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Performance Crateria for Ferrocement

Antome E _ Naaman*

. The increasing application of ferrocement'as a structural material has created the need for
specifications related to its usage similarly to those developed for reinforced. concrete and steel
structures. To satisfy this need soine guidelines.and requirements related to specific applrcatzons
of ferrocement, siich ois boas building; have been already publashed The guzdelmes and crater ia
presented in this paper dre move general in nature and should be applrcable to most Jfer rocemenr
structures; they summarize and update previously published work and present a new expanded

sectwn on deszgn requzrements and satzsfactory ver formance Deszgn examples are developed

INTRODUCTION

The i mcreasmg apphcatzon of ferrocement as:a structural matenal has created‘ the need

for specifications related to its usage similarly to those developed for reinforced concrete and
‘steel structures, Such need has been. already identified by the ferrocement boat urdustry as

witnessed by some recently published requmements on the construction of ferrocement boats

J[1-3]. Ina recent paper Shah [4] has r ov,lded Ientatlve recommendatxons for the constructmn

structures and guarantee thelr safe performance . Also, they are of great value to professwnal

users and practitioners as they prov1de 4 moré rational basis for des1gu

Legally speakmg, speclﬁcatlons must” come from and be oﬂicmlly approved by. various

‘technical organizations and govermmental agenciés. Asto thé author’s knowledge; a document
.containing such specifications will not be available in the near future, it seems that some more
‘getteral: guidelines, not necessarily related toa spec1ﬁc apphcatlon of felrocement w111 rep1esent
fa valuable first step toward such a goal : pE

* Based on (1) the above mentloned requxrements [1-4], (2) an extensive series of tests
to investigate the mechanical propernes of ferrocement {5-10], (3) a number of tests on ferro-

‘cement wall panels [11] {which mcluded corrugated panels and sandwich panels) and ferroce-
fment water tanks [12] where remforcmg paxametexs load deformation resporse, cracking,
‘leakage and cost characteristics were stud1ed (4) an extensive survey of ferrocement and

reinforced concrete related liter ature Whe1e some forms of speclﬁcatlons or recommeudatmns
were found and analyzed [13-24], and (5) a survey of the apphcauons of ferrocement in some
typical structures [25] where remforcmg parameters and other var1ables were observed {Table
1), the author is presenting these guidélines and the corresponding des1gn ‘criteria for the
construction of ferrocement structural members. v

They are divided into four major sections, namely: Materials, Testing, DeSIgn, and
Construction. : ‘

* *Asdociate Proféssor of Structural Desngn, Department of Matenals Engmeermg, Umvermty of Iilmms at

Chicago Circle, US.A.
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Table 1. Ferrocement: Current Ranges of Composition and Properties
. . . 0.020 < ¢ < 0.062 inches
Wire Diameter: 05 <¢< 1.5 mm)
. Chicken wire or square woven or welded wire
Type of.M.e..sh.. _ _ galvanized mesh; expanded metal
B | qnis dri v '-1/4<in$1inch
g B | Siz of Mesh Openings: (" 2y 2 5 )
g % Number of Mesh Layers: })’pto 12 layersfper inch of tlnckness (Upto 5
'3 £ B : ayers per cm..of thickness) . :
[

Fraction V_ohime of

Upto 8% in both directions corresp'onding to up-
to 40 pounds of steel per cubic foot of concrete

Sand-to-Cement Ratio:
Water-to-Cement Ratio:

Typical
Mortar
Composition

" Reinforcement:
(630 Kg/m3)
Specific Surface of Upto 10in?/in3 in both directions (Upto 4cm2/cm3
Reinforcement: in both: directions)
o %a’- | Type: . Wires; wire fabric, rods; strands
o ‘E o . . .
g B8 . . 1/8 < d'< 3/8 inches
§ | Diameter 3 <d< 10 mm)
:g g g . Grid Size: 2 < G < 4 inches
=~ '_;46 ' (5< G < 10em
m .
Portland Cement: Any type depending on application

1 < §/C <.2.5 by weight
0.4 < W/C < 0.6 by weight
Fine sand all passing U.S. sieve No. 8 and having

Recommendations: 5% by weight passing No. 100, with a con-
tinnous grading curve in-between
2 ) _ 1/4 < t < 2 inches
g Thickness: 6 <t< 50 mm)
B 1/16 < ¢ < 3/16 inch
o . S
& Steel Cover: (15 < c < 5 mn)
-% Ultimate Tensilé Strength:  Upto 5,000 psi (3,445 Nfem?)
8 | Allowable Tensile Stress:  Upto 1,500 psi (1,033 Njem?)
8 Modulus of Rupture: Upto 8,000 psi (5,512 Nfem?)
Compressive Strength: 4,000 to 10,000 psi (2,756 to 6,890N/cm?)
GUIDELINES
Materials
Cement

The cement is to be ordinary portland cement and shall conform to the ASTM standard
C-150. ASTM Type 1 is recommended; other types of portland cements may be used if special
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properties such as high early strength and sulfate resistance are needed. The cement should be
fresh and of uniform consistency. Where there is evidence of Jumps or any foreign matter
in the material, it should not be used. The cement is to be stored under dry conditions and
for as short a duration as possible.

