveéntional . timber boats wer=z '»
o~ . - . . r \ . . .

: . V | ,
~reported by Nervi (1,2). A comparative cost:analysis of ferrocement
-boats 1is discussedfbylﬁagenbach (7) rTraser (14)’and Shaw (34). The

tptal”cost“of a ferrocement boat compared favourably with other

A;’materials} “There is a saving in basic building materials, namely
o e _ H)ﬁ\“ » o .. - : T ‘.‘ v -
' steel and cement, since it is possible to cast very thin sections with |

ferrocement. Formwork can be minimiied‘or eiiminated because the basic
o : o ; S : :
mesh can be bent by hand into required shapes and mortar is usually . -
‘_ o B & . . ) ) . . . . h

applied directly on to the wire mesh.

T~
~.

' Since the réinforcement is finely 'diistributed -throughout the .
. ner . ¥ a4 x . g 1€

section, only very fine cracks are developed under service loads. It
is. leak-proof. - Other advantéges include higher resistance to impact,
corrosion, better Vibration—damping qualities,.better;f re resistance,

‘minimum maintenance and easier to repair. 1In various countries

: : s
around the world, both

{

produced large numbers

e amateur and professional boat builder have
: : - : .

f apparently trouble free small craft. Lloyds

Regis;er;of shipping in United Kingdom:and'Ministry of‘Transpért"in

Canada have laid downvcertain-regulatory aspects for theiconStructionﬁ'
. S . Ny o '
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of ferrocement vessel (12,14). After the report by Kelly and

. Mouat (6) to the Conference on Flshlng Vessel Constructlon Matfrlals
. i a -

in Canada, 1968A'tqk Canadian Industrial Development Branch‘embarked

‘on the fundlng of 4he five annual programs at B.C. Research to
'S

—evaluate ferrocement for flshlng vessel construction (14 -18). ‘'In 1967,
thé Food -and Agrlculture Organlzatlon of the Unlted Natlons began to
investigate’the possrbllltles of ferrocement as a boat building

material and the first seminar on es gn and Constructlon of\Ferro—
. N I

cement Fishing Vessels was held in Wellington, New Zealand on\ectober

"

1972 (20). 1Prestressing_techniques has been tested‘with success\l?og@k g
, B _ . %) X

ﬂferrocement véssels in New Zealand (23). : ' : g anss}fﬁz

-

The flrst appllcatlon to ClVil Englneerlng structures was

2]

made by Nervi and Baroli (1) in 1947 in the constructlon of an expetl—
mental storage sned for their own use. Many 1mpre551ve and noteworthy
appllcatlons to bulldlngs were later madq by Nerv1 (l 2). At that

.tlme large corrugated shells o{~lOO m. span were bullt with prefabrlcated
ferrocement elements in the central hall and the perlmeter roofs of . y:‘
Hall C.-in lurin,ltaly. It o%fered good appearance, gQod thermal and
sound 1nsulat10n and low wei ht prefabrlcatlon Because of thelr llght
welght' undulated beams of ﬁerrocement are partlcularly well sulted

Y s

- to build!: “cantilever structures by means~of prefabrlcated elements.
Such cantllevered roofs wer

used in Milan Falr bulldlng in 1953
Present appllcatlo s and researth. etfort seem to be centred

Ln the U S. S R. and Easter Europe. Khaidukov (24) descrlbes in detall

'dlfferent types of ferroc ment structures such as folded plate, wavy

_roofs and- shells of s1ngl and.double curvature. From 1957 ﬁo 1968,

over 300,000 sq.m. of feqrocement ‘roofs and many other space structures

'



)

was reported to have been constructed in the U S.S.R. Apart from the
advantages 0 light wei ht, ferrocement ‘is claimed to have a 15 - 25/

saying in steeI‘consum ion and a 107 saving in roof costs. Because

.of\the large number/of _small diameter wires, reinforgement in ferro-

cement has about ld times as much ‘'specific surface area as convention—
ally reinforced concrete (5). This results in ‘a dinsiderably 1ncreased

bond strength. Consequently,/ferrocement can be made to have high
A B 1

tensile strength and cracks are very small even - at failure Therefore, ’

the need for waterproofing can be eliminated Because of its high

LN k . - t

extensibility, ferrocement is specially suitable for hanging roofs.
In Eastern Europe,'ferrocement is being used in the lining'of

mlning shafts and tunnels, as well as for water prooflng and decorative

cover (30) Ferrocement also suits{well to those Structures that

‘owe their strength to form such as thin shells and corrugated surfaces

. Ferrocemént has also been used or suggesged for use for grain—'

storage silos, railroad|ties, storage tanks of water, milk and liquid

'gasef, budys ‘and deep submer31bles (25). It has been suggested as a

- possible. building material for developin§°c0untries, especially for;ﬁ-

roofing of hou31ng construction (26 27) "Other potential applications

of ferr0cement which take advantage of the high ten311e strength to
weight ratio and. watertightness include ferrocement shelter, sandw1ch

panels for housing and permanent "forms for concrete columns (28)

-
-

-

2.5 ExperimentaliInvestigations .
2.5.1 General R : o : o D ~
LT : 't\ o

-Since Nervi's work, research on ferrocement-as an engineering

material has been steadily 1ncreased Its mechanical properties in

> ) : . . . Y



s ‘
uniaxial tensidﬁ and cqmpfession, flexure, impact and fa-igue have
) : ; - -
been investigated by several researchers (30-55). A surv.y of

+

-

/

investigdtions on ferrocgm nt was reported by GﬁWf\ﬁigg'(i6),in 1972,
.énd fefﬁqgemenﬁ aé a coméo:E\Q éateriél was also discuséed. Guidelines
O\ for aﬁaiiéis.anq design of ferrocement elements wefe bresented based
on.available knowledge. There are many variables which affeét the
qeality of finished ferrocement, namély mix'design, waterfcemeng ;atio,
‘type and amount of mesh, mixing and curing conditions, etc. At the .o

-,

p{;sen} étate, no standard tests have been established for predicting
thé designfstrehgth and étiffﬁess aata; Elastic constah;s such as thé//
modulﬁs of'elaéticity (16,3},38,44),;hé ﬁodulus‘of rigidity (37) and ‘/}\
Poiééon's ratio (37) have 5een invéstigatea, But ndvagreéd value; have
béen detefmined. Currently iﬁ appears‘that'ferfocement c%p’be

deéigned on the basis of cbnventional'feégkorced:goncre;e ;hébry and

laws governing éompoSite.materials. The engineering properties,of

- ferrocement do not appear.to have reached a conclusive stage.

2.5.2 Tension: Test Results
: . - :
q‘\.‘ . . N . ) . ) .‘ . . . ‘ ‘
) Ferrocement has considerableé tensile streng because of the
closely spaced mesh reinforceément. However it still cracks.at relatively

"lowtstrgsses,' There ére two ‘major classesuof féilure'of interest:.
'ta) ultimaté rupture-and elbngat;én of eieﬁeat; y
kb) 'thg inflUéncé of percentage and dispe:éion of.rginforcement on
:the development of first c;apk.A
‘ Walkus (3;) sﬁudied the behavior of ferrocemént under axial
teﬁsion, the state of cfacking,?fhe relatioﬁwbetdeen cracks and speéific.

surface of reinforcement.  He concluded that ferrocement differs from
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reinforced concrete by its relatively high speciflic surface ratio

v

(> 0.8 cm~!). A tensile stress- straln curve for flerrocement was:

proposed. Cracking behav1or in relation to crack.leth was also

presented. The stress-strain curve was divided 1n§o flve phases

according to the crack width, namely, linearly eladtlc, quasi elastic,
]
|
nonllnearly elastlc, elastlc plastlc and plastic. \

Bezukladov (8) claimed that the ultimate ted51le ength of

ferrocement is a functlon of the steel alone and that the stress to
»

1n1t1ate cracklng is hlgher in mesh samples -He noted that the hlgher

the s?eciflc surface, the lower the w1dth of oracks
(/
/2 Naaman and Shah (32) sthhdied the 1nfluence of. type,_size and

voiume of wire meshes on elastic, cracklng and ultimate behav1or of

/

ﬁerrocement in unlax1al tension. It was observed that the ultlmate

R
Jéen31le strength of ferrocement was the same as that of the mesh alone.

This is in agreement with the conclu51on of Bezukladov (8) The
modulus of elasticity of ferrocement can be estimated,u51ng ‘the law

of,mlxturefofvcomoosite/material. For the uncracked state,
’ . o

By = Q- V) By VeFr T B T VRLtRU . @

where Ecl is the modulus of elasticity of ferrocement for the uncracked

stage, E& is the modulus of elast1c1ty of the mortar matrlx, ERL is the

apparent mouulus of elast1c1ty of mesh in the loading direction and

\VRL is the volume fractlon of relnforcement in the loadlng direction.

For the cracked stage,vthe modulus of elasticity can be estlmated as:
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This prediction gave lower bound values.

Increasing the specific surface of reinforcément increasgs.
the stress at. the onset of cracking, the numbér of Cfacks to,failure,
- the toughness and the‘eiongation at-ultiﬁate'loag. Stress at first’
cracking~increased iingarly with»increas§ in specific surface
irrespective of size, type and spacing of wire mesh. An analy;iéal
felétion 5etﬁeen;évefage crack spacing and thekspécific surface_of

reinforcement was:developed. The theoretical crack spacing was found

to be as follows:

1.5 1 7N
s (i3 1 | @3-~/ N
LT f {

\

where n = 1.6. With highef specific sﬁrface, the crack spacing décreaséd
resulting in smalier crack widths. Woven mesh with the angle of.weaQe
_greater than O.}7.and chicken wlre mesh Qére.found to be unsatisfactory
-bec;use premaﬁure mortar spallingiof mortar métrix‘was‘observed before

the maximum tensile stress was reached.

