4+ T%

Journal of Ferrocement: Vol. 16, No. 2, April 1986 101

Flexural Design of Ferrocement:
Computerized Evaluation and Design Aids

A.E. Naaman* and J.R. Homrich**

Naaman, A.E. and Homrich, J., "Flexural Design of A general methodology is proposed for the analysis and design of ferrocement flexural ele-

Ferrocement: C omputerized Evaluation and Desi gn Aids," ments. It considers ferrocement beams as reinforced concrete columns subjected to pure bending.

. It imtegrates in the analysis the particular aspeets of ferrocement, such as mesh efficiency and
Journal of Ferrocement, Vol. 16, No. 2, April 1986, pp. mesh volume content, thus effering a method within the scope af coverage of the ACI Building

101-116. Code. A computerized evaluation is described and a comparison between experimental observa-
tions and analytical predictions is given. Simple design aids are developed to predict the
Sfexural resistance of ferrocement beams reinforced with equally spaced layers of any type
of reinforcing mesh. These aids are also valid as a first approximation for ferrocement beams
in which the layers of mesh are limped equally in the upper and lower half of the section.

INTRCDUCTION

According to the definition given by ACI Committee 549 in its state-of-the-art report [1]
‘Ferrocement is a type of thin wall reinforced concrete commonly constructed of hydraulic
cement mortar reinforced with closely spaced layers of continuous and relatively small wire
diameter mesh’.

The design of ferrocement for compression or tension, whether by working stresses or
ultimate strength is very simple. Itis generally assumed that the ultimate tensile resistance of
ferrocement is equal to that of the mesh reinforcement in the direction of loading and that the
compressive strength of the composite is about equal to that of the unreinforced mortar [1, 21

The flexural behavior and properties of ferrocement have been extensively investigated
- : [2-14}. Anaiytical approaches used to estimate its response generally follow reinforced concrete
theory [I, 3,4, 5. However, several difficulties are encountered in the analysis or design of
ferrocement in flexure, namely: (1} some reinforcing meshes (hexagonal mesh, expanded metal
mesh} have unknown reinforcing efficiencies in either one of the main directions of loading, (2)
many meshes (square woven mesh, hexagonal mesh, expanded metal mesh) have an elastic
moedulus different from that of the mesh material, (3) the yield strength of the mesh or mesh
material is not well defined, and (4) several layers of meshes have to be considered in the anaky-
sis thus, as in reinforced concrete columns, the location of the neutral axis at nominal moment
resistance (in pure bending) has to be determined by trial and error.

To alleviate these difficulties the first author suggested the use of (I} an efficiency factor of
reinforcementn which depends on the mesh system and the direction of loading, (2) an effective
modulus E, of the reinforcing mesh system assumed embedded in 2 mortar matrix, (3) stan-
dardized minimum yield strengths f, for different types of meshes, and (4) the application to
ferrocement of the ACI Code procedures for the design of reinforced concrete columns
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g B i T P L M e 7 P 11 G
where 7 = global efficiency factor of mesk reinforcement in the loading direction
considered
Ve = volume fraction of reinforcement for mesh layer i
A, = gross cross-sectional area of mortar (concrete) section

4. Determine the nominal momeat resistance of the ferrocement section using the ACI Code
assumptions and procedure for reinforced concrete columns subjected to pure bending

(Fig. 1).
Three examples illustrating the above procedure are presented in Appendix B.

VALIDATION

Numerical values of nominal moment resistance predicted by the above described analy-
tical procedure were compared with those observed in various experiments] investigations
{2,3,6,7, 8], Thevalues of the efficiency factor of reinforcement 1 and of the effective modulus
of reinforcing mesh £, were taken from Table 1, and the design parameters given in each inves-
tigation were considered. A comparison of the results (reduced to a nondimensionalized form
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Fig, 2, Predicted versus observed nominal bending resistance of fersocement beams.
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explained in more detailsin ‘the following sections) is shown in Fig. 2. It can be observed that
in spite of the large variability that can be expected because of different materials, material
sources, and test conditions, predicted results are in reasonably good agreement with experi-
mental observations. Hence the analytical procedure proposed is for all practical purposes
acceptable,

COMPUTERIZED PARAMETRIC EVALUATION

A computer program was Written to implement the design procedure suggested in the
preceding section and an extensive parametric evaluation was undertaken. Several hundred
ferrocement sections were analyzed. Reinforcing steel meshes included welded square meshes,
woven square meshes, hexagonal meshes and expanded metal meshes in either the fongitu-
dinal or transverse directions. The following ranges of variables were considered: volume
fraction of reinforcement ¥, from 1.14% to 8.64 %, number of mesh layers # from 2 to § per
inch (0.1 to 0.4 per mm) of thickness, ferrocement thickness  from 3/8 in to 1-1/2 in (9 mm
to 37.5 mm), mortar compressive strength from 5 ksi to 10 ksi (34 MPa to 69 MPa). Other
variables included the net mortar cover to the first layer of mesh and concentration of
total mesh within the upper and lower 259 of the section depth /. This last variable takes
into consideration the presence of longitudinal bars or welded wire fabric within the middie
half of the section. Unless noted otherwise (1} the net mortar cover to the first layer of mesh
was assumed equal 1.5 mm, (2} a minimum of two mesh Jayers was considered throughout,
and (3) when more than two Jayers of meshes were used they were assumed equally spaced.

