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_-;.undersfand ferrocement as an engineering material"

‘growing’ popuiarlty of this material basic demgn_'-
sirformation is scant. The' influence: of types,  sizes,:
-and. velumes of ‘wire meshes  on efashc. éracking,

" predicted ‘from: those  of mortar and esh. The

“-analytic relation’ between- crack spacing. and - the-
specific ‘surface -of ‘the. reinforcement was devel:
_.oped. ‘The  relatively. large . specific . surface -for
= ~ferrocement: may account for’ the combination of
ver sma” wwH'h oF crac!(s and: hlgh 'I'ensﬂe sfreng’]‘h

_ ds:; composﬁe materials: crack wud’rh and
. “spacing; cracking (fractiring); ferrocement modu-

'__si'reng'l' i) wire’ clo{'h

l FERROCEMENT IS A TYPE or remforced concrete
"-'1n Whlch the matr1x is mortar and the reinforce-
_ 'rnent consr.sts pr1mar11y of Iayers of wire mesh. In

35 to lin. (9 fo 25 mm), and- the fraction volume of._

::used"'ferrocement for boats: and- buﬂchngs1 there

been given fto_ predrct the: mechanical propertles
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_ .compresswe strength of ferrocement (reg _rdles
*.the number of mesh remforcement) seemis: _to be-
=rnuch Jhe- same: as that of- mortar alone Bt

The .cope o'F +|'ns mveshgahon was - +o beH-er-" o
nd. to predict its’ design  properties. In- spife of - .'

..« scope of: this 1nvest1gat10n was to. evaluate’ tens11
.'ulh_ma’re behawor of ferrocemenf’ in umaxaal S

. tion on ‘which a rational: de51gn may be based If'
. ferrocernent is better understood as an’ engmeerl

of mesh alone Wh'le ifs, m°d”|"5 °F e]a-"’“c'*y can be - material and its 51m11ar1t1es and d1fferences from:

_'specific surface of the reinforcement strongly in-
. fluenced the cracking behavior of ferrocement. An. " -

“sandwich' panels;’ c’ontainn'ie'nt ‘and: t'ransport:at_i:o
of l1qu1d natural gases -..plpe' "and shells.._. S

~us of e"E'S'hf:l'}y. remforced concrei'e' research

_ - practlce ‘the wire'diameter ranges from 0.02 t0.0.06
ne (05 to 15 rnm) the size of mesh ranges. from -

.mesh_fr m4to 8 percent Smce Nervi successfully.

been: 1ncreasmg 1nterest in: this’ materlal for:
'rnarm andi‘cwxl engmeermg structures Books-_‘; o

- iCircle} Chicago; I,

T Cornsll :Universify. "He  is. the author. of s several “publicati

1 :conerete:: ' He has: besn- activ

probably to buckhng of - the: relnforcernent': h

propert1es of ferrocement and to prowde mforma

conventmnally remforced concrete ‘are explore
wider use of: this" materlal ‘may- be _possible
Among its “possible uses may ‘be hard - sklns “for:

- EXPERIMENTAL PROG.RAM

ultimate behavior of ferrocement spec:lmens sub-
jected to uniaxial tension was 1nvest1gated in tl'ns':': 5k
study (See Table 1) The fraction volume of steel’
vaned from 1 to 8 percent the szze of mesh (1 €, .ot

ACI member Anfome Naaman is feach:ng assrstanf, Massachu :
seits Institute " of TechnologY, Cambrldge, ‘Mass,- Affer he: re- ;oo
ceived a diploma engineer degree in 1964. frem Ecole Centrale, S

.. Paris, France, he ispent 1 year:in: gradudte: sfudy in: remforced-;' b

- and prestressed’ concrefe: af’ The CHEC Paris.’. Later: he' worked .|’

* a3 a strUefural desigh engineer in’ Lebanan and: With! cansu]tmg‘

. engineers Lalonde: and Valois in Montreal Canada He: receivéd:
“an . MS§: degree from MIT and is: currenfly “working: towar

: jPhD degree : :

““mentiof: ‘Materials’ Englneermg, Umvers it

: Departmen_f of i Civil Engm
:-: Technglogy, Cambndge Mass

r: Shah rece:ved hls PhD: from;

-'_dealmg ‘with' fracture and_behav:or of' plam and reinforce;
: h research’: and developrh ]
ok Farrocement; Jatex madified mo ar,_ ]
“gates; = both - .-,Un_iversifie’
“member’ of /ACI commitiees
Fiber Relnforced Concrefe i

the compos1te.f om: thos of the components Sl'nce“:'E



naaman
Text Box
Naaman, A.E. and S.P. Shah, "Tensile Tests of Ferrocement,"  Journal of the American Concrete Institute, Sept. 1971, pp. 693-698.