Ty

A leakage test on ferrdcement.&as reported by Shah and Key _ >

e i ‘ ‘ \
433,35). It was obserVéd~tha£‘the average number of cracks at failure

. —

S

4

varied linearly~with1}ncféase in spécific éurface ratio. The width of
» cracks at failure depen&s élso on #he yielding characteristiés and
ultimate:Stréngth of s;eel. The use of different.types‘of'sand did
nof"infl§énce the tensile strenéth of ferrécement.

| Desayi anVJacob (36) cpnfirmed ;he findingé of Shah that the
.ultimafe tensile stfength.bf éérrocemeqé was eqqal'to.that 6f mesh

~alone, and that the spacing of cracks decreased with increase in ‘the .

e

specific surface of reinforcement.
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Direct tension tests on ferrocement specimens with different

-~ ~ 4

number of layers of galvanized héxagonal wire mesh and reinforced

- with 6 mm. diameter mild steel bars were pefformgd by Pama, -

Sutharaiédgghaiyaporn and Lee (37). Theoretical modulus of elasﬁicity
and ultimate loads developed from thé law ;f mixﬁures were found to be
%n good agreement with éxperimental reéults;“ The ultimate tensile
strength was‘contfqlled b§ the strength of wire mesh only, with no
contribution from the skelétél steel due to‘prematﬁre bond failure.
Néthan and Paramasiva gBé;SEHOWéd that the tensiieAf}rst c;ack

stress was proportional to qukiﬁic s%y ace of wire mesh only if the .

proof stress correspond to O.AIZ'strain for the various steels used was

i

. !
[ | -

app%oximatély “he same. _Theﬁcracking béhavior-of ferrocement was

‘influenced by the. total bond.stressvbeqﬁeen steel and mortar. The

number of cracks at failure was also influenced by the specific surface -

and proof stress of steel. For a given steel, the number of ,cracks

increased with an . increase in the specific surface of steel. ‘Ductility

of ferrocement material increased with an intréase6%§ the percentage \.

of reinforcement. 4 , T

' The effect of thickness of specimen on the stress at.first

“cracking is very small (39). Experimental tensile modulus of elasticity

as found to. be independent of thickness of mesh, methods of determina-
tion--and size of mesh, and_agreéd with the theoretical value develdﬁedv

from the law of mixtures. Hence, ferrocement was claimed to be an

-

homogeneous méterial. For. low percentage of reinforcement,. the

following expreésions‘dan be used in predicting monlus.éf elasticity

and first crack stress in -axial tension respectively.



el

13

E, = E_ (AJ/A) +E, ' | ) - (2.4) :
| o : /
L I, | . 1.1 v o . ‘
g gl (AS/AC) ot oy 4 | (2.5)

Johnston and Matter (40) investigated the effect of specimen thicknéss,

A}

amount and orientation of:mesh reinforcement on unaxial tensile
strength, efficiency ratio as well as defdrmation, cracking and- failure
in tension. Their findings, were as follows:

D) ‘The tensile stréngth ofi ferrocement is\independent of. the” |
thigkness'of the morﬁar\and largely refiécts that of the :einé

4
L

v

forcement.

N

(2) Orientation of the reinforcement has a marked effect on tensile

/

/

strength and on the/
. “/

relative efficiency of expanded metal éndi'

wedrdéd mesh. /
i

L
(3) Expanded metal aAd welded mesh in,their normal orientations offer

approximately ¢qual strengfh which is about lOZ‘to‘ZOZ more than

-

ekpected for the steel alone. = . /ﬁ‘

0}

. ’ ¢ - ," ,",‘ N )
xpanded metal is superior for uniaxial loading, but is weak in.

o

secondary direction. .Welded mesh offers equal strength in
‘bofh directions, withVSbme weakness on 45° plane. -
(5) - The stiffness of specimens reinforted with expanded metal is

Jsigﬁifiéantly greater than that of specimens haVing'an equal area
of welded mésh. bThe stiffness of ferrocement is largely.dependent

on the geometry and ductili;y of_the_reinforcement'and'is
. N .

th. '

independent of‘the‘steel-étré
S L : A\ \
(6) The average visible crack spacing decreases as,the 'specific

surface of the welded mesh reinforggment'increaéeSxin the same

‘\‘.‘ \\.
- \




»
manner as observed by Naaman and. Shah.

(7) Steel strength is not an imoortant para?eter. Specimens with
expanded metal exhibit virtually no visible cracking untd]l just
before failure. Tt was concluded that the geometry of the
relnforcement and the material characteristics of the steel govern

oy

the load-strain and cracking behavior.

2.5.3 Compression Test Results

The mode of failure of concrete in compression is either a

splitting failure'due to tensile strains generated by the Poisson's
ratio effect or by a'shear‘failured The compressive %trength of mortar
used in ferrocement is usually in the range of 5000 to\8000 psi (35
:‘to 55 N/mm?). Studies by Kelly and Mouat (6), Bezukladov (8), Rao

and Gowder (41), Lee (37) and Johnston (40) show that the compress1ve

strength of fersgcement’ depends primarlly on that of cement mortar

2

The speciflc surface or volume of reinforcement has no 31gn1ficant
"effect because at failure, mortar . splits longitudinally and mesh

buckles. ‘There is some‘lnctease in the ultimate compre531ve,strength“
, S v | . ) : ]

with increase in steel content Y40,41). - However, after about 2 percent
reinforcement, the ultimate compressive strength remains almost

constant. _Steel strength and orientation of mesh reinforéementnseem
. L i ! -

to be of little effect (40). Instead, ‘the geometry ‘of - reinforcement

has a'marked effect on strength Johnston found that ldteral rein-.

- o : ./
forcement influences strength‘much*more-strongly»thanilongltudinal

N reinforCement (40) | ' The lateral steel in the square welded medh can

carry 17% - 42%'Lf,the 1055;' Therefore welded meéh is much superior

_to expanded metal as compression reinforcement as it can' provide

lateral confinement of the mortar. ' 'f
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2.5.4 Impact Test-Resufts ;:

The behavior of ferrocement under compression is similar to .-

that of ordinary reinforced concrete (41). The modulus of elasticityﬁ

v : ' : _ “ .
“of ferrocement fin compression is directly dependent on those of mortar

.-

and meshes, and on volume'oereinforcement, Elastic behavior of

\

ferrocement in compression can be predicted by using the law of

mixtures (37) Roisson 'S ratio decreases w1th 1ncreasing volume

: fraction of the w1re mesh

/{,

ao* (41) concluded that smaller diameter wire/mzsh would be

preferable to use as this gives higher elasticity apd higher ultimate
_ comgreSSive strength for the same percentage of reinforcement with all

other factors remalning the same. Provision of reinforcement in excess

of about 2 to 2 5% is uneconomical as the proportional 1ncrease in

strength is not- achieved

The extent of- local damage due to 1mpact loads an ferrocement

is of direct concern in its marine applicatlons.. Nervi (l) conducted

impact'tests by'dropping a weight of 2 45,KN on to ferrocement.

'samples'of 30 ‘mm. thick from different heights He showed that fdilure -

was not characterised by’ the appearance of-a hole, but by a widely

dispersed area of shattered mortar. The material remained impervious

~and in alcohesive state at failure:

In Kelly's (6) test, impact re31stance of ferrocement panels

was less than expected The failure for panels with 2 to 4 mesh layers

was by cracking at comparatively low loads while that for panels w1th

six or more mesh 1ayers was bylpunching shear at higher loads.

B ".

s



©  Bezukladov (8) .showed that there Wwas- a significant increase in

‘energy absdrbed from failing wéights when Specific surface of wire

mesh was increased. The crushed concrete was held back by 'the mesh

"from disintegratingﬂ However, there was a law of diminishing réturns

in effect in that the: improvement to impact strength was lessene
‘ T . - ¥ .

s

when ﬁore"laxerédof mesh were used.
' Greenius (15) studied th;\inflgence of rod-mesh reinforcement
'-&n/impé&t'loading, Threé‘types‘of mesh, naﬁeiy, 1/2-19 gage Aardware'
clotﬁ, 1/2-16 ga. welded éqnafe mesh and 1/2-22 ga. héxagonal mesh e
" were gsediin equal aﬁounts. ‘Thécpéﬁel containi;g 1/2-19 ga. hardiare
cloth showed better impact'réSistance. It was found that provision
of rod reinforcement improved the sffengtﬁ undé; impact. Steel‘rods
séryed to pprevent éxtensiﬁe'propagation of -open cracks. The paneis
tested'sho&ed no visible cracking. in the.tbp impact surface. Fine
rgdiélmana :ectilinéar cracks weré observed in the bo;tom surface.
;Sﬁah and Key (34) sﬁudied.the‘fnfluenée of sp;cific surface
‘and yéeid stféﬁgth of wire méShwoﬁ imﬁact rgéiséahceibf ﬁéasuring.the
raté éf flow of water.through,a'ferrOcement panel after it was |
sutjgcfed‘té-impact load. The impact loading was applied with the
* double Pendﬁluﬁ meth.d. . It was Conpluded that. the highef the specific’
sﬁrface'of‘reinforcement, or the higher the‘yield strenéth of wire
mes: hé,leéser the leakage rate andutherefore the leééér the damage ™~ °
~due to impac; loading. - | R
.Nathah and Parahasiva (38),_uSiﬂg_Fhe pendulum method, shOwed
that ;hé impact féilufe of ferrocement was confined to area of impact
» andICraCR‘pfbpégaﬁion was iocalised dug to good crack é}résting

)

1:jmechanism; This property imﬁroveﬁ and the energy absorbed increased
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with an increase in the percentage volume of réinforcemen;.
Chang (43), from his dynaﬁic tests on ferrocement beams,
found thatvwhen subjected to>impact loads, no large fragment fell out
from the specimen. The multiple laéers of mesh held the fragmen£
ogetherf Gréater deflection than s%gilép cgnventional.reinforééd
concrete beams was observed. This indicatea that larger enéﬁgy could

be absorbed and ferrocement performed_weil.in resisting dynamic loads.

\

2.5.5 Bending Test Results _ ’ 1 .

) Bending tests involving simply supported beams with point load
at the centre were performed by Collénq(QZ)_and Rao (44). Thi;1type
of loading involved bending and transverse-sﬁgar. Bending tests
reported by other in&estigaﬁors (37,38,46-52) involved third poiht
loading which subjected a section to a constant bending momeﬁt‘without
shear.

Collen (42) imYestigated‘the effect of steel'coqtent on

)

ultimate bending stress, shear ég?e§s and modulus of elasticity. The

\
A

tests ‘'showed  that the ultimate bendfﬁg and'shéar stressesg and the
modhlﬁs of elasticity increased Vith increasé in steel content. The
effects of variatiqns in éement—s;nd and &ater—éement ratios on
ultimaﬁe bending stress were demqnstrated. A maximum stress wag reached
‘with cement-sand ratio of 0.66 for a water-cement ratio of 0.56. The
water-cement ratio was more critical because thefe was quite an
appreciabie drop in étreﬂgth as the water content was intreéééd. Aj
ratio df O.35 was used éo as to provideva workable mix in ﬁhe tests.