Fine Aggregates (Sand)

Sand shall be obtained from a reliable supplier and shall comply with ASTM standard
C-33 for fine aggregates. It should be clean, hard, strong, free of organic impurities (ASTM
C-40) and deleterious substances. It should be inert with respect to other materials used and
of suitable type with regard to strength, density, shrinkage and durability of the mortar made
with it.

Grading of the sand is to be such that a mortar of specified proportions is produced with
a uniform distribution of the aggregate, which will have a high density and good workability
and which will work into position without segregation and without use of a high water content.
The fineness of the sand should be such that 100 7 of it passes standard sieve No. 8. Table 2
gives some guideline on desirable gradings. :

Table 2. Guidelines on Desirable Sand Gradings

Sieve Size Percent Passing
U.S. Standard Square Mesh by Weight
No.§ " 100
No. 16 50-85
No. 30 25-60
No. 50 40-30
No. 100 2-10
Water '

Water used in the mixing is to be fresh and free from any organic and harmful solutions
which will lead to a deterioration in the properties of the mortar. Salt water is not to be used,

Admixtures

Special considerations shall be given to the addition of materials to the concrete for special
purposes, Approval may be given by the consulting enginecer, when the material is to be added
to directly or indirectly reduce the water to cement ratio or according to approved standards,
if any,

If admixtures are used they should conform to federal specifications 8S-P-570B and ASTM
C-260, C-494 or C-618. The usé of additive not covered by the above specifications (such

as polymer latex modified mortar) shall be based on test data to comply with the specified
mortar properties.

Mortar Mix Proportions

The recommended mix proportions for a typical application are: sand-to-cement ratio
by weight = 2, and water-to-cement ratio by weight = 0.45 to 0.5. The sand-to-cement ratio
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may be increased 16 2.5 when shotereting is used .to account for the. loss .of particles caused
by the rebound. Other mix proportions than those recommended here (Table I) and admix-
tures such as water-reducing agents may be used provided the specified properties such as
compressive strength are attained. Attention should be paid to'estimating the moisture cormtent
of the aggregate in order to provide a reliable control of the water—cement ratlo

Quantities of materials are normally to be determined by welght although the aggi egates
may be determmed by volunw due allow'mce bﬁlng made fm bulkmg dueto molsture =

The slump of the fresh mortar shall be the lowest possxble that w111 permlt thorough
compactmn and. should not exceed 2.5 mches (6. cm) the 28-day compression strength of 3.in.
% 6 in. (7.5 x 15 cm) moist cured cyhnders should not be less than about 4000 psi (2756 N/cm2).

. Control. of the sand fineness modulus: (ASTM. C:33.or- €-330), water-to-cement -aid ag-
gre gate-to-cement ratios should be carefully maintained to provide uniform properties through-
out the structure.: The general requirements for comstituent materials and mortar quality
shall also be guided by Chapters 3-to 6 of the ACI 318-77 bmldmg code reqmrements for
reinforced conerete. . : L

Paint Coating

For ferrocement Wwater retaining structures pamt is” recommended on both surfaces.
Any good quality epoxy paiiit such as, for example, Sikagudrd’ HI-BILD 664/9 or equivalent
is acceptable. The paint should be stable and durable for up to a specified temperature and
pressure as well as chemically inert for the type of local water used.

Steel Reinforcement

The reinforcement should be clean and free-from a.ll loose milt scale, dust and ioose rust,
and coatings such as paint oil or anything that might reduce bond.

ay -Wire mesh,: - Several types of mesh' reinforcement can be used: ‘galvanized chicken wire
. mesh, woven or welded square galvanized meshes, or expanded metal sheets. Square
type meshes are recommended if isotropic properties of the ferrocement material andfor
if accurate aprzon prediction of these properties are desired. Woven or welded square
- galvanized wire mesh shall conform to ASTM standard A-185 with.a wire diameter of not
more than 1/16 in. (1. 5 mm) and 2 yleld strength at 0.2 % « oﬂ'set strain, in excess of 65, 000

- psi (448 MN]mz) L, .

b) Welded wire fabric. The welded fabric which can be used in combination w1th wire maesh
- shall comply; with ASTM standards A=496 and A-497. . The minimum yield strength of
the wire shall be (according to ASTM A-82) 63, 000 psi (448, MN/mz) for the smooth wire
and 70,000 psi (483 MN/m?2)for the deformed wire, The wire diameter shall preferably

be less than 3/8 in. (10 mm) when used in ferrocement. Sl

¢) Rods, wires, strands. If used, reinforcing rods shall be as specified by ASTM A-615 and

ASTM A-616 for grade 60. If presiressing wires or strands are used, they shall comply

_with- ASTM A-421 -and-ASTM A-416:- Pleferably all shall have dlameters smalier than
3/8 in. (10 mim) when used in the ferrocément wall:- St



Journal -of Ferrocement : Vol 9, -No.- 2, April 1979 e

Testing

- This section applies essentially to large or-unusual ferrocement structures-where little
previous experience exists. Such typical structures include water retaining or carrying
structures and large water tanks of more than 10,000 galions (40000, Ilters) capacity.