ANALYSIS OF RESULTS

Computer generated data were analyzed and plotted in several ways, Particular emphasis
was placed at plotting the data in 2 nondimensionalized form in order to allow their use with
any system of units.  Following is an illustration on how the data were reduced to their final
form.

(a} (b)
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Fig. 3. Representation of nominal bending resistance
a. Showing effect of I,
b. Condensed data,
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valid, as a first approximation, for ferrocement beams in which the layers of ‘mesh are
tumped equally in the upper and iower half of the section, provided the cover remains of the
same order as 1.5 mm. ¥t is beleived that the design approach and design aids proposed
should eventually lead to an increase in the acceptability and range of applications of
ferrocement.
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AFPPENDIX A

Calculation of Yolume Fraction of Reinforcement

The volume fraction of mesh in a ferrocement section may be readily caleculated if the
density of the mesh material and the weight of mesh per unit area are known.

Example;  Determine the volume fraction represented by two layers of expanded metal mesh
given the following information:
Number of mesh layers: N =2
Thickness of ferrocement: # =0.80in. = 0.8/12 f.
Unit weight of mesh: W, = 3.4 lbs/yd? = 3.4/9 1bs/fi2
Density of steel; Y =490 Ibg/ft?

V. Volume of mesh _Vu_ N.W,
! Volume of ferrocement section ¥,  Yh-B+1

For a unit area of ferrocement, the volume fraction may then be expressed as:
NW,,

Yt

-Thus:

3.4 1bs ft3 2 1ydd\ (12in
Vm( )( )( )(_m_) (___‘)10()= 310
7\ ] \soows/ \osom) \orE/ \TH 231%

Alternatively, for ferrocement reinforced with square or rectangular mesh, the volume
fraction of mesh reinforcement may be caloulated from the following relation:

Z
p, - Nrds (l N i)
4 \D, D,

where: N = Number of layers of mesh reinforcement

v -

dy, = Diameter of mesh wire

h = Thickness of ferrocement

D, = Center-to-center spacing of wires aligned longitudinally in reinforcing mesh
D, = Center-to-center spacing of wires aligned transversely in reinforcing mesh

Example: Determine the volume fraction of mesh for a ferrocement plate with two layers of
0.5 in. welded square wire mesh given the following:

N = 2layers .
dy = 0.042 in. Dy
h =0.751n. t+
Dy=D,=0.50n.

[~D~
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Ffi = 29000 % 0.00166 = 48.1 ksi (331.64 N/mm?) Compression
6 = (w) 0.003 = 0.00318
0179
£ = 29000 x 0.00318 = 9.2 ksi (63.43 N/mm?) Tension
gy = (W} 0.003 = 0.002296 > &, > /33 = £, = 65 ksi {448.16 N/mm?) Tension
gy = (9:4340“1“_%179) 0.003 > &, — fiy = f, = 65 ksi (448.16 N/mm?) Tension
by = (%%ﬂ?;) 0.003 > &, — f5 = f, = 65 ksi (448.16 N/mm?) Tension
£ = (%‘_’gm) 0003 > &, — fig = f, = 65ksi (448.16 Njmm?) Tension

cc = 0.35 f; bfiic = 0.85 (3000) (5) (0.80) (0.179) = 3043 Ibs. (1353.87 N)
= (f,, —0.85 £)4,, = [48.1 —0.85 (5)] (0.0135) 103 = 592 Ibs (2633.3 N)
Ty = frodyr = 9.2 (0.0135) 10% ~ 124 Ibs. (55157 N)
T = fusde = fodss = 65 (0.0135)10% = §77.5 1bs. (3903.29 N)
Ty = fodog = fydyg = 65 (0.0135) 10% = 877.5 Ibs. (3903.29 N)
Tys = fushys = fodss = 65 (0.0135) 103 = B77.5 lbs. (3903.29 N)
Ty = fuses = Fydes = 65 (0.0135) 103 = 877.5 Ibs. (3903.29 N)
IT — %C = 07
4(877.5) + 1245923043 = —11b. = 0
Therefore: ¢ = 0.179 in, {(4.5466 mm)

b

"

Calcudate Nominal Moment Capacity, M,
n
M,= & C, Ty ( — E) 592 (0.080 — 0.0716) + 124 (0.198— 0.0716) + 877.5 (0.316
=1

— 0.0716) + 877.5 (0.434 — 0,0716) + 877.5 (0.552 — 0.0716) + 877.5 (0.670— 0.0716)
= 1500 b in. (169.47 N-m)

Example 2: Determine the nominal moment capacity of a 5 in. x I in. ferrocement section

with eight equally spaced layers of transversely-aligned hexagonal steel mesh
given the following:

i = 5000 psi
b =5in.