Chang (43)ipre3ente£'an-inelastic analysis of flexural behavior
' of ferrocement beaﬁs‘by assuming that the panels behaved similarly ko

N
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concrete beams w1th layers of ¢ closely spaced steel bars./ Mo?znt—~
curvature and load deflection relationships for static. and dynamlc
‘loads were developed. It was found that ultimate’capacities‘and,
deflections predicted by the theory were leas than test results.” Fine
'cracys were observed rn the tension zone at the early stage of flexure
loading. Results from dynamic tests were’aiso discussed. |

Muhlert (44) earried out bending testé’on rerrocement.beams.
The behavior of ferrocement in bendlng follows the normal load—

-~

deflectlon curve for relnforced concrete. These tests showed that the

1
'

‘flexural theory of reinforced .oncrete members can be applied to' ferro-
eement'eiements‘under Vorking loaos as well as ultimate loade, =
’although the_theoreticalmpredictions wére conservative.
Rao and Gowder (45) studied the iﬁflueneebof percentage'of
~steel reinforcement and size of mesh\on the ultimate flexural behavior;
The results showed that the nltimatevbending strength'increased with ;
,rncrease in steel percentage. Modhlus_of-elasticity increased in
‘direct proportion with steel percentaée.h This agreeé with Collen's
reeult. .For the same steel content, modulus of elaéticity and bending
strength were ¢ "shtly greater when smaller diameter'wires were used.
rThe~extensibility was found to increase with the.percentage of re}n—
forcement . ) . < |
- { l h] .
. DesaYi and Jacob (36) observed a definite correlation betWeen
'the flexural strength of ferrocement and a non- dlmen51onal quantlty
. termed as mesh—nortar parameter,,P £, /f {1 This parameter took into
‘account the proportlon of meeh wires in the direction of stressing, and

[ 12N

the strength properties of wire and mortar. Theoretical ultimate



%moment was computed based on the following assumptions:
L. ' . . . . P
(a) The mesh reinforcement is uniformly distributed over the entire
depth of the section and mesh wires are stressed to fs in

compression ar tension at ultimate.

-~
¥

(b) The flexural \compressive stress distribution in mortar at _

nltimate is rec ngularrwith a height equal to 0.68 times the

10 cm. alde cube stength.

(c) - Ten51le strength of mortar is negligible.

This method underestimated the testeqiultimate moment- by about
: - _ ‘ ] T
24 percent. The variation of modulus of rupture treating ferrocement
as a homogeneoué material behaving eiastically up to failure was .
plotted against mesh-mortar parameter. It was found that theé .presence
of mesh increased.the modulus of‘rupture of ferrocement. Proportional
increase in modulus of rupture due to mesh (fr - T )/E . increased
With the mesh parameter. Logan and Shah (46) studied the influence
‘of.volume and specific surface of reinforcement on'flexural behavior
. . ' 1 4
of ferroc :ment beams. It was f/;nd that 1ncrea51ng the specific
surface area of mesh reinforcement increased the moment at first
cracking and the number of cracks to failure, but decreased the crack
width for a given steel stress. The first cracks were about 0.0003 in.
wide. - The following equation for moment at first crack in 1b. in.

units was obtained:

M. . = 400 SL + M T _ ' :‘ (2.6)

A

The average crack spacing at failure decreased with increasing

specific surface. The maximum crack width for ferrocement could be
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predicted knowing the maximum steel stress and the\§pecific surface

of the reinforcement.
a
Logan and Shah defined ‘the cracking moment as those relating

.

to the occurrence of certain crack w1dth Rajagopalan and Parameswaran

(47,48) analysed Shah's result on the assumption that at the'ereggiﬁg

stage, the extreme edge in the tension zonerf-the mortar matrix

e

reached ite peak strain emu. The ferrocement beam was assumed to v \
‘eomhrise of e ferrocement packrin the ten31on zone ohly.‘ The Straln—
space relatlonshlp was assuhed to be linear. The streSs—space relathn—
ship in the compre551oh mortar was llnear while that in the ten51en

zone was paréholic. Computatidhs of crackihg moment assuming cracking
straine of 2004and 300 micrestrains, were.presented, .It was found

that predlctlons compared well with the experimental ualues obtained

by Loganfand Shah.‘lIn developlng the relatlonshlp between average

~

crack spacing and specific surface, Logan and Shah neg}ected the effect

.

of the mortar volume ratio, Vm. Rajagopalan and Parameswaran modified

‘the expression as = OWS:
L5V » T
S " o : o @.7)
LT . . :

where n was the ratio_of the interfeciel,bond stress to the mdrtar P
tensile’étress,'and.was taken to be 1.6 by Shah.

’ It uas obse ved that the relationship between the average'
craekvspac1ng at f 1lure and the spec1f1c surface for'uniaxial tensile.

case also applled to beams under bendlng

Logan and Shah used $imilar procedures in the ultimate_strenith

design- of conventionally reinfored concrete beams to predict.the
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1

ultimate strength of_ferm@cement beams. The strain ia the top
compre531on mortar flbre at lLlgimate was taken as 0.005 and strains
were assumed to be linearly di trlbuted . For ‘an assumed value of the

depth of neutral axis, an equilibrium check w-s = ade. The ultimate

moment for a correct value of a was calculated as

Y |
.
!
. oo o .. n . \
’ . N = Y - . . ! .
i i Ju. o fc ha(a Ra) + i§1 Asfsi vy L (2.8)
: = : |
. \
where vy = di - a . |
o= 0.7 |
- B = 0.4 )

R
Rajagopalan and,Parameswaranwused three strain regimes'to /
| '

ompute the ultimate moment of a ferrocement beam Strain ﬁegime I

denoted failure that occurred by the mortar straln in the extreme
: \ :

compression edge reaching the value of maximum compressive strain and

the flbres in the ten51on zone being above the yleld straln, ef but « .

below the fracture strain, e%u. All fibres yielded and reached

their yleld stress, fs. Strain regime 11 was assumed to occhr
- when the fallure was governed by the mortar reaching its compressive
straln, ecu while the strain‘in‘the fibres in some layers remained

below the” y1eld strain and the remalnlng flbres yleld but do not

|
fracture. Strain reglme'III denoted the failure that the extreme

layer of fibres had reached the fracture strain and the strains in

H

all other fiibre layers are above’the“yield strain, but the cgmpressive
: : strain at the extreme edge is less than ey Expressions wag ‘derived
, ; 5 : _ was

and segments of computer program were written. - The program first -

n
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examined the beam in regime I and confrol was transferred td‘the

- .
. @

‘appropriate segment according to the/fibre strains. * The exp ession§&§

were used to analyze and compare with té%t results by Rao and Gowder

(45) , and Logan and Shah (46). In the case of beams of Rao And Gowder,

assuming e’
m

,y €, e and e being . 300 2000, 4000 and 30 OFO micro-
u co cu fu i

stralns respectively, the average ratio of M (Expt. )/Ms(Calc. was

0.99.

ass

In

-
u’ e , e and e wer

the case of Shah's Heams, e
. ST o\ m co cu ~fu

ed to be 300, 3000, 5000 ‘pd 10,000 microstrains. The auerage

\

. ratifo of experimental ultimate moment- to predicted ultimate mo%ent of

- (b)

give

strength of reinforcement on strength of ferrocement in be
findings were as follows:

(a)

g00

‘strength, plank thickness and amount, orientation, type and
Sk ; , . , ;

i

\

The strength of mortar, whether lightweight‘or normal weight is-

l 05 while that computed using Shah s approach was 1. 27 It
/

ing. |Their

relatively important. A strength of 5000 to 7006 psi was

recommended to compromise between adequate strength and excesslive
‘ . . . 9 - N . . '

N

shrinkage.

4 &rlehtatlon of mesh has a marked effect on the flexural stnength

o

df ferrocement beams reinforced with expanded metal and welded i

mesh.

\

The steel‘elements in the expanded metal made an %ngle of

\ !

22° or_68° with the direction of appliedpstress.f It was |found

that strength in one direction was only about 137 of. tha

o§hef.

The effect was scarcely discernible with woven mesh.
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(¢) Plank thickness was of little importance in the beams investigated.
d)‘ The performance of differentatype'of reinforcing systems of the

/. -~ game yield‘strength'is'Strongly influenced by their geometry and

,/ " method of manufacturef~ For any given effective cross—seetional

:'area of‘steel,'expanded metal and nelded mesh in their normal
orientations‘performedfsignificantly better than wouen mesh or
standard bars even when bond failure was art1f1c1ally prevented

1n “the iatter reinfor01ng systems hFor any given steel content,

the order of pérformance for uniaxial‘bending is expanded'metal,

standard bars, welded mesh.and noven mesh.- In terms of_biakial

bending, welded mesh:offers good pe€rformance in both directions

-

and is more effective‘than~woven mesh and expanded metal which is

~ } o -

-

weak in ‘the second direction.
(e) Steel yleld strength is of relatlvely minor significance on the

_flexural strength of ferrocement f”

. _ o .
"~ (f) A computer program,based on ultimate load analysis was used: to

calculate the ultimate moment} The efficiency ratio which is the

ratio of actual to calculated\ultimate moment was found to be

i

affected by<the,orientation add specific surface ofvreinforcements.
For a given steel percentage,r%maller wire ?;ameter and therefore
higher specific'surfaee'resulted in a higher efficiency ratio.
. ) - ) . . ' ' : L _b
(g) = For asz given steel content, performance was optimal when the

reinfoﬁelng layers were spaced uniformly throughout the depth of
| . .
v o L
the section ' . .k . — A
‘\ ’ - L
Lee (37) performed bendlng tests on simply supported beams.
[

b
'*whlch were subjected to third-point loadlng "It was concluded that the

| \\ ). - o
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load—deflection curve could be approximated by three linear ranges,
namely.the uncracked, the cracked and the yigld ranges. The specimené
were reinforced with hexagonal wire mesh ana 6 mm. steel bars. In
the uncracked r gge, fer?écement could be treated as a homogeneous
and strength could be deﬁermined

site elastic material,

isotropic comp
from the law/of mixtures. The presence of wire mesh did not influence

strength but increased the resistance of the mortar to

i

the flexura
crack propagation. It was observed that cracks coincided with the

diagonal/segments of the wire mesh.
Nathan and Paramasiva . (38) observed that'thérg:was reduction

of modulus of rupture when the percentage of reinforcement was more
. v / »
e bonding

°

than about 3%. As the amount of reinforcement increased, th

between the mortar and the wire mesh decreased due to poor compaction.