Pr elzm inary Tests
The preliminary tests should include:

a) The compresswe strength of the mortar {based on cubes or cyimders) in order to determme
suitable mix proportions, and in accordance, for example, with ASTM standard C-496-66.

b) The stress-strain curves in tension of the different types of steel reinforcement used, espe-
cially the wire mesh in order to determine strength and modulus of the reinforcing system
and predict crack widths.

c¢) The bending properties of ferrocement plates which are representative of the proposed
design (ASTM C-78-64). These tests should reflect predicted stremgth and cracking
behavior; they should show: (1) that failure is by rupture of the steel reinforcement (for
better ductility), (2) that the modulus of rupture assuming a homogeneous elastic section
should be in excess of a certain specified value, and (3) that the maximum crack width
should be less than or equal to a specified value.

Quality Control and Delivery Tests

During and after the construction, the following tests should be performed in order to
assure quality and uniformity of the ferrocement material and serviceability of the structure:

a): Specific weight of fresh mortar (ASTM C-138). "

b} Amount of entrained air (ASTM C- -260).- RO ST :

¢) Compressive strength of mortar specunens cured in place of 1 7 and 28 days and moist

- cured for 28 days. -

d) Split cylinder tests (ASTM C-496—62T) ‘and’ ﬂexurai strength (ASTM C-293) on 28-day
moist cured mortar specimens. .

¢) Tensile tests on samples of wire. mesh xemforcement in order to determine their stress-
strain characteristics, . S

f) Flexural tests at 28 days on ferrocement plates fabncated at the same ttme as the structure
and cured on site, using a method identical to that for the structure..

g) For water retalmng structures pulse velocity tests at several Iocatlons on the surface of the
structure (after the curing period but before filling with water) to. ascertain that no voids
are present inside the wall and that the finished mortar is compact and ‘homogeneous.
Where the consulting engineer suspects any Volds in the sheil e may request suitable
cores to be drilled out for. exammatlon

h) After.completion, the structure is to be closely inspected for surface defects and care should
be taken to patch these defects with epoxy filler cement or sunllar approved filler. Water
retaining structures shall be filled with water, before bemg painted, in order to detect any
leaking pinholes in the surface; these must be closed using an epoxy based adhesive or
equivalent. The surface will then be presumed watertlght and subsequentiy will be painted
under dry conditions. S e R,




20 Journal of Fervdoement = Vol. 9, No. 2, April 1979

Design

Ferrocement is a thin highly reinforced shell of mortar in which the steel reinforcement is
distributed throughout the section so that the material under stress acts approximately as a
“homogeneous’ material. " ‘Any design related recommendation for ferrocement structures
should depend on the type of application and should be based on a rational analysis supported
by test results. However, in view of the present state of knowledge of ferrocement and except
for special applications where an accurate analysis may be necessary to. guarantee safe per-
formance, the following guidelines for ferrocement made with plain mortar and square steel
meshes should leadto a satlsfactory performance Engmeermg Judgement must be exercised
if other types of meshes are used. :
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a) The total volume fraction of reinforcement V,-in-both. d1rect1ons, shall not be less than
1.89. The total specific surface of reinforcement Sy, in both directions, shall not be
less than 2 in2fin3 (0.8 cm?/cm?). . About twice these values are: generally recommended
{and more for water retaining strezctures). In computing the specific-surface of reinforce-
ment the skeletal steel may, be disregarded while. it may be considersd in computing V.

Tabie 3 Remforcmg Parameters for Ferrocement '

Minimum ¥, (approx.)* L 8 %
Minimum Sy, (approx.)*  2in2fin3 (0.8 cm?/cm3)
* Mesh opening st
Number of mesh layers  N>40¢(tinin)
N<£1.6¢t (tin cm)
Cover C,,,,E:' '(a:pprox_.) o 1 2mm {t g }in)
P o =5(@=%m)
 <3/16in. (5 mm)

*It is recommended to double the above values for water retaining structures.
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b) The recommended average net cover of the reinforcement is about 1/12 in. (2 mm).
However, a lesser value can be used provided the reinforcement is galvanized, the surface
protected by painting and the ¢rack width limited to a low value. It is also recommended
that for thicknesses larger than 1/2 in. (12 mm) the net cover shall not exceed 1 /5 the
thickness ¢ nor 3/16 in. (5 mm), in order to insure proper distribution of the mesh through-
out the thickness. ' L

¢) For a given ferrocement material (without skeletal reinforcement) of thickness 7 the recom-
- . mended mesh opening s should not be larger than ¢. Furthermore, the number of layers o1
.- -mesh N should be such that:.

N =4

. If skeletal reinforcement is used it is recommended that the skelctal reinforcement does
.. 1ot occupy more than 50 %/ of the thickness of the ferrocement material. For this case use
.. N>4t where t' is the thickness in which meshes are distributed s, ¢, and ¢ are in
. inch units, ' ' o N L '

" T order to predict the behavior of ferrocement under service load conditions, an elastic ana-
lysis-similar to .that: of reinforced concrete “Working Stress Design’’ method is acceptable
provided the modulus of the steel mesh.system (which may be different from the modulus
of the steel wire) is considered. Ultimate load can also be predicted for flexural members by
analyzing ferrocement as a reinforced concrete member (or column) using the ACI ultimate
strength’ design method. For tensile ‘meémbers the 1oad at ultimate can be approximated by
the load carrying capacity of the mesh reinforcement alofe in the direction of loading.

