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InTRODUCTION - -

The ultimate flexural capacity of ferrocement beams has been successfully
predicted in a number of recent mvestxgahons (3,12,13,16,17):- Little is known,
i tmn of thelr deflections, crack dlStI‘lbUthIl

order of magnitude smaﬂer (13) i

This investigation was conducted to predict deflection and crack widths for
ferrocement structures:subjected ‘to-flexure. For this purpose: (1) Ferrocement
beams reinforced with different types and amounts of meshes were tested under
montonically increasing. loading. (special.-emphasis. was .placed on accurate
measurements of deflections and crack. widths); (2) the stress-strain curve of

“.mortar-in compression. (including the descending part) and the tensile stress-strain

curves: of meshes were obtained; (3) a mathematical model to predict the moment-
curvature .and. the . load-deflection. curve of ferrocement, beams for given
of the const:tuent materlals was developed; and (4) empirical and
analytlcal reiatlonships between. crack wxdths and steel stresses were proposed.
This paper, summanzes the results of this investigation whlle the details are given
in Ref A
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ExreriventaL Procebuse anp ResuLts

Flexural Tests on Fermcefnent._-——-All the ferrocement beam specimens were
18 in. (457 mm). long, 5 in. (130, mm) wide, and 1/2 in. (13 mm) thick. The

mortar consisted of American Society for Testing and Materials (ASTM) Type;ff@“;\
IIf cement, river sand passing sieve No. 16, with a water-cement and sand-cement ™+

ratio by weight of 0.55 and 2.0 for all series of experiments. Three types of
meshes with square openings were used as reinforcement:” 1/2 woven, 1/2
welded, and 1/4 woven (1/2 and 1/4 refer to.the spacing of wires, in inches,
in either direction). For each type of mesh, three specimens each were made
with two, four, and six-layers. The diameter of wires were 0.042 in. (1.07
mm} and 0.025 in. (0.635 mm) for 1/2 and 1'/4 varieties, respectively, Meshes
were cut from the rolls so that their lengths coincided with the width of the
rolls. Specimens were cast in vertical plexiglas molds to “assure two smooth
. surfaces and to better control the {ocations of mesh layers. Specimens were

- FIG. 1—View of Fteiur_al Te.st Setup

moist-cured for 7 days and left under the lab envxronment [70" F (21" G, 50%
relative humidity] for 4 days before testing.
Beams were tested in a MTS Universal‘testing machine with a‘rate of stroke

of 0.1 in. (2.5 mm) /min. A four-point loading arrangement with a'15-in. (381-mm) " :

span and a 5-in. (130-mm) constant bending moment zone ‘was used’ (Fig. ‘1),
The support system was carefully designed so as to avoid any axial forces
on the beam (4). Such axial forces are likely to occur near the ultimate load
because the deflection may be of the same order of magnitude ‘as the thickness.
During testing, loads and deflections at the loading points were plotted on a
X-Y recorder with a reading accuracy of 2.5 Ib (11.3°N) for the loads and
0.01 in. (0.25 mm) for the deflections. The beams were loaded until failure
or to a maximum deflection of 1 in. (25 mm), whichever occurred first. Out
of the three specimens of each group, one was continuously loaded to fa:lure,
while for the other two, crack width measurements were made by stopping
the loading at a selected number of deflection values (about 5). ‘When the cracks
were formed, they ran the full width of:the specimens. The crack widths were
measured -along two longitudinal lines in the constant moment zone. Thus, for
each crack, and at each deflection, there were two width measurements.
Measurements were made by an internally illaminated microscope equipped
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with a: micrometer. (50 magnification):(Fig. 1), with a measuring accuracy of
50 pin. (0.00127 mm).

“To-average the load:=defleéction”™ curves for. each group of three specimens,
a technique described by. Powell (15) was tsed, With this technique the experi-
ental. data: are fitted by pieceéwise third-order Spline functions as follows,
-large :number:. of éxperimentally. observed deflections are chosen; for each
deflection va!ue the mean valuerand the standard deviation of the loads are
calculated; the average curve is then generated using a‘third-order Spline function
to fit; for each observed deﬂectlon, the mean experimental values of the loads
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we;ghed accordmg to the inverse of their standard clev1at10ns Using Powell’s
algorithm to fit the data of this investigation, the observed error was significantly
smalter than.that-obtained: by-a single polynomial function- of order up to 10.
The error:is defined here- as the ‘square root of the sum of the squares . of
the’ dlfferences between observed values: and values generated from the fitting
equation.; A typical result is shown in Fig. 2. In Fig. 3, averaged experimental
curves. for.the groups of specimens reinforced with 1 /2 welded mesh are shown
up to their maxxmuml loads (ultimate); the discrete points are from the analytical
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TABLE 1.—Observed Crack Distribution and