An expression for moment at first cracking was derived by assuming

that homoggneity'an&'law of mixtures of composite material were
Kumar and Sharma (50) designed a tWo-point loading arrangement so
that load could be appliéd in the upward direction and crack width

could be conveniéntly measured. The behavior of ferrocement in bending

3

from ultimate strength, cracking and deflection considerations was,
‘studied. Theoretical ultimate moment capacity of ferrocement section
was calculated using the conventional reinforced concrete theory.

The.distribdtion of strains across the section-was shown to be

reasonably linear. It was found that the ‘reinforced concrete theory

-
gave a conservative prediction. No definite variation of momént
- .
arying the specific surface

]
values on crack widths was observed from v



ratio and percentage of reinforcement. The stage at whichxgracking

P ” \ .

occurred, with respect to the ul'timate state was delayed lbqsiderably
. . \

in ferrocement when compared to reinforced concrete. The st Qin

Y

readings measured with a demec gauge at 6 mm. from the extreme Rsnsile

Y

fibre were assumed to fepresent the strain in'the extreme wire mésh
layer. A linear.variatioh between maximum}crack width aﬁd steel strain
in extreme wire mesh layer was obsérved. From the centrai deflection
values, it was concluded”thaf%és the stéel ébntent increased tﬁe
deflectién limit for thé material might be increased.

In 1976, Kumar and Sharma (51) performed aqpther bendinghtest
series on ferrocement.. Two types‘ofvloading arrgngement were used,
namely, a uniformly distfibuted loading and a twb—point ding. It
-~ was concluded ﬁhat conVentional reinfofged.coﬁcrgte theorfy could be .
adopted for prediéting the ultimate flexural strength o%{ferrocement
until a more feliable theory is availabie, The ultimate sprength'and
first crack strength were found to,increase‘linearly wiﬁﬁ increases in
_the pércentage area of reinforcement. On treating ferrocement as a
homogeneous material, thé:ultimate,gtrength and thé first cfack
Strength.éouid bevexéféss;d in’terﬁs of,thg extreme.fibre stress and
lineér relatiqnships were obtained." Differeﬂ;é in steel strengths |
- would not affect the first erack streng&h of.the ferrocement specimeﬁs.
J.FerroCément beams reiﬁférced‘with'different types and amounts
of meshes were tested under montonically inéfeasing four-point loéding
by Balagurg‘énd‘Shah (52) to study the cracking .be viér undér bending.
‘The»load—defiection,curves were observed:fo have [three distinct st;ges:
(é)_ before crackiﬁglof mot;ar,‘ ' ./ -

(B) after thewfirét crack of mortar but before ;;éidiné‘of stegl,

~

194



(c) .after yielding of steel meshes.

The transverse wires of the outermost layer of mesh were
pggngEEEEiE‘EgiiEiohs for cracks. Geherally, the total‘nhmber of
cracks'equalled thébn;@bé%'cf tfansversé Qires and was reached soon
after the first cracking load. _Everything else_bginé equal the |
average grack spacing was generally larger %or spéciméns reinforced
with the 1/2 mesh than for those with the 1/4 mesh: For Fhe same
streés in ;he ?utermOst layer of steél mesh, the éscending order of
average crack widthiof the sbecimeps was thosé reinfqrced with 1/4 mesh,
1/2 welded mesh and 1/2 Qoven;mesh. The specific surfacevof reinforce-
ment did not séem ﬁo influence the cracking behaviér in fléxufe as in
tension. This wasvbeéause in bending, the specific surf&ce of the
tensile zone'of‘mortar around the outefmbst layer of mésh.does'ho;

vary proportionally to the number of mesh layers, used. Using the

actual stress-strain properties of. the mortar and mesh, a computerized

" nonlimear analysis modél was developed to predict tﬁe\moment—curvature

/7‘and’load—déflection relationships of ferrocement beams.. Fourier

series was used to represent the stress—strain‘durves of mortar and: -
mesh. Predictions’compared,well with tested results. The calculated
values of mortar gompressive strain.on the extreme fibre at the ultimate

moment varied substantially -with the type aﬁd number of mesh layers

L

iused, and was quilte different fiom the recommendéed value of 0.003 for

‘reinforced concrete elements. A regression analysis of obsérved_crack

widths showed ‘that the average crack width’wés primarily a linear

function of the stfain in the extreme layer of tensile steel, and did

~

not seem to depend on other parameters found important for reinforced
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concrete. . This results because of the relatively small cover\and the

. o , 27 - /
/ . - f
- \ :

high specific surface of ferrocement beams. 'A simple equétiog\yas

- = \
proposed to give upper bound values of average crack width as a \_'

functioﬁ of the “steel strain in the outermost layer, eS, as\follo&@

N

.

voT és SpR , : ﬁ\ ‘1(2:9)

. B - : . o v\ .
whére.wjié the calculated crack width, ST is,the spacing éf thg i .;’\v
transverse wires and R is ratiorof distances to neutral a#is from \\
extfémé tensién fibre and from centroid of steel. ) Y

N A
2;3.6 Fatiéue Test‘Results o ' o | v

v - . ,
Although fatigﬁe strength may be a criterion for the-design.

of ferrocement boa:z hulls and water tanks due to repeated loadings on’

[4

. o . . . !
the structures, there is little information available on the fatigue

strength of ferrocement. ‘

\\1 Picérd and Lachén;e k53) performea preliﬁiﬁary fétigue:tests”.
on ferroéément plates reinforcéd with'elgctric‘weldéd\yifevmesh and
deformed steel rods. The pléﬁgs‘were subjected to bending‘by applying
a'coﬁcéntrated ioaa at their centres. It waslfound Ehét'the maxi@um.
ldad causing fdilure at leO0,000.éycles wag'aﬁprogimately 467 of tgé o
vultimate st;tic load. 'Mést fétigue,fraéture~in.the wiresi??Zk place .
at welded jgints. | | | » |

McKinnon and Simpson (54) studied the effect of various

fabricated ferrocement subjected to constant amplztu¢e cyclic,loads.'

> !
i

.ugito ten million cycles. It‘was‘concluded-that‘the\ungaivaniéed~
welded square wire mesh impérted'greater'fatigue str%ngth than galvaniiedv

"wire mesh. The influence.of curing methods, namely water-curing and



| A /
steam curing, and mlre type on the fatlgue .strength of expan51ve cement

and Portland cement Type 5 mortar\was studied. 1It/was found that for
a 0.45 water/cement ratio, only the water- cured #&pans1ve cement w1thl
galvanlzed mesh re%nforcememt had better fatléue strength'fhan the
similarly fabricat ld Portland cement Type S/épecimens.d There was.no
significant differé ce in‘fatigue strength.bnt een expansive mortar

|
and Type S mortar f r the same’ curlng méthod and .same type of rein-

/

Karasudhi,ikathew and Nlmltyongskul (55) lnvestlgatéd the

forcement.

effects of theftype of wire mesh on the fatigue strength of ferrocement

'It was concluded ‘that chicken wire mesh imparted greater resistance to

square mesh andiexpanded metal. The fatigue ~ f“

of wire mesh.' | o , .
1 2:5.7 Shear Test RéEEIgsub_”_‘*‘r*-____\~\ o
& . o o fV,

a .

Experlmental results for the tests of shear strength are scarce.

/
/ K

Kelly and Mouat (6) performed some transverse., ,shear tests and found

that the shear/strength varled llnearly w1th the number of layers of

" /" ° :
.mesh. Ferr’cement is not strong in transverse sﬁbar and 1n—plane
. . e {

shéar was 's/umed by Bezukladov (8) as 1520 psi (lO N/mm ) - |

- 2.5.8 Miscellaneous Test Results // AT S
Tests'for extensibility of'ferrocement elements were carried
v \ :

out by Obertj (1). The effects oﬁ steel contents on the elongat1on at'

/ : o

3failure=was studied. é;r wire m#;h up to 12.5 lb/cu ft (l 96 KN/m ),

the exten51b111ty 1ncreased by dbout five- tlmes that of unrelnforced
‘/[/ . “ .

\ ]

: mortar.

/ S



\ physical properties of ferrocement were also presented

composite material.was distussed by,Bigg (16).

! Results of tests on ferrocement panels from Lloyds Register
\'r :

of Shipping was reported by Thomas (12) TheSe included the tests for

.ultimate bending tensile strength ultimate direct ten51le and

l compressive strength, bending fatigue’and thermal condnctivity Other

\ ’ : Beginning 1969, the British‘Colnmbia~ReSearoh Counciliconducted

a five-year program to determine the properties of ferrocement (14 - 18).

v

T~ .
- e - . .

Greenius and Smith (14) reported that no clear relationshlp could be

observed between the. bond area and ultimate bendlng stress of panels with
| .

‘ different meshes. _ The influence of various mortar admixtures and

L _ :
rod-mesh reinforcement,configurations on flexure, impact and :durability

(freeze—thawvand seawater exposureitests)-was studggd (15). It .was

, . : a
w . v ..
found that provision of rod'reimforcement along with -mesh reinforce-

&
ment 1mproved the strength and’ deformability characteristics under.

flexure and impact. Ferrocement w1th welded wire mesh exhlblted

superior strength compared to other mesh types. A mathematical

-

. : . oo & ) . V.
model of analysis of bending 1n'worK1ng,stress‘range was derlved using

conventional reinforced concrete theory. The models predlcted the

-

strengths of ferrocement elements COnservatively Ferrocement as- a

A survey of investi-

gation, guidelines for analysis and design of ferrocement were

presented{ i

The behavior of ferrocement under cyclic flexuraL loa.

‘and under- the stress 1mposed by bolted fastenings, the resistance o

a variety of paint. coatlngs under various exposure conditlons, and

the need for control of 1nternal quality were presented by Greenius.

L.
(17) Test results and conclusions from the‘program were presented

in Reference 18. - . o ‘ -

B
-1
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Tekal Viswanath (5@) reported a full scale test of ferro-
cement precast folded plate‘reiﬁforced with galvanized square\mesh
. : : AN

, i : . : L \ !
and mild steel bars. The folded plate was txapezoidal in cros

section and was jointed atxfolds fgom precasi fgrrocement platj\\:
el?ments; It‘wéslfound'éhqg Ehe majo% contribﬁfidn to deflectioné w?sﬁ
g;used by'flexure. The dgflections caused by-transvepse ;i;p énd‘
sﬁear were found to be 27%. and 3.5%ﬁrespecﬁivel§. ' The teétxunit failed

in shear along the'folded line joints at the diaphragm.