If the working stress design method is used, allowabie stresses for the constituent materials
and for the composite have to be specified. Suggested values are shown in Table 4 and de-
scribed below: : '

Table 4 Allowable Tensile Stresses in the Steel

Non-water retaining structures | _ ]‘; =0.60 j;, N ._
Ex. for f, = 65 ksi
‘  f;=39 ksi
Water retaining structures - fi=30 kst
Fatigue loading (maximum allowable For=30 ksi
- stress range) - (fatigue life of about
a 2 % 108 cycles)

d) The allowable tensile stress in the steel reinforcement may be generally taken as 0.60 5
where f, is the yield strength measured at 0.0035 strain; however, for water retaining and
sanitary structures it is preferable to limit the tensile stress to 30 ksi (207 MN/m?) unless
crack width measurements on a test model indicate that a higher stress would not impair
performance. The above values hold provided the pitch weaving of the mesh system is
moderate in order to insure an adequate modulus.
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For _pure tensile elements in ferrocement, an allowable tensile stress in the composite
of up to G, 1000 psi (7 MN/m?) may be used as a first approxunatlon to determine the required
thickness ¢ of the element; then the required area of steel in the loading direction 4, can
be determined using cracked section analysis.

) The allowable compressive stress irl the composite may be taken as 0.45 £, where f, is the
specified compressive strength of the mortar measured from tests on 3 x 6in. (7.5 x 15 cm)
cylinders.

f) For férrocement structures to sustain a minimum life of two million cycles the stress-range
i the steel must be limited to £, = 30 ksi (207 MN/m2). A value of £, = 36 ksi (248 MN/m?)
can be used for one million cycles and 55 ksi (380 MN/m?) for 100, 00_0 cycles.

Although the design of ferrocement structures is often based on stress limitations or
strength critéria, the concept of serviceability, i.c. , acceptable overall bchavmr uuder service
load and during service life is becoming prcvalcnt Serviceability in concrete structures is
often related to cracking behavior and crack widths. Little quantitative information, however
exists on cracking in ferrocement. The following limits and prediction equations can be
used as a first approximation and until more substantial experimental data become available.

g) It is recommended that the maxiniuin value of crack width be less than 0.004 in:" (0.010
mm) for non-cotrosive environment and 0.002 in. (0 005 mm) for corrosive envu‘onmcnt
and/or water retammg struétures, :

h) The maxlmum crack w1dth for ﬂexural members can, 0 be predicted asa ﬁrst approxunatlcn
using the following equatlon [8]:

M))uzasxsxﬁ=£XSXﬂ .  aiiaeeen (1)
. Eg '

where ' '

g, = strain in the outermost layer of steel

f, = stress in the outermost layer of steel

S = mesh opening size

B = ratio of distances to the neutral axis from the extreme tensile fiber and from
the outermost layer of steel

Eg= modulus of the reinforcing system
[Note: Ep = Eg ~ 29 x 106 psi (203 x 10> MN/m?) for welded mesh ;
Ej, may vary from 15 to 25x 10 psi (105 to 175 MN/m?) 103 for woven meshes
depending on the pitch of the weaving as observed in various tests]

Note that equation (1) is valid for both the U.S. and metric system. It is an equation based
on theoretical considerations and is recornmended here mostly because of its simplicity
Regression equations based on experimental data [23] were also developed and can be used
instead, to predict average and maximum crack widths in flexure. They are given by:

23000

W, - 0271 f,— 339104 ... @
R
and
W= 200 02245, 4300 @

R
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where

Wa = average crack width, in,
W e = maximum crack width, in,
Js = stress in the outermost layer cf steel, ksi

If the metric system is used, equations (2) and (3) become:

15.9
Wav = (f;'"gs) ........(4)
Ep
and
.anmx:Eﬂ(I'zfg'; 199 I ) reeeens (5)
ER

where crack width is in mm and steel stress and elastic modulus are in MN/m?2,

i) To predict crack widths in tensile ferrocement members, one can refer to the theoretical

Forany f, < 20 8§, = Jsta (Stress at crack stabilization)

" _ o
WW=ER o ceni (6)

«.-where W, is given in inches, Sge 10 i1, £, in ksi and E, in ks, _
For  f, > 2058, '

Woar = 1074 [6.9+(ﬁ—2osﬂo]29_§°°. o O
‘R

If the metric systern is used equations (6) and (7) would lead to the following:
For any f, < 345 S, S ' - '

. Where £ isin MN/m2, S,, in cm-l, W, in mm and Ep in MN/m? :
for S > 345 Sy,

L W, ;.%9‘_[17&3.69 (f - 345 SAL)]' | | e )
- R

1) Test results on cyclic loading of ferrocement beams have indicated that the averagé and

maximum crack widths at a given load keep increasing with the number of  oading cycles.