_TABLE E-—-—TEST PROGRAM

B e i AN 3 R Total fractlon T
SRURL | -1 S SR L Mesh S No. of . volume of rein-
- series. . | type = : . layers .- forcement

“-Al- U Woven; square
Vi 0| 008 X 026 dn,
AT wire dlameter 0.025 in. "

TRy Woven, square
o708 % 0.5 n: Do :
S BB | wu‘e dlameter: 0063 in: v

ST Wf};ien square g _
c3 Ll wire diameter 0035 in.. .

DY :Woven square |
B R INa BN 05 i
i w1re dlameter 0041 in o

By Full hexagon ;

: (chlcken w;re mesh)

ot 11 3/8 1 R
o wxre diamEter 0035 in, : -

; -:Half hexagon SRR
7: {sparrow. netting)
108 xX'1.3/8

“wire” chameter 0032 in,

”V.Voven square ’ L
025)(0251
RN wn‘e dxameter 0025 m.' S

: "Woven square e
L Wire dxameter a 041 ing

: .Welded square
ERE X 374 0 5 m :

S 1% 1 .

B 5 .
s iwire dlameter 0063 in.

13,5, v o9
79 B T e

8L

285
to .
855

o 0'.

*Specmlen dimsensul:gs in inches for Test Series- A B, and c =1 >< 0425 >< 10; for all other RN

Foniigeriegi= 3% 0 :
; 1 zn = 25 mm; 14—22 ps1 P 1 kg/cm2 e

ere spacmg center-to center) varled from 1/6 X

1gated mcluded square woven, welded and_

xagonal chicken wire mesh. All were galvanized.
The sand-cement and water- cement ratios of mor-
ar"rnatrlx were. 15 and 0.6 by weight, respectlve—
Y Type III cement and fine silica sand (ASTM
C.109). were: used throughout the 1nvest1gat10n

1';jspec1mens Were Water cured for 7 days under :

ab_oratory temperature (72 F) before testmg

Seve_ral serles of spec1mens, mostly 3 1n W1de y

' Wldth To check 1f thlS analy‘ncal procedure_ s

vahd some crack W1dth measurements we

" durmg tests usmg a hght m1croscope anc __ the1ri'_'

- values.. were well. Wlthln ‘the” analytlcally e
ones.® All given: results are an averag > of

E _three samples B

ULTIMATE STRENGT.H ELONGATION o
" AND TOUGHNESS.

Ultlmate load resisted by all ferrocernent specz—"

mens made with square meshes is shown in F1g 1 : =
It can. be seen that the ultnnate load of the com-- L

the re:nforcement in the Ioadmg dn'ectlon The'-.":- o

typlcal load-eiongatlon curves for fer_rocernent:
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CRACKING BEHAVIOR' .-f:-._'__-_smn of the. mesh the h1gher the stress at  fir
o W1th an 1ncreasmg Ioad on. specn’nens at a cer-'-'. - crack (Fig. 3) In Fig. 4 are. plottecl ‘the stresses of
fém load an. mdentatmn in the load-elongation first erack agamst the speclﬁc Surface of rem:force--
curve was observed. The slope of the load-elonga- ment Sy, which was defined as the total surface:-__
tion curve decreased after that load (Fig. 2). No area of Iong1tud1nal reinforcement per unit volume__:;_
: transverse cracks were. observed before but one or’ of the composite. It can be seen that relatlon be-

several cracks appeared - after that in dentatlon' tween stress at first crack and the: spec1f1c surface___.
hi at Was %Eefme d as occurrence of first is about the same regardless of mesh size and type
is* p01 h b hich of steel. This means that the total. bond forces be-:
ack. It Was observed g at spec1mens with higher tween steel and mortar play an important role in- :
volume of the same type of mesh relnforcement. influencing cracking behavior of ferrocement, just -
1gher stresses at first crack. In addition, it~ asin conventionally reinforced concrete - =
o always appear that for the same fractlon_ - - After the occurrence of first crack, the number'-_. S
ne "f remforcement the smaller the drmen- .of cracks kept mcreasmg w1th 1ncreas1ng Ioad but i
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""at a. decreasmg rate It was: observed that thei.
_'_hlgher the volume of steel the larger the number'- _
the smaller  the’ average " erack

of cracks, ie,
spacing. The parameter which most inifluenced the

f'__ﬁ'._"'_forcement ‘This can be seen in Fig. 5 where the
- spacing of cracks at fallure is pIotted agalnst the
::spec1f1c surface .