. : ' N . » .
Gopalakrishnan (57) condupted'tesrs\g? three ferrocement folded

plate specimens. The tests showed that the thebretical ultimate®
moment and deflection under wa;&ipg load calcul®mted on.the basis of

. . N

’

¥

\ , _ S N .
equivalent beam section agreed well with-the test results.‘\

o N

-

'Deéayi and Joshi :(58) conducted tests on undulated ferrocement .
wall specimens to determiﬁe the influence of slenderness ratio and

the amount;df‘reinforcemebt. 1t was found that the specimens behaved

like short columms up to a\§lenderness ratio of 38. For the range of
"mgsh used, the ferrocement ﬁlates had an average compressive strength
; of_about 837 of the mortar cube. Methods.suggested,for.the design

of reinforced concrete wall ellements were found to be conservative in

of the specimens.

calculatihg the ultimate'loéd

Chang (59) studied thel\effects of using fibreglas reinforce-

i

ment eon ferrocement panels undetr bending. He found that the' cracking

energy absorption characteristics \could also be increased by as m
» ‘ c;)) “ © _."5 '.{

as 100%. Lload-deflection éurvesrpyedictedﬂby‘using the concepts of

o
AL




moment—corvature_relationships were quite similar to that of,ché”
experimental results. However, the ult rate deflect_Jns of .the spec1—
mens predlcted was . much smaller thanvthose obtalned from test results.

Khan (60) .studied the shear transfer between steel plate and
concrete in flexure. Epoxy, shear studs and‘natural-bond were used.

. _ : '

A‘sand blasted steel surface plus epoxy provided adequate shear -
'transfet, although shear studs allowed the greatest ductlllty
Ferroceoent composite beams were found to be twice as 'strong but less'
ductlle ‘than relnforced concrete comp051te beams -

VPreliminaty'ferrocement mixes in relatioﬁ to compressive
strength;,volumetric stability and workabiiity under:a oarm marine
enVifoament‘was investigited by Kowalaski‘(6l). Shell effect in
ferrocement vessels was studied by Torgelr Moan (62) . A finite

element analy51s was carried out to find membrane and bending stresses

in the-shell. Slmpllfled calculation procedures were proposed.



Chagter.III

EXPERIMENTAL PROGRAM .

3.1 Introduetion

“ © The behavior oféferrocement specimens'subjected to combined
tension and compression was studied'by-testing ten ferrocement

.

elements of ‘test sectlon 7.9 inch. w1de x 7.9 inch. long x 1.2 inch

thick CZOQ mm. x 200 mm. x 30 mm.). The spec1mens were d1v1ded into o

'three serieé-depending on thé specimen geometry-and‘the steel.content
used dA special tension loading fréme was designed to‘fit into a
Baldw1n Testlng Machiné so that ten51on and compressxon could be applled
simultaneoosLy Tension force'was transmitted to the test sectlon

through bolts embedded 1n the enlarged ends of each specimen.
Compre351on force was apolled dlrectly to the test]sectlon ' for

each test, compression and -tension loads, and correspondlng compre551on
"and- ten51od strains were recorded The strains were‘measured\by.
ele;trical re51stance stratn gauges as well as mechanlcal demec gauges.

A general discussion of the experimental progrém is presehted in the

fodowing sectioms. .

3.2 Specimen Ceomet;z ' S ‘ g o o :
The specimens were cast in wood moulds: The shape and dimensions
. . : , o ‘ o

of the specimens are shown-in Figure 3}1. The first three specimeps

were cast with enlarged ends in both vertical compression and horizontal

Q

tension directions. The othér specimens were cast without enlarged

) -

<

. N
. L . v . ;
eﬁgs in th- -ertical compression direction.

32 S



The crose—sectioh of the :est4sectien was kepteeonstant at
1.2 inches thick and 7.9 inches wide (30 mm. x 200 mm.). Th‘:'vsts,ize
was chosen beeahse'it Qes neitﬁef toop large to‘han41e;nof-too emall.
£o obtaih reliabie resuLte; The eniforﬁity-ef the‘cross—seetidh was
maxntalned over a length of &Ovlnches (250 mm. ) The cross;sectidn
was then gradually 1ncreased to 12- inches X 3 2 lhches (300 mm. x 80 -
~mm.) in the horizontal tenSion:direction. The horizontal enlarged
Aetoss—sectiqn was“aaintaiqed eenStant forh5.9 inChe; (1SQ»mm.) at

vboth ends. Four 5/8~inch diameter bolts were placed:at each end- The

distance betheen eentres of two bolts was 2.95 inchee (75 mm.) and
the length of the bolts embedded in mortar: was. four inches (100 mm. ).
. The thlckness of the enlarged ends was lncreased to 3.2 inches sp that_
spirals of two inches in diameterl -could be inserted around the.bolte.
to att as shear’and confipemeht Feinfofeement,

| FOf‘SpecimEDS 1 to 3, the test.seetions were enlarged in both

. s :

vertical end horiiontal ditectioné. ‘Thé hofizontal‘enlarzed ends'were
the.same as describedhabote. “In the Vertieal éireétion} the_cross~‘
section’ was fitet extended 1vinch (25 mmt)-abevefand belowjthe‘seCtion
with same thickness of‘1.2 incheS- The verticel ende wete then
gradually increased to 3.2 incheS thick and 7.9 inches wide over a
length of 1 inch (25 mm.) . The thiekness and w?dth were'then kept
censtant‘over.a length of i'ineh-l The length of'the enlarged ends

was 7:9 inches (200 mm:).

3.3 'Matefiais'Used

' The mortar Conslsted of ASTM Type III, high early strength

Portland cement and flnejsand p3$$1ng sieve No. 4. The water-cement
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and sand-cement ratios by weight were 0.438 and 2.0 respectively for
all specimens. - The average cylinder compressive strength of mortar at

the time of test was about 7300 psi (50.3 KN/m?) and the'éverage

hbrizontalftensiie strength from split cylinder tests was about 468 psi

(3.2 KN/m?). ‘

Welded square galvanized mesh of size 1/2 inch x'1/2 inch
» ¥ =

- (1.27 cm.x 1.27 cm.) was used as reinforcement. The properties of the

\

wire mesh is shown in Table 3.1. The yield strength of the mesh was

obtained by performing a tension test on 12 singleiwires from each

‘test series and then taking the ‘average yield strength.

_Four ASTM A325 bolts of diameter 5/8 inches .were embedded in

each end of a specimen. Two-inch~diameter. spirals made from number 9

‘gauge‘wire were placed around each bolt to confine the mortar. . Hooks

made of number 9 wire were used to keep the spirals in place and to

' provide shear streﬁgth. The detail of the'feinforcement'is shown in

Figure 3.2. o ’ L

3.4 Casting and Curing of Specimens ]

All specimens were cast in wood moulds. The wood mould was

“made of 3/4-inch plywood. Its inside dimensions were 27.6 ihtfx'll,8 in.

-

x 3.2 in. (700 mi. x:300 mm. x 80 mm.). Wood blocks’werevfixed'into,
the mould so as to get thejrequired shape of the specimené. Four

‘ . R . § v
holes were drilleed in each end: block to let the 5/8-in.-diameter bolts

pass through. The end blocks weré-two inches thick so that the bolts

could ‘be placed’ as straight as possible by resting the bolts in the

’hdles. The:holes, and ﬁherefore'the'bolté, could easily be controlled

and képt in,ngd alignment with those j?&tii other édd of' the mould.
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This was to ensure that n bending was induced when tension wasH
. * v T
: i

applied toSthe bolts dur ng testlng. Slnce the specimen was en%arged

I

in two directions, a top cover slightly shorter than the mould
ing

made separadtely. The op cover ‘was connected to the mould by u

four 6-in. |long bolts of diameter 5/8 inches. ‘ w

In |preparing fhe reinforcement, the wire mesh QQE first rut

and bent into layers/slightly smaller than the mould. Four spirhls

were plécediin’both enlarged ends with equal number of mesh layers

above and below the|/spirals. Two hooks were placed‘ar6und each §piral.

The mesh layers weye spread by a small strip 'spacer and. tied togpther
o ; A : ' A o

to form a hlock parkage of mesh. At the transition zones, extral wire
mesh layers of 1 in. x 8 in. were used to provide morelreinfOrcenent,

against any stress concentration at corners. The package of mesh was

.- then placed inside the wood mould. The 5/8-in. diameter bolts were . °

Al

placed through the holes of the end biocks and were embedded fodr
inches Inside the mould.

“he required weight of sand, cement and water was measured.
The materials were mixed in a standard mixer with rotating drum| for

.~

about three minutes. The mortar was then cast into the mould

d was

vibrated on.a vibrating table for about three minutes to obtair uniform

compaction. The top cover of the mould was,preséedrand bolted down to

squeeze out the excess mortar. The compacted specimen was the
g
with a plastic sheet to prevent any loss of moisture. One spe

covered

and four egandardocylinders were prepared from each mix. The |specimen
and the\cylindets were'stripped:24'hours_after casting and then

cured in moist room for seven days. They'were then left in the

‘laboratory environment for a drying period oflseyen days before testing.
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3.5 Specimen Instrumentation , |

"In order to study the stress-strain behavior of ferrocement

under combined tension and compression, local and average elongations

1

of . a test -section were measured by concrete strain igauges and mechanical
: 1 . Wy

demec gauges respectively. ,

Two strain gauges, one longitudinal and one lateral, were
mounted on the centre of each specimen. Type SR-4 electrical’
- resistance .concrete strain gauges of'length 1.5 inches were used.