4" = 1.5 mm
(0.059 in.)

h =100
d, = 0.042 in.

N = 8 layers
Vr=2.29%

Choose standard recommended values for f,, E, and v (Tables 1 & 2)

fy = 45 ksi

E, = 10000 ksi
n =030

!
:1
]
|
;'1
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2. Calenlate p;, Vi, and A,

Ay = 0.85 - 0.05 (5000 — 4000)/1000 = 0.80 > 0.65

Vi = Vy/N = 2.29%/8 layers = 0,286 % per layer of mesh

Ag=1 ¥y A, = 0.30 (0.286/100) (5) (1) = 0.00429 in.2 (2.7677 mm?)
3. Caleilate the depth to each reinforcing layer

S =[he@d +d))NV-1

s =[1-(2x0.05 - 0.042)}/(8 — I} = 0.120 in. (3.048 mm)

dy =d" + }dy = 0080 in. (2.032 mm)

dy =dy+s  =0.200 in. (5080 mm)

d; =dy+s  =0.320in. (8.128 mm)

dy =dys s =0440in. (11.176 mm)
ds =d;+s  =0560in. (14.224 mm)
di =ds+ s =0.680 in. (17.272 mm)
d; =ds+5 = 0.800 in. (20.320 mm)
dy =d;+5 = 0920 in. (23.368 mm)

error

After a number of trials, a distance of ¢ = 0,079 in. is sclected,

= 45/10000 = 0.0045

&, = 0.003
0.080 - 0.079

8y = 003 = 0.

1 ( 007 ) 0.003 = 0.000033

for = 10000 « 0.000038 = 0.38 ksi {2.62 N/mm?) Tension
0.200 - 0.079

6, = ( 09 ) 0.003 = 0.0046 > &, > f,, = £, = 45 ksi (310.26 N/mm®) Tension
0.320 — 0.079 .

— 0.003 > g, — f,; = £, = 45 ksi (310.26 N/mm?) Tension

(.440 - 0.079

By = ( ) ) 0.003 > &, — fi, = f, = 45 ksi (310.26 N/mm?2) Tension
0.560 — 0.079

£ = ( 557 ) 0.003 > €, = fi5 = f, = 45 ksi (310.26 N/mm?) Tension
0.680 — 0.079

By = ( 5075 ) 0.003 > g, — fis = f, = 45 ksi (310.26 N/mm?) Tensian
0.800 — 0.079

£ = ( OE ) 0.003 > &, — fiy = f, = 45 ksi (310.26 N/mm?2) Tension
0.920 - 0.079

€y = (__W) 0003 > g, — fig = f, = 45 ksi (310.26 N/mm?2) Tension

113

Determinte the distance from the extreme compression Jiber to the neutral axis by trial and
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b. Prediction Equation

M,/ [ (5000) (5) (0.75)% (0.50) ] = 0.0049 + 0.4218 (0.56) — 0.07722 (0.56)2 = 0.217
M, = 1526 Ib-in. (172.41 N-m)

This is 1.7 larger than the value obtained from exact analysis.

Example 2
a, Graphical Solution
X Vfi.:z; - (0.0229) (45/5) = 0.206
[
from the nondimensional graph, for X = 0.206 read Y = 0.089, hence:

Y = M,/ (f.bh%1) = 0.089
M, = (0.089) (5000 psi) (5 in.} (0.1 in.)? (0.30) = 668 Ib in. (75.47 N-m)

This is 6.4% smaller than the value obtained from exact analysis.
b. Prediction Equation .
M, [ (f, bl ) = 0.0049 + 0.4219 (0.206) - 0.07722 (0.206)% = 0.089

Hence M, and the possibie error are the same as in the case of the graphical solution,

Example 3
a. Graphical Solution
X= Vf?, - (0.045) (45/5) = 0.405
from tﬁecnondimensionai graph, for X = 0.405 read Y = 0.160, hence:

Y = M, | {f; bh2n) = 0.160
M, = 0.160 (5000 psi) {5 in) (0.40 in) (0.65) = 416 Ib in. (47.00 N-m)

This is 7.2% larger than the value obtained from exact nalysis.
b. Prediction Equation

M, | (f; b2 1) = 0.0049 + 0.4219 (0.405) — 0.07722 (0.405)* = 0.163
M, = 0.163 (5000 psi) (5 in) (0.40 in.) (0.65) = 424 Ib in. (47.91 N-m)

This is 9.3% larger than the value obtained from exact analysis.