+ ‘This may be due to the effects of cyclic creep of mortar and bond deterioration at the mesh
 mortar interface due to fatigue. ' ‘ IR
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The following relationship was found acceptable to represent crack width data, average or
maximum, under fatigue loading up to about 909 of fatigue life:

Wode™ (10)

where
W = average or maximum crack width

A = value of crack width at maximum load under static test.
It could be predicted from equations (1) to (5)

e = base of Naperian logarithms

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

B = a parameter determined from the experimental data and described in (9). A
constant-value of B=1.67 is proposed for N, > 450,000 cycles which is generally
the case for most design svtuatlons

In order to use equation [10] the number of cycles to failure Nf is needed. A regression analysis
of the data [9] between stress range in the steel and the number of cycles to failure has
Jed to the fo]]owmg relation ; :

fsr - 1523 — 19.5 log;o Ny e (11)
where _ _
f.» = stress range in the outermost layer of steel in ksi
N, = number of cycles to failure

Thus if £, is known, Ny can be predicted, or if a certain value of N, is required by the design
the corresponding limit on siress range can be determined.
Using the metric system, equation [11] gives

fo~1050 —1345log o N, e (12
where f,, is in MN/m?,

Ilustrative examples showing the use of the above design criteria are given in Appendix A

Construction
Fabrication of Reinforcing Cage

The wire mesh and/or mesh fabric or rods are to be placed and shaped to the structure form
Adequate reinforcement are to be placed locally where higher stresses are expected.

The different layers of wire mesh should be carefully and securely tied together and to th
central layer of coarser skeletal reinforcement (rods or welded wire fabric, if any) in order
provide an as even thickness as possible and to avoid movement during the placing of the mor
tar.

Any multiple discontinuities in reinforcement are to be avoided and an adequate overla;
is to be provided according to the following recommendations : and overlap of at least 3 in
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(7.5 cm) or six times the mesh size whichever is higher is recommended to assure continuity
between the ends of a layer of mesh; where reinforcing rods are joined, the overlap must be in
accordance with the recommendations of the ACI 318-77 Building Code, Section 7.

If holes are needed in the shell, they should preferably be cut before plastering. Adequate
reinforcement must be placed locally around holes to account for stress concentrations. The
locations of holes should preferably be where stresses and pressures are minimal. Additional
protective coating such as epoxy sealers must be provided around connections,

Mortar-Plastering

Mixing, handling and compaction of the mortar should be consistent and closely super-
vised to ensure high quality material. The builder should be guided by established codes of
practice such as the ACI 318-77 Building Code Sectzons 4 and 5.

The mortar must be thoroughly compacted during placmg to ensure the absence of voids
around reinforcement and in the corners of any framework.

Under no circumstances should the mortar be compacted simultaneously from both sides
of the reinforcement in one operation. Vibrators and hand rodding can be used if necessary to
ach;eve better penetratmn and dlstnbutlon

The mortar should be placed w1thma. reasonably short penod of addmg the m1xmg water
and with continual agitation during the waiting period. During handling and placing of the
mortar care shall be taken to avoid segregation of the mix. . - S

When plastering of the structure is done in more than one operation, care is to be taken to
ensure 2 sound joint; same shall hold for the main joint between the foundation and the tank
wall. The use of bonding agents where mortar _]OlntS are made will be given special considera-
tion and has to be approved by the consulting engmeer Under 1o cnrcumstances is any bond-
ing agent which is unstable in water to be used. ' S

Apertures for various fittings should where possible be formed prior to placing the mortar
(or may be cut after completion and curing of the hull if it is shown that this last method is
equivalent}. All apertures should have the bare concrete surface adequately sealed before fixing
the skin fittings.

Shotereting

_ The application of the shotcrete technique to ferrocement reduces the dlﬂiculty of adequate
placement of low slump mortar with trowel or hand. The two known methods of shotcretmg
the “dry” and the “wet” method are both acceptable for application in thin shall structires.
In either method the material and process must comply with the ACI Standard 506-66*Recom-
mended Practice for Shotcreting.”

Curing

Ferrocement structures are to be properly cured once the mortar has taken its first set
(which occurs 3 to 4 hours after mortar application). The set mortar or concrete is to be kept
wet for a period dependent on the type of cement used and the ambient condittions. The
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method of curing should normally be by water spray but other proven methods are acceptable
such, as steam curing and membrane curing. The temperature of curing must be above 50°F
The contractor should be guided by the ACI 318-77 Building Code, Section 5.

Painting

The ]_Jail_.lt. if needed or d_esired should be applied after completion of curing and after the
surfaces have been dried, Manufacturers instructions should be followed.
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APPENDIX A
" THusirative Design Examples’
The following variables will be nsed throughout: 6ompfessive strength of mortar fc’=5000
psi (35 MN/m?);: elastic modulus of the woven reinforcing mesh Ej = 23000 ksi (159,000
MN/m?); steel stress-strain curve assumed elasto-plastic (Fig. 1) with a yield strength f, =

70000 psi (483 MN/m?); allowable compressive stress in ferrocement Gy, = 0.45 f," =2250
psi (15.5 MN/m?); modular ratio n = 5.4. .