Their gauge facﬁor was 2.095. The recorded readings from the sfrain

u

indicator were used to determine the stress-strain relationships and

~

Pofsson's Ratio of ferrocement under biaxial Ioading. On the\bther
. . \
~side of the specimen, mechanical demec gauges. were fiounted in both

longitudiﬁal and laterél directions. The distance Eetween;the'demec
gauges in éach direction Qas fivelinches in the first two spé&imens
and two inches in the othérs. ‘The positions_offthe glectriéél.gtrain
gadges ana‘the.mechanicai démec gaugés aré shown in.Figuré 3.1, .
Steel strain gauges were mounﬁed on the‘four.5/8—in. diameter
bolts in the tenéile'léading end with one gauge on each bolt. ihey
wéfe connected.ﬁo a strain indicator.sq ﬁhét the tensile strai;s
%nducedgon eééh bolg could be measpred and adjusted to give egual'amount
of strain in_the fouf boits during loadiﬁg, Ihis’was to_eiimiﬁate $r
minimize the effect of ben&ing that would have been induéed if.thel
: stfains. and'cherefqre stresses. in tHe-four bbits wefe differént.
The applied tension load from a 30 ton‘capacity.hydrauiic,
jack wés measured by using ‘an electriéél—resistamce strain-gauge load
S : o . . ) R = :
cell. The load'ggll_was.calibratéd'befére the test series on fhe»

.
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Baldwih Testing Machine. The relatlonshlp between the applled tension
’loads and the st -ain 1ndlcator readings was linear with an increase of
lO kips for every strain increase of\EOO mlcro inches per inch.

!

. o : ‘ i
\\\376\\Te8t Equ'pment and Procedure H
: 1

/
./' \ - .

//' The investigation was carrled

,/

i ——

out ih the Civil Engineering
Y C

Y, ) . v ’ .
ped%pens were loadedfin_

i

Laboratory a the Unlver51ty oq Alberta

P Y | *

/
compressio;/by using a ZO0,000glbi capac1 y Ballen Testing Machlne
rame’ for tension loadlng was'

A special
I
fitted on the lower compre551o
|

esigned sp that it could be.
AN

|

. AN
n plataﬁn £ the(Baldﬁgn Testing Machine..

‘ /
A 30'tonv%apacity centré hole,hydrauﬂlc jack was used\to apply ten51on
\

to. the speclmens Loading exerted b hlS/Jack was measured by a 50—

‘\ /
ton capac1ty load cell whlch &as cal# rated before the tef series.

. o

. I AN
For each test,vtension was held consjfnt at aCde51gnated vilue while
- |

compression was 1ncreased until failyre occurred.

| l

v o \ o \ i k
3.6.1 Test Set-up )\J l

The test set-up was ag\shown in Flgure 3. 3 Compressiongyas

' . \ &
applled to the test sectlons Ly ov1mg the lower platten of’ thezg aldwin

Testing Machlne upward ' Steel bloc@s of cross- sectlon 3.5 in. ;K 2 in. x

'8.inr (89 mm. X Sl mm. x 203 &m ) were used to transmit the c"pre551ve

| .
force to the test sections. §1nce t?e ends of the spec1mens‘ " to- lO
: . i
: £

were not enlarged in the'vertical,cowpre551on d1rect10ns,' #ra steel

~ blocks of cross-section 1.2 id. x 2—1/8 in. x 6 in.’{30v

x 152 mm.) were 1nserted at top and bottom of the specimgn
each test, the specimen and the steel blocks were centr!

vertlcally placed on the bottom: compression platten of t'e Baldw1n
: o

B
|

During .

and

f

|
|
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N
—

Testiné-Machine. Two strips of ‘1/4-in. plywood were placed between
the specimen and the steel’blocks so as to eliminate the end restraints
on the.specimen. ;.. »i : , - | -
The tension ibading frame céngisted of four Z?in. diameter
bolts and two. 2-in. thick s;eel‘pﬂates. The.steel plate held the
bolts in place and providedASUppofts on the reaétion éxerted from the
hydfaulic jack when tension was applied. The tension loading ffame
was placed on two rollers. The rollers wére two incheé iﬁ diameter
and were placed on the iower compression piatteni ‘Sincé the lowef
compreésion platﬁen‘mb?ed up during compression loading;rché whole
Cenéile testing frame moved up as weli. Therefpre the tensionlframe’
could}follow small movements‘ofvthe speéimens»iﬁ Qoth‘direct%ons

withdut\generating appreciable secondary stresses in the specimens.

T T B SR

-Tension ﬁas transmitted from the hydraulic jack to the specimen through

a stéel braéket to which the 5/8—in. diémeter bolts were éttached.

Each stéel bracket (Figures 3.4,3.5) consisﬁed of a 3/4~in. steel

base blate‘with four 11/16-in. diameter holes, two 3/8-in. side

plates welded to the base plate and a steel rod of l-in. in diameter.

The steel rod was pin-=tonnected to the side plates and passed through

‘the 2-in. thick steel plate.. On tH? loading end. the steel rod was

extendéd to allow room for clamping the hydfaulic ja.. .4 the load

cell to the ténsile loadi é\frame.j The 30-ton éapaéity cerzre hole

hydraulic jack was connected\between the tensile tesrim:. irame and the

\

50 tonlcapacity load cell. Thé\load cell was connected to a strain

A\ [y

indicated which was calibrated to measﬁre the applied tension.
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3.62 Test Procedure

s

After a drying period of seven déys-in.the laboratofy, concrete
straln gauges and mechanical demec gauges were mounted‘on the specimens
Steel straln gauges were mounted on the 5/8’in diamecer bolts in. the
tensile loading end only. During testing, an initial small amount of
compression (half kip), was applied to keep the specimen and the
tension.loading frame in proper position. Then a small tension force
'_was applied. The degree of tlghtness of the n?ts on ghe 5/8-in.
tolts wete checked and adJusted by making the strains in the four
bbolts approximately equal. This was tQ_eliminate-any bending that
might havevbeen,induced on the specimen. ‘For each specimen,,the tension
load was applied to its designated test velue: The tension was 'then
held constant while compression was increased in increments of 10 kips
until failure occurred. Reaeings from the strain gauge indicatcr»and.
Athe mechanical demecmgauges were recorded-fqr each increment of?loading.
Cn‘completion of the .test, photographic records were made to show the

cracking patterns.
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Chapter IV

. TEST .RESULTS

4.1 1Introduction

'

The test results ¢f the ten speciméns are presented in this
chapter. All the specimens were tested to failure by applying seven

to eight increments of compressive load at a constant designated tensile

’

"load. The results were obtained directly, or calculated from
readings during testing. The measurements taken were those of the |
electrical .resistance strain gauges, the mechanical demec gauges,

the calibgated'logd cell, and the Baldwin Testing Machine following

v

each increment. . The principal test results are summarized in a tabular

_manmner. The.graphiCél results include the load-strain felationships'

£700 R
b
N

"bhotoéraphs were taken after each specimen. failed. They§sbow the

s

. for the specimens derived from the strain gauge readings. The

~cracking and failure patterns of the speciméns tested.

4.2 Summary of Teést Results

‘ .Iabléf4.l gives a sumﬁafy vathe principal test results
inéiﬁding failune.lﬁhdé énd correépopding streéses: the Splittiqg and
cqmpfessioq strengths of.tne-mortar.'and the calculated moduli of
éiasticiﬁy éhd Pbisson's ratioé.. For eéch specimen. the tenéion load
was held constant at iﬁs designated test value. Therefore the failuré
load éorﬁespoqu FO ﬁhe maximum compression load. Cm;x carriéd by

;hé épeciﬁen. The modulus S8f elasticity of each épecimen is the



46

\

T . '

\ - N .
secant modilus through 0.5 Cmax' The values are compared with the
A ) L . .

theoretical modullus of elasticity of mortar caltulated according to

o

sectlon 8.3.1 oflACI—318—71/Pyvassuming_that the mortar 15 normal’
weiént,epnefetei'(Thev;oisebn's ratios are calculated by using the
generallzed Hpok;/e Law n? ¢he plane stress condltlon Thfévwill be
diseussed in the éxt chapter. -The, relnforcement details are not

ineluded\in‘the table but are given in Chapter 3t

i
\ . !
4.3 load-Strain Relationships

Tl

/ Tiie load lstrain curves of the spedimens'are plotted in

L

Figures 4.1 tn 4.12. The strains are those read directly from the

electrical resistiance strain gauges. ‘Strains in both tension ané
¥ | “ -

compression directions are plotted. The load strain relationships of

the specimens.unﬂér combined tension and ~compression are plotted in

o

flgﬁres 4, l to 4!10 in numerlcal order of: the spec1mens tested

Speg¢imens 1 and were tested in pure compression after they failed
P P

I
in the transitiod zone under combined tension and compression. - The

S

.

&

4.4, Illustrative Cracking and‘Failure Patterns N

I

Photograbhlc plates show1ng typlcal cratklngnand fallure

patrerns of some qpec1mens tested are presented 1n flgures 4, l3 to

/
. .

.
Eis
~N

compression-strain curves obtained agg;plotted in figures 4.11 and 4.12.

K}
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Chapter V '~

DISCUSSION. OF TEST RESULTS

®

5.1 In;roduction

fhié»chapter presents a discussion of the ten specimens tested
‘ under combined biaxial ﬁension—compression énd the effects of the major
variables 1nvolved The major variables wére specimen géémetry and
amount of wire mesh reinforcement. ﬁﬁé éplgow1ng dlscussion, suppie;
i'mented by the figures in Chapterlﬁvl &E§Cnibes the behav1or of
vindiyidual speqlmen in relatiqn to the above variablgs and the applied
designatéd tensile 1oad. From thévtest results obtéined, it appears
that, under biaxia} tension-compression, there was no si?ﬁ?ﬁ}cént
interaction between ﬁhe ultimate compfessive st;éngth of ferrocement .
and the'applied'tension for the range of loading_used. The secant

modulus of elasticity at 0.5 ultimate compressive. strength and Poisson's

ratio calculated from the test results are also discussed.

5.2 Behavior of Test :Specimens
% B

Ihe test'prqgram was divided into.three geries depending oﬁv
thé specimen geometry and the amountvof wifé mesh reinforcement. Thé
load-strain curves of'therspecimehs under biaxiél teﬁsion—compfession
have,been presented in Figures,A.i to 4.12. During each test, no

1visible cfack,was observed until near failu;e_of the‘spécimen. The
typical failuré'patterns'ofythe speéimeng have been presénﬁéd in

- ) s .
Figures 4.13 to 4.16. The ‘behavior of individual specimens is

discussed in this section.
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5.2.1\’Series I o .