“In Flg 5. a theoretlcal predmtmn of average
"crack spacmg versus spe01f1c surface of reinforce-

cSSenhally the same as: that derived for- conven-

] __e"-mlmrnum (8 = 1.5) and the ratio of bond
trength between - the mesh and mortar to the ten-

'-.-_t1onally reinforced prisms as. well.. Fmally, it is
3 "'_concluded that the’ crackmg behavior of ferroce-
o oment: -is: sm’ular to' that: of conventlonally rein-
fa f:forced menibers except for. the following differ-
: ".1'-"3ences 1 The specific’ surface of reinforcement 'in
" ferrocement is about 10 times that of conventional
reinforcemerit. 2. The presence of transverse rein-

o srderatmn of bond.
_ * Similar influence of spemflc surface of . rein-
' ."forcement on cracking of ferrocement has also
been observed by Bezukladov, et al.l' and Shah

. 'spacing of eracks was-the speécific. surface of rein-

"tlonally_ remforced concrete by Robmson"10 It 15 o

s:."'me that the average crack spaclng is 1. 5 tlmes-

sile: strength of the mortar n is 1.6. The analysis.
s ‘given: in more- detail by- Naamam8 By plotting
- results of other 1nvest1gators it was observed that .
~this. formula ‘predicts crack spacing for. conven--

g 'forcement in ferrocement decreases the crack'
- spacing beyond that accounted for by the con-’

S the spemflc surface the 1ower the Wldth of .cracks
';-Whlle Shah and: Key reported that: the: rate: of
leakage of ferrocement plates subjected to- 1mpact-'-::
loading was 1nverse1y propcrtlonal to the spec1f1c i
surface BERESEA . T TR

MODULUS OF ELAST!CITY

Moduh of- e1ast1clty of ferrocement specmlens,-::. i
after the first crack Eo are shown m F1g 6 _The*-

nient s also. shown The theoretical formula was -
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and _the volume fractlon of longltudmal reinforce-

.'EFFECTS OF MESH.GEOMETRY

it
WOVEn: mesh reinforcement, the weaving angle of

ts fangent (a—tga=—

sive strength and at the _same t1me obtam very
'small crack widths. - : :

9. The’ ultlmate load on ferrocement specunens
ested was.the same as the load carrying capacity
0 'the reinforcement in the loading direction.

3. The modulus of elasticity of ferrocement in
ension’ can’ be approxzmately predicted by the
aW of mlxture of comp031te materials.

i Increasmg the. spec1f1c ‘surface of reinforee-

sverse reinforcemen

b .fexperlmental values are. compared w1th a mmple' o
“analytical model based on. ‘the law: of mixtures of.
‘composite ‘materials.: It can be. seen that:lower:
-;:'bound values for compos1te modulz can be: pre-
"-dlcted w1th the knowledge of moduh of mesh Ezs,

.greater than about 0.12, and chlcken wire: mesh--:__

: of Technology, Cam‘ondge Mass Prov1s1on of Tacilities
1t owas observecl that mesh geometry 51gn1f1- .
‘nfluenced the behawor of ferrocement In -

‘thank the F. G. Wright: Steel and Wire Co,; Worcester

m'__sh in the Warp__dlrectlon o approxzmated by © .- Mass.~ and: Gilbert- & Bennett . Manufacturmg Co,
- wire. ‘diameter/wire spacing) .
: great 1mportance in the determination of the -

.'thls znvestzgation f
parent modulus of elast101ty of the remforce-_f . B “

_'potent1a11t1es,” 'L’Ingegne're Jan: 1951 (Enghsh tran
_t1on by Cement and. Concrete Assoc1at10n, London)

3 “.Cement. Bout, Samson Marine, Enterprlses Lnfmted Lad-_ .
“ner, B. Gy ‘Canada; 1968 120 pp:

._Boat-Bmldmg—Its Techmque and:Its I‘utu're g ohn de'
.Graff, - Inc, Tuckahoe New York; 1969 106 PR

- Works . Review (London) V. 54, -No. 631, Feb 1959‘;._:.-
p.195. :

* a Fishing. Vessel Constructmn Material,” Conference ‘on

. . 1968) Br1t1sh Columbla Research Councﬂ Vancouver,; BN
rea or SpElelC surface than conventlonal rein- - : G

orcement Tl’llS appears to be the main reason. Why._ '
t-was: possrble by usmg h1gh strength remforce- T
; : : Depaztment Massachusetts Instltu

the same order of the mortar matmx compres- e

'ment increases the stress. at the onset of cracking,
the’ number of cracks to fallure ‘the toughness and-: o
‘the elongatxon at’ ultimate load. The maximum
! _alue of elongatzon and toughness is: determmed-__-‘

'.'fet al "Shlp Hulls Made of Remforced Concrete

:_--_Russm as Naosths Translation No. 1148, Nov.“1968

;-: '-'.as & Materlal for Offshore Structures 1. P'roceedmgs,
.;_.._.Offshore 'I_‘echnology Conference"'Houston, Apr i 1971
¥ --.'--_ﬁPaper No.' 465.

S - This; paperwasrecelvedby 1he_: Institute 0'ct.':l'5,' 1970

produced premature spalhng of mortar matrIX
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