Teﬁ;ile_ Eleﬁien_t

Desigﬁ the wall of a ferrocement cylindrical tank subjected, under service load, to a
maximum hoop (ring) tension T = 500 lbs/linear in, '

~ Assuming an allowable stress o = 1000 psi for the composite leads to the required

thickness: L . : ,
i _.__5000 - 0.5 in. (125 mm)

The amount of streel A, per inch wide strip in the loading direction is obtained assuming

a cracked section .and an allowable tensile. stress in the steel f, = 30 ksi (207 MN/m32).

Note that this stress satisfies the recommended limits for water retaining structures and for
fatigue loading; thus : ' '

T 7 30000
Assume the reinforcement consists of woven wire mesh with 0.5 in. (12.5 mm) wire spacing
and a wire diameter of 0.042 in. (1.07 mm). The cross-sectional area of one wire equalt
0.00138 in? (0.89 mm?); the number of wires needed per inch equals (0.0167/0.00138"= 1%
wires), As two wires exist per inch and per layer of mesh, six layers are needed to provids
the required value of 4. It can be checked that the thickiess ¢ can just accommodate them
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The total volume fraction of reinforcement in both directions, assuming square mesh,
is given numerically by:

2 x 0;0167 - 0.0668

sz

or 6.68%. The corresponding specific surface of reinforcement is given by:

Sp = 54_5= 4 x 0.0668
@ 0.042

Note that the above values satisfy all the recommendations to qualify the composite as ferro-
cement.

= 6.36 in.%/in.3 (2.5 cm2/cm?)

As the predicted value of the steel stress at crack stabilization (20 Sj,) is high compared
to the service stress, the maximum crack width is given by equation (6):

Woas =~ = 000087 in. (0.022 mm)
ER

which is less than the limit of 0.002 in. (0.05 mm) recommended for water retaining

structures,

The above design has largely satisfied most limitations, Note, however, that an allowable
tensile stress of 1000 psi (7 MN/m?) in the composite generally leads to a high volume
fraction of reinforcement. The reader- may want to check that if a stress of 800 psi (5.5
MN/m?2) was used, the following alternative design: would have been acceptable: f=0.625
in. (16 mm) and same area Ay, of longitudinal reinforcement; the reinforcement consists of a
square skeletal steel grid [2 in. (5 cm) wire spacing with wire diameter of 0.125in. (3:2 mm)}and
four layers of the woven wire mesh used previously; the corresponding value of V,is 5.5%
and Sy 15 3.99in.2/in.3 (1.57 cm?/em3); assuming the same modulus of elasticity as above leads
to a stress at crack stabilization (20 Szp) of 40 Ksi (276 MN/m?) larger than the service stress in
the steel; thus the same value of maximum crack width is also obtained from equation (6) and
is satisfactory. e S :

, Flexufal Elenze}z}

L. Let us first determine the values of midspan moments; the subscript D is used to describe
the effect of dead load, I, that of live Joad, 8 that of service load and &/ that of nltimate load.
* Thus: : &

Wwph?

kMD- = = 4320 1b in,

2
WA 12960 1 in.

My =

Mg = My + M, = 17280 Ib in.
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POLYSTYRENE CORE

18 in
145 em)

-':,_ ]sin (I5em}

Ts =« 0:25in (063 cm)
d)

0-BSf;

e u-l: E_o-as' fx ba

Fig. 2: (a) Typical Section of ferrocétrient sandwich slab,
(b} Stress and strain diagrams at uIt1mate :
(¢} I_ayout of remforcement

Ult:mate Strength Deszgn The factorlzed ultunate moment tobe remsted by the ferrocement
section is given by: - . PR AT

My=14Mp+ I?ML~280801bm

Using the ultimate strength design approach of the ACI code leads to two’ equatzons of
equilibrium at ultimate behavior of the section: a force equilibrium equation and a' moment
equilibrium equatlon Thses equations contain two unknowns namely “a” the depth of
the compressive stress block and A, the area of tensile reinforcement.” Tn writing these
equations it will be assumed at first that the section acts as a rectangular section at ultimate
and that the influence of the reinforcement in the compressive zone is. neghglble (These
assumptions are confirmed by the results obtained for this example and there will. be no
need here to revise the design.) The two equations (Fig. 2b) are: S

Af, = 0857 ba - o (13)
My = ¢4, 7, (dmg)= qso.ssﬁ'ba(d_g) | I

Replacing ¢ by 0.9 and M, by its value in equation (14) leads to a quadratic equation
in “a” for which one positive root exists, namely @ ~ 0.07 in. (1.78 mm). The corresponding
location of the neutral axis is given by ¢ = a/#, 0.07/0.80 =~ 0.09 in. (2.23 mm); as “c” is
less than the flange thickness the section is acting as a rectangular ‘'section as previously

assumed; thus equation (13) gives:
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4 0857 ba

5

= 0.0765in.2 (49.35 mm?)
¥
Using a square wire mesh having a wire spacing of 0.25 in. (6.35 mum) and a wire diameter
of 0.025 in. (0.63 mm) leads to the reinforcement shown in Fig, 2c. Note that the tensile
steel area provided amounts to 0.0825 in.2 (53.22 mm?) slightly higher than the above
required value.