\ ) |
\ The specimens of this series differed with those of the other

two series in that they have a different shape. The compression:ends

were enIarged; The amount of reinforéement used was equal to that in

series tI,‘but waé less thﬁg that.used in series III. The maximum

“uhiaxiaf‘tension and‘compression'expectéd‘wefe'12 kips and 65 kips,
\, respectiXély. This was'calculateq'on thg basis that the teﬁ;¥;2

strength ¢f the specihens depended on that of the wire mesh while the

i compressivi strength of the specimens. depended on that of the cement

v \

o " mortar. |
. \ |
4 . ‘Speciimen 1 was loaded at a compression-tension ratio of 10/2.4.
.'\ . s T ‘ . )
Compression. increment was first applied and tension was then increased

\ B 4 v .
to the design ted value. The specimen broke suddenly right across
the transition\zone at about 90 degrees with the tension loading
direction when .

ension was increased to 10.8 kips at a compression

of 45 kips. The e was no yisible crack or damage in the test section.

/

' Figure 4.1 sBst he relationship of compression and tension strains

__with cogpréssion before and after the tension increment was applied.
The purves%are“fair y linear up to the compression ioading of 20 kips,

which is about 0.45 qf the maximum compression. In this range, at a

\
Y
\

given compression, there was no significant difference in compression
.

strains before and after tension increment was applied.

Specimen 2 was fiirst loaded only in uniaxial tension up to .

8 kips. Figure 4.2 show \ the tension-strain relationship. - The
‘ i

compressionrstrains are veyy small and increase ‘fairly linearly with

ncrease in strain when tension is increased

tension. There is a sharp
: i
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from 4 kips to 6-kips. This may be due to the development of some
micro~cracks in the mortar. When compression was increased to 18 kips

at a tension of 8 kips, the specimen broke at the transition zone.

-similar to specimen 1.

From the tensiog—strain curve of specimen_f, it wé; gqtea
that the tension strain increased sharply when tension Qas beyopd-4'
kips. Therefore specimen 3 was‘loaded,in ?ompression at a constant;_
tension of . 4 kips. Figure 4;3 shows that the'compressioﬁ—tension
strain is fairly linear gp to a compfession of 50 kiés. At al_
coﬁpression of 30 kips, a crack initiating fromAthe lower left Hand
cofnef was observed. The crack propagated té the centre of the test
section. The specimenbfinally failed by the‘crusﬁiﬁg of mortar. The
méximum‘compression was 80.7 kips..'This generated a compressiyve

stress of 8400 psi on the tesf:gsfition. This stress was about 30
‘ Yo

\

percent higher than the averagéchmpressive strength of the cylinders,v

which is 6350 psi.

A

The sandamaged test secgions of specimens 1. and 2 were tested

"

in uniaxial compression after. the specimens had failed in the transi-

‘

tion zone under éombinedhtension—compression. The load\strain éurvés
have been shown in Figures 4.ll-énd 4:12., Both ébegimens failed by
brusping of tﬁe‘mortar. ‘The ﬁaximum compressive lbad'réqghéd for
specimen; 1 and 2 were 100.4 kips and 78;& kips, reépeéti?ely.“‘Tﬁe
corresponding'cbmpressiyé stresses generated were 10,460 psi anq 8170
psi, whiéh weré higher‘than the cylinder compfessive strength. The
increase in éomﬁressivevstréﬁgth may be due to thé'following reééons:

(1) the wire mesh.reinforcement provided lateral_confinement to thes

mortar,
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(2) the enlarged compression ends might contribute some’ compressive -

strength to the test section. ‘~/

=

A typical cracking pattern of the‘ghree specimens?is shown in
Figure 4.1%. .This photograph was taken after speciﬁen 2 was tested
in pure uniaxial compression. Although specimen 3 was suejected‘to a
tension of 4 kips as well as compression, its failure patternvwas
essentially theée same as specimeﬁ i and 2 under uniaxial compression.

They all failed by the crushing of mortar at the bottom of the test

—

section.

In these specimens, the wiréf¢é3h reinforcements were extended.

to the -enlarged compression ends. ,Tﬁis extra reicforcement mightvhave
(  oo provided mqre_tensileGstrenéth to the test section. The enlarged
v@ccmpression ends migﬂt»also have provided restraiﬁt:of horizontal
L _ 5ﬁovements of the test‘Section when tensioe was applied. This restraint
. ~\;togetﬁer w?th some streSstceccentration that‘might have arisen in.the
.ﬁtransitionfzone may be the reascn why specimecs 1 and 2 failed in the
;transition zones under;combinee tensioh—compression. The tension
\kload applied tO'speciﬁen‘B WaSs relatively smeller, so that tensioﬁ
failure}did not;occur.v‘From the test‘results, it seemed'that, for
biaxial tension—compressioc,.it is betéer'to apply compression
ﬁdirectiy to the test sectioc than to transfer:combression through
enlarged ends. /
5.2.2 Series II

This series consisted of three spe01mens which were simllar
. / .
to those in series I except that there were né‘Enlarged compression'
‘- .

ends in these specimens.. The typical cracking pattern was shown din

,.‘. ) e
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Figure 4.14. During testing, visible tension cracks de?eloped whénf
comp;ession was increased to about 50, 40 and 50 kipé fof'spegiﬁéns 4;
5 and 6, respectively. .All three specimens f;iled by crushing of ;hé
mor;ar at the bottom. : i U, |
One side of specimen A:Waé~found to haQe a small shfinkagé

crack after a curing period‘gfd7:days. The;craqk extended‘from the
top right hand corner of the fest section to the centre. ﬁuring‘
testing, the horizontal tension strain gauge yieldéd at a very low

- applied tension of 2 kiés. Therefore only‘quﬁréssibn strains were

WY
/

/

recofded and plotted against the compression loading as shown in’

A | ‘
s \?1gufegéiﬁ;\\Tension was kept constant at 4 kips and the ultimate
;o T - ! :

compression load reachet 55 kips. . The compression load—stra;n

tcgrﬁe.ﬁas linear up to‘aBout,3O kips which was about SQZ of the
‘ﬁaiimum-compression. At about SO‘Eips, tension cracks develqbea},
On further increééing of load;qg;‘the wire mesh'réinforcement at the-
bottém bulged out:and mortar was crushed. |
Figure 4.5 shows'tﬁe compression load-strain cufvé‘of séegimen
5. The specimen was loaded in compression.to'SA kipévat'a constant
{ténsion'of 4 kips. At 40 kips éompressibn, ajcrack'devgibped from‘
;hg boﬁtom. o ,
From the 1oad-;tréin curve, it can be 6bsérQed5ﬁhat there was
a sharp increase in ‘tension strain Vhen compreséiopvwas increasedvffpm
20 kips to 30 kips while compression strains remained fair;y linear
with compression loading. The shérp increasé in‘tensithSCraih might
‘be due tovgﬁe’devélopment of micfo;craéks. |
| Sbecimen 6.was first loaded at a tension/compressioﬁ ratio of 1.

Strain gauge readings wete‘taken at load increments of 2 kips. Tension
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<

' : R O .
was then kept constant at 8§ prs’andvthe»maximum compression reached

was 59.4 kips. The load—strain' urve was shown.in Figure 4.6. It

3 R

is interesting to note that thew ¥oad-strain relationship is non-linear

even at low compression loads.

5.2.3 Series III

This séries consisted of fouf{ ¢imens. The amount of

-
A

reinforcement was more than that used 1n the other two series Ten

Cae-

layers of wire mesh were packed into the thin cement mortar. Figures

4.15 and 4.16, show the typical cracking pattern of the specimens.

.-

No visible cracks. could be observed until the spec1mens were near

failure V151ble ten51on cracks, for specimen 7 shown in Figure 4.15,

developed at about 3 kips before the specimen failed. The sbecimen

then failed by the crushing of mortar. It is interesting to note that

‘the. cracks are smaller and less in number than those in series 11,

load-strain relationships of the four specimene have been
shownrin Figures 4.7 to 4.10. The curves all'exhibited a similar

'

shape except there were different initial tension strains due tg

.

different tension load applied. The compression stralns were linear

with compression up to about half of the maximum ComPIESSlOn that- could

be resisted by each ~specimen. Tension was kept constant at 4, 2, 6,

8-kips for specimens 7, 8, 9 and 10, respectively. The maximum
compression loads of the specimens were about the aame, except
for apecimen 7 where the maximum compression was 63 kips.. No signi-

ficant interaction between the applied tension and the maximum
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compression was observed. The load-tension strain curve of specimén

7 consists of two linear portions with break ¢ 'curring at load ranging
from 20 to 30 Kips. Probably thigAbreak:was due to some micro-
cracking devéloped in the mortar. The load-tension strain curves

of specimens 8 and 9 are fairly linear up to-a load of 40 kips. The
load-tension strain of specimen 10 is non-linear and ié quité'similar
to that of specimen 6;' The non-linearity of the curves in,boéh
specimens is likely dué to the relatlvely highuapplled tension which

stressed the wire mesh to beyond 1ts proportlonal limit.

5.3 Modulus of Elasticity

R
Secant moduli of elasticity at 0.5 maximum compression strength

of _thé'specimens under biaxial tension-compression were calculated

and pfesentedﬁgﬁ_Table 4.1. Tt was observed that the compression

load—compressijg strain curves were linear up to about half of the

maximum comprezgive load that could be reached for each individual

. !

specimen. The f:>ommended relatlonshlp between the modulus of /

elasticity and che strgngth of concrete given by ACI is:
E = 57000 /EL . . . (5.1)

Using the cyligdef.étfength for‘éach specimen from test pésulgs,.
the.correspodding modulus of elasticity was calculaéed. ‘These
’recommeﬁded values are:abodt 2% to lOZ higher than the experimental
values; No data wés available for specimen 2 because tﬁe specimen

broke when compression was 18 kips and there were insufficient points
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éﬁa%‘to plot the load-strain curve under blax1al tension—compfession. For

: t
specimen 5, the difference between the recommended and experimental

values is high, about 38%.

Attempts were also made toO calculate the modulus'of

elasticity and Poisson's ratio of the specimens by solv1ng the.
' L

following two equations at different load levels.

e i

€ = '.[oX —-voy] ' o (5.2)

|

£ = [qy - voX] , . - (SL})

Poisson's ratio‘'were found to vary from specimen to specimen,

ranging from 0.1 to more than 1. The values of modulus of elasticity

calculated using these twoO equations were even smaller than the

secant moduli of elasticity.

5.4 Poisson's Ratio

Attempts were made to find the~Poisson's ratio of the
specimens from the experimental load-strain curves. The specimens
were assumed to behave elastically, homogeneously and 1sotrop1cally

for loads less than 0.5 maximum-compression so that the following

biaxial stress-strain law was applicable:
] .

| I SR | :
rex h ES [Ox YOy] . - _ (5.4)



Using the above equation, Poisson's ratios at different load
levels were calculated for each specimen The ratios were found to
vary. from specimen to specimen, ranging from abodu

0.2 to about 1.0.

However, there was no definite variation pattern ¢f the ratios. The

Poisson's ratios of most specimens were much higher in comparison

‘with those of concrete which is about 0.2. It wds Found that thé .
ratios in a specimen were'higher when the applie “tension was

larger. ' . ' - \

5.5 General Discussion

This experimental-nrogram consisted of ten speCimens tested
under biaxial temsion-compression. The'éomor ssive strengths of the
specimens in series IT and III were qulte cloFe.to each other except
for'specimen 7. Itvappearedvthat the“anodntlof wire mesh'reinforce—

ment had .no significant influence on the inﬁeraction of tension and’
) o . ] . e \" RN . ' -
compression. If a combined tension-compresgion strength curve was,

drawn from the~test results, the curve wou be a straight line with

» e ~ . \(

~ constant compression belng equal to the un}ax1al compre551onfstrength
*nd dropping to zero when the applied tenﬁlon approached to thet <7

uniaxial tension strength of the spec1mens
o ] ! [ T oL
- In this_experimental program, a 4pecial tension frame was s

designed as presented in section 3.6. DLring testing, tension forces

“

transmitted to the bolts were made equal by adJusting the strains

in the bolts as close to each other as p0531ble. This cauld be done

,

by adjusting the degree of tightness of the nuts on the bolts without

much problem. The alignment of the bolts could be controlled by using

hE
i
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the wood mould described in section 3.4. It can be concluded, that

this method employed to transmit tension to the test sections was

4 satisféctory.

vDuring,eécﬂ teét:'teﬁsion and compression strains were
measdred by both electrical resistance straiﬁ'gaugés.and mechanical
demec gauges. It'&aé found tgat the strainsﬂob;ainedufrom mechanical

demec gauges were constantly higher thanﬁ;hose obtained from electrical

resistance strain gaugés and were not presented in this report.
Ultimate strains of the specimens could not be recorded due

to the sudden failure of the specimens at maximum compression. Fromf
the extrapolation of the compression load-strain curves, it was.

found ‘that the average ultimate compressiﬁe strain was about 0.003

- Y

which was equal to the suggested ultimate

. reinforced concrete.
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Chapter VI
SUMMARY AND GONCLUSIONS

6.1 Summary - .,

~In thls 1nvest1gat10n, a brief review of the appllcatlons of
AN .
ferrdcement as well as a survey of the various experimental .investi-

gations.are presented, and ten ferrocement specimens were tested under

biaxial tension-compression. Ferrocement is a highly reinforced

‘cement mortar.in which the reinforcement‘?&nsists primarily of layers

of wire mesh. The wires of the ‘mesh are usually 0.02 to 0.06 inches

= F

in diameter.. Since it is possible to cast very thin sections with

ferrocement, there are savings in basic materials, namely steel . and
- . . o o ) 2
cement. Early application oﬁ ferrocement seemed to be in boat-»

fU

building and the first application of ferrocement to c1v1l englneerlng

was made by Nervi and Bartoll in the constructlon of a storage shed.

z

Ferrocement'is suitable-for gast—in—si

cons@ructlon and for
: ﬁf‘x '
prefabrication. In some cases of cast in-si constructlon, only a

mirimum of formwork is'required because mortar can be applied directly

on the wire mesh. Ferrqcement hai been used for grain-storage silos,
s o L , . . R

-~

railroad ties, storage tanks for water, milk and liquified gases and

By

vunderwater structures‘» It has been. suggested for use as a bulldlng»

5 X . R .

materlal in developing countries, espec1ally for rooflng&of houslng

'construqtlon T A number of 1nvestigators‘have examlned the engineering -

‘

! ' .
prOperties of ferrocement such 'as tensile strength, compressive

ot SRS aRp .

strength ‘flexural strength 1mpact strength and fatigue strength.
__/

Tensile strength of ferrocement depends,mainly on that ofvthe wire N

1
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, - : «

. b .

2 - . . i
g _ S S o
<

mesh while compfessive strength depends on that of the cement mortar.
: : il -
Conventional reinforced concrete theory can be adppted to predict the. :

.fléXural~strength"conservatively until a more re}iable‘theory becomes

s
b

Lo
_,(avaLlable.
\ The behavior of ferrocement under biaxial tension—-compression

was studied in this program. Special tensile frame was designed to’
N . {l

transmit’ tension through 5/8-in. diameter bolts to the test sections.
Compression was applied by using a Baldwin Testing Machine. The

pfincipal variables included were the specimen shapes, the amount
1

w T

of. wire mesh reinforcement and the values of the applied tension. R
For each specimen, the tension load was applied to its designated

value and was then held constant while compression was increased

»

until failure occurred. Load-strain curves for the specimens were

plotted. The behavior of the specimens was:discussed with respect to

’

the load-strdin relationships andﬁthe cracking pattern. ”

6.2 Conclusions \
6.2.1 Conclusions from Various Experimental Investigations

(a) General
Ferrocement is suitable to structures which have strength

through forms and structures like silos, water tanks and hanging roofs. ,

B

Damage due to impact .n Zerrocement has been. found to decrease with
3 : N

increase in specific surface and ultimate strength of the mesh
. . R ! - ' . ¢ o .

reinforgementi“Welded wire mesh is superior compared with_oﬁhef mesh
from a uniaxial strength-point of view while expanded metal is
. B . . . . N N - . M , M . .
. B . ] : a . . ¢
superior -in biaxial loading.: The fatigue streangth of ferrocement is

"dependent on ﬁhe fatigue»pﬁ%¥erties of reinfo{ceﬁent.

Q-



74

(b) Uniaxial tension" ) ~

/ , .
%i) Ultimate uniaxial tensile strength of ferrocement is

-
|

‘about the same as that of the mesh alone. ! Orientation‘of

‘'wire mesh has a marked effect on the ultimate tensile strength.

(ii) Tensile stress at first cracking increases linearly
S o ‘

“ with the specific surface ratio of the reinforcement.

(iii) For one type of wire mesh, increasing the specific

-

surface of reiafbrcement increases the number of cracks to
failure;'decrgases the spacing of cracks and results in
finer crack width;.

- (1iv) "Modulus ;f elasticity and extensiﬁility inbreégé with
the steel conteng.; Modulus oj e;asticity'can be é@éserva—

/

tiveiy~predicted by the law of miitures of composite materials.

(¢) Uniaxial compression

(i) There is no significant. increase in the compressive \

strength with increidse in steel content.
(ii) Modulus of elasticity in.compression increases directl
with increase in steel content.

(iii) For the same steel content, the use of smaller »\
| v i N Lo - \
diaméfer wires.will increase the compressive strength and the\
= AN . - . ' .

.o L

;o -
|

/modulus of elasticity in compression.
. ] o : . . ."‘ . )
(i%), Orientation of the reinforcement has a relatively
minor effect in compression compared #ith «ts -effects in
"a . Con e . . L R
tension. and flexpre. Lateral reinforcement influences
H o . . B - -
-compressive strength much more strongly than longitudinal:

;réinforgement.
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(d) Flexure ‘ ' ‘ . :

(i) The behavior of ferrocement elements in. flexure is very

' o

similar to that of rginforéed concrete. ‘Conventionall
reinforced concrete theory can be.used to predict the
ultimate bending sﬁrength of ferrocement”unéil a more
reliable theory becomes available.
(i) Ultimate flexural streﬁgtﬁ increases wi;h the steel Lo

content. Modulus of elasticity in bending and stress at j

-

first cracking increade linearly with increase in steel
content. The number of cracks developed increases with an

increase in percentage of reinforcement.

(iii) A direct correlation exists between the ultimate flexural

L

strength and a non~-dimensional mesh-mortar parameter which

takes inta account. tiod of mesh wires i% the

direction of stre¥dfs strength properties of wire

and mortar.

(iv) Orientation of wire mesh, has a marked effect on
. 3\

ferrocement reinforced with eXpanded,metal‘an‘welded mesh.i

. . . N R v ? 3 : N
. (v) Increase in specific surface of reinforcement will -~
increase the momep;‘at first crack and the. number of cracks,
. T ; e : . . N A . .
but decreases the crack width for a given 'steel content.
., . ’ : s : \

(vi) For the sémé steel content, modulus of elagtiqitx and

bending strength are slightly gfeﬁtér when smaller'diameter‘

*~ . wires-are use”. . A BRI
o o _ - . - P L N

. ,;\,-} ) [ . ) . ) , ‘ . s .
© (vii) Mpment at.first crack‘in flexure depends on the area of
"reinforcement, thickness of specimen, proof stress of rein-
N ‘ . ol ]
forcement and modulus of eTasticity of .the composite material.

o . | 3

o

| o A - ; L g
v\ . ‘..' . : ’?f&v
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6.2.2 Conclusions from Experimental Results

#

Eté: the‘test results, it appears that there is no significant
interacgign between fhe,ténsion/and éompression for‘the specimens
tested. The amount qf.wire mé;h does.nof influence the interaction
signif;cantly. A tension-compression stféngth curve drawn from the
test results would be a straight line with constant compression
almost equal to the uﬁiaxiéi compressive strength and then dropping
to zéro as tension épproaching to the uniaxial tensile strength of the
specihens. The load-éompreséive strain curves undef biaxial tension-
co@pression are-fairly linear up to 0.5 ultimate compreésive load.
The ultimate compressive strain was found to be about 0.003.

The averhge secant modulus of elagticity at 0.5 ultimate

t 4.2 x 10° psinwhich was

compressive strength was found to be ab
, S

smaller than the value caiculated agtording to the ACI‘éodeAsuggestéd

t

for a'feinfoyced concrete member. The values depend on the Poisson's
ratio effect and the ratio of the stresses in both the longitudinal

and lateral directions. Attempts'Have been made to calculate the .
Poisson's ratio of ferrocement under combined tension-compression.

It was assumed that the ‘specimens were homogeneous, and behaved
isotropicélly‘and elastically for loads 1éss than halfléf the ‘maximum

compressive strength. However, the values calculated varied from

‘specimen to specimen and there was no significant pattern of

variation. A'fu%thét'tes;ing progrém Qould”be required for a better .
: . ) Ay - . oy . .
‘ ""') ~ 9 >

-understanding of the behavior of ferrocement undét combined-.tension -

av -

» -
and- compression. A e

£,

B
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