For the above section it can be shown that the applied moment is substantially less than
the maximum resisting moment by the concrete and that the shear resistance is largely
adequate,

3 Working Stress Design. The allowable stress in the steel under full service load must be
specified. One may consider first the value f; = 0.60 £, = 42 ksi (290 MN/m?) . However,
the slab is subjected to’ fatlgue under the repetltwe apphcanons of live loads the stress
range in the steel is limited to o= 30 ksi; as the live 16ad is 75% of the service load, the
maximum allowable steel stress should be fs = 30/0 75 = 40 ksi (276 MN/mz)

The required area of tcnsﬂe steel is given by _
M, / | . I (15)
fiJd .

where Jd is the lever arm between the tensile and compressive forces in the section. For

the sandwich-type section shown J can be estimated as 0.95. Thus:

17280
* " 40000 = 0.95 x 5.875

] =

= 0.0774 in.2 (49.9 mm?)

The above value is not very different from that obtained using the U.S.D. ‘approach and
leads for all practical purposes to the same remforcement shown in Fig. 2c.

4. To estimate the value of maximum crack width under service. Ioad two approaches can
be considered for this partlcular section: one, that the section is actmg in flexure and the other
that the lower flange i§ acting ‘as a pure tensile ‘member;

If flexure is considered, the maxunum crack w1dth can be estlmated from equation 3
assuming f; = j; 40 k51 '

23000

W’nmx =

- [0, 324 f 436}10‘ = 0.00086 in. (0.022 mm)
» L .

If pure tension in the lower ﬂange is.considered, the value of the specific surface of rein-
forcement in the flange in the loadmg dn‘ectlon must be determined. It can be shown
that the volume fraction of steel in the loading direction is 1.83% and the correspondmg
specific surface is 2.93 in.2/in.3 (1.15 cm?/em3). Thus the stabilization stress is given by:

Fia =20 Spp = 20 % 2,93 = 58,6 ksi (404 MN/m?)
and as f, < f,,, the maximum crack width can be predicted by:
W = ? - 0.00087 in. (0.022 mm)

R
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which is surprisingly very close to the value obtained assuming flexure behavior.

Let us estimate the effect of fatigue on crack width. As the stress range in the steel was
assumed equal to 30 ksi (207 MN/m?), the fatigue life of the ferrocement element can be
estimated at about 2 x 106 cycles from equation (11), Using equation (10} with 4 = 0.00087
and B = 1,67 leads to the following predicted values of maximum crack widths at different
cycles:

I

For  r = 0.25 (0.5 million cycles) . gives W, = 0.00132 in. (0.034 mim)
r = 0.50 (1 million cycles) - gives. Waxe = 0.00201 in. (0.051 mm)
0.00304 in. (0.077 mm)

r = 0.75 (1.5 million cycles) gives W,
0.90 (1.9 million cycles) - gives W, - 0.00391in. (0.10 mm)

max =
max

I

f

It can be seen that aitho'_ugh_ the maximum crack width under static load was substan-

 tially smaller than the recommended limit of 0.004 in. (0.1 mm), the effect of cyclic fatigue

loading can significantly reduce the gap between them.

- The above example dealt with a particular section of ferrocement where the reinforcement

was essentially concentrated in the flanges. If a rectangular section was used with several
layers of reinforcement across the depth, the reader may want to refer to the work of
Huq and Pama [26-27] for a more general and complete analysis. If the ACI code
approach is used with U.S.D. or W.5.D., the section (with several layers of reinforcement)
may be also analyzed as a column under pure bending and should lead to very realistic
resuits, : > SR AT

REFERENCES

1.

“Requirements for the Construction of Ferrocement Boats,” New Zealand Marine Dept.,
Journal of Ferrqcemant, Vo_l. 4, No.l, Jan. 1975, pp. 14-16, -

. EYERS, D. J., Review of .“ljet Norske Veritas: Requirement for Ferfbcement Boats,”

Journal of Ferrocement, Vol. 4, No. 2, Feb.-March 1975, p. 26.

. KOWALSKL T.K.(;".‘Dp_aft Mo:taf 'Sp'e'ciﬁcatioii,’_’ Journal of Ferrocement, Vol. 4, No. 1,

Jan. 1975, pp. 29-30.

. SHAH, S. P., “Tentative Recommendations for the Construction of Ferrocement Tanks,”

Proceedings of ACI Symposium on Ferrocement, Toronto, Canada, April 1978.

- NAAMAN, A.E. and SHAH, S. P., “Tensile Tests on Forrocement,” Journal of the

American Concrete Institute, Vol. 68, No. 9, Sept. 1971, pp. 693-698.

. LOGAN, D, and SHAH, S. P., “Momerit Capacity and Cracking Behavior of Ferrocement

in Flexure,” Journal of the American Congcrete Institute, Vol. 70, No. 12, Dec. 1973, pp.
799-804. R

. JONSTQON, C. D. and MOWAT, D. N, "‘Fcrrocement Material Behavior in Flexﬁre.,

Journal of the Structural Division, ASCE, Vol. 100, No. ST10, Oct, 1974, pp. 779-804.

- BALAGURU, P. N., NAAMAN, A, E., and SHAH, 8. P., “Analysis. and Behavior of

Ferrocement in Flexure,” Journal of the Structural Division, ASCE, Vol. 103, No. ST10,
Oct. 1977, pp. 1937-1951.




Jonrnal of Ferrocement : Vol 9, No.2, April 1979 91

9.

10.

11.

12,

13.

14,

15.

16.

17.

18.

19.

20.

21.

22

BALAGURU,P.N,, NAAMAN, A. E. and SHAH; S. P., “Fetrocement in Bending, Part
II: Fatigue Analysis,” Department of Materials Engineering, University of Illinois at
Chicago Circle, Report No. 77-1, Qct. 1977, 246 DI

SOMAYAJI, S.,SHAH; S. P, and NAAMAN; A E., “Tensile Cracking and Streess Strain
Curve of Ferrocement, Part I: Effect of Longitudinal Reinforcement,”” Department of
Materials Engineering, University of Illinois at Chicago Circle, R_f:p;ort in progress, 1978.

NAAMAN, A.E.and SHAH, 3. P., “Evaluation of Feri_-qcement in sbmt_a Structural Appli-

cations,” Proceedings of the International Symposium on Housing Problems, Atlanta,
USA, May 1976, pp. 1069-1085. o T

GUERRA, A, J .» NAAMAN, A.E, and SHAH, S. P., “Ferrocgmgnt Cylindrical Tanks:
Cracking and Leakage Behavior,” Journal of the American Conerete Institute, Vol. 75,
No. 1, Jan. 1978, pp. 22-30. o - -

PAMA,R. P, LEE, S. L., and:VIETMEYER,_N._Ij., Editors, “Fe_}fo'cemen_t; A Versatile
Construction Material: Its Increasing Use in Asia,” Report, Workshop on the Introcuc-
tion of Technologies in Asia, Asian Institute of Technology, Bangkok, November 1974,
106 pp.

GREENIUS, A. W., “Ferrocement for Canadian Fishing Vessels,” Technical Report,
Industrial Development Branch, Publication No. 86, Vancouver, Canada, March 1975,
160 pp.

“Study and Evaluation of Ferrocement for Use in Wind Tunnel construction,’ Report,
JABE-ARC-70, Research Contract No, NA52-58 89, NASA Ames Research Center, Moffet
Field, California, July 1972, 88 pp.

“Building Code Requirements for Reinforced Concrete,” American Congrete Institute,
Standard 318-77, Detroit, Michigan, USA.

American Society for Testing and Materials, Standards No, Al16-73; A390-66; A475.72;
A584-68 A586-68; A497-72; A641-T1a; A185-73; A615-742; and A82-72.

ACI Committee 506, “Specifications for Materials, Proportioning and Application of
Shotcrete,” Journal of the American Concrete Institute, Vol. 73, No. 12, Dec. 1976, pp.
679-685,

ACI Committee 313, “Proposed ACY Standard: Recommended Practice for Design and
Construction of Concrete Bims, Silos and Bunkers for Storing Granular Material, Journal
of the American Concrete Institute, Vol. 72, No. 10, Oct. 1975, pp. 520-565.

ACI Committee 350, “Concrete Sanitary Engineering Structures,” Journal of the
American Concrete Institute, Vol. 68, No. 8, Aug. 1971, pp. 560-577.

ACT Commiittee 224, “Contrel Cracking in Concrete Structures,” Journal of the
American Concrets Institute, Vol. 69, No. 12, Dec. 1972, pp. 717-753.

“Ferrocement Tanks and Utility Buildings,” Bulletin No. CP-10, New Zealand Portland
and Cernent Association, Wellington.




92

23.

24.

25.

26.

27.
* of Ferrocement, Vol.8 No. 3, July 1978, pp. 169-193.

Journal of Ferrocement : Vol. 9, No. 2, April 1979

NAAMAN, A. E., “Design Predictions of Crack Widths in Ferrocement,” Proceedings of
the Ferrocement Symposium, Annual Convention of the American Concrete Institute,
Toronto, Canada, April 1978.

NAAMAN. A. E. and SABNIS, G. M., “Tentative CGmidelines for the Use of Ferrocem-

_entin Some Structural Applications™ Proceedmgs of the International Conference on

Materials of Construction for Developing Countries, Asian Institute of Technoloy,
Bangkok 'I‘hallad Aug. 1978 pp. 677-688.

SABNIS G M and NAAMAN A.E., “Recent Devclopments in Ferrocement in. North
America,” Proceedmgs of the Intematmnal Conference on Materlals of Construction for
Developing Countries, Bangkok, Thailand, Aug. 1978.

HUQ, S. and PAMA R.P, “Ferrocement in Tension: Ana1y51s and Deslgn,” Journal
of Ferrocement, Vol. 8 No. 3, July 1978. pp. 143-167.

HUQ, 8. and PAMA, R. P., “Ferrocement in Flexure: Analysis and Design,” Journal