TWOLAYERS 77 o " FOUR
. Crack Width % 10-%in; T ;o
Type Load, Number.| > ! )iStandard [~ <7 | Load, | Number
of in . of o devias | Maxi-| in of
mesh pounds cracks Mean |- .tion - | mum;| pounds |. cracks.-
{1) {2) L -(B) .| {6} A7) {8}
1/2 Welded 37.5 5 5.2 5.47 5.75 50 4
50 . 9 9687 4,45 14.75 5 10
67.5 9 T 142 4 18.5 | 100 10
o 125 10
1/2 Woven 57.5 10 119 [ 114 | 13.0 50 . 9
67.5 10 17.2 1.47 19.0 75 10
80.0 10 20.5 1.76 24.0 100 10
: 125 10
. . 150 10
1/4 Woven 50.0 10 6.5 1.67 85 | 50, 3
62.5 0 - 106 & 184 13.07 6757 10
_ e : _ s 12
875 | 13
L 100 14

Note; Number of cracks were observéd in the S-in. constant moment. zone: 1 in, =

mode] described later. Some of the fe_suits for all nine groups of specimens
are summarized in Tables 1-2. From the results, it-was observed that:

1. The load-deflection curves have three distinct stages: (a) Before cracking
of mortar (steepest slope); (b) after the first cracking of -morttar but before
yielding of steel; and (¢} after yielding of steel meshes when the slope becomes
almost parallel to the deflection axis (Fig. 3). .

2. Theend of the steeper linear portion of the load- deflectxoncurve corresponds
to the first cracking of the mortar. No cracking was optically observed before
this point while the cracking was always. observed soon-after this load. The
load at first cracking of the mortar was about the same for the different types
and amounts of meshes tested in this. mvestlgatlon (Fig. 3 and Table 2). This
is in apparent cortradiction with previous flexural results where the crackmg
load was observed to increase with increasing volume fraction of steel (13).
However in Ref. 13 the cracking load is defined as the load that produces
a crack width of 0.003 in. (0.076 mm) while an- accuracy of 0. 00005 in; (0 00127
mm} is used in this investigation.

3. For the 1/2 woven and 1/2 welded spec1mens the total number of cracks
usually equaled the number of transverse wires, independently of the’ number
of mesh layers used (Table 1): Generally, this numbet was r'e'ached's'oori_'after
the first cracking load .and remained:constant beyond that-load. ‘This trend
was not observed for the specimens reinforced with 1/4 woven meshes except
for the group with six layers at near ultimate load. ‘In general,*wheneveér a
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Widths of Ferrocement Beams:in Bending ... . .

LAYERS' ~— VT i gIX | AYERS
) Crack W|dth X 10-4 in.. ST . Crack Width x 10-*in
Standard .| . = |+ Load, {-Number:| ... Standard
o codevia- o Maxi- | o in . -of oo | devia- Maxi-
Mean fooption o] mum | pounds.| cracks | Mean |. .tion mum
@, oo a2 ] 13 | e | (18} {18)
2.0 Sp 0 2|60 - L 100 7.8 - 3.62 8.0
A6 .l 215, 625|120 10 11.1 2.0 13.25
8.4 1.49 105 [ 180 10 21.4 2.39 26.0
12.2 2.84 135 |
7.0 177 8.25 50 10 8.0 0.83 9.0
12.4 0.60 13.0 100 10 13.2 1.97 14.25
149 |. 098 | 1675 | 150 10 18.9 3.2 20,0
17.95 120 .| 185 | ‘200 10 26.7 5.95 31.5
20.7 0.8 | 225
5.2 1647 65 .| 50 9 5.1 1.94 6.0
8.77 239 =) 1175 87.5 18 7.9 3.70 10.5
11.3 222 7| 150 125 19 13.7 3.63 17.25
12.6 2870 | 11.75
178 | 4290 ] 285

25.4mm; 1 Ib = 4.45 N.

TABLE 2.-—Coi1ipris£nﬁ of Analyﬁcai and Experimental Results

L Extreme
"Num- Expeti- Extreme layer
Type * Mash - bet Crack- mental . fiber steel
of yiald* o of ing deflec- | M, {exp}/ &, lexp)/ mortar stress at
mesh streng:h" layers load= M, tion® M {anlyt} | & (aniyt) strain’ uitimate®
{1) . 2} 2 (3) {4} {5} {6} 17 {8} (9} {i0)
1/2 Welded- 1 . &7 Zooo| 23050 ].380.200. 0.5 .. 0967 1.415 2,33 74.42
62 4 41.3 79215 | 070 0.948 1.076 3.67 74.42
70 6 42.9 1,156.00 | 0.85 1.050 1.187 4.50 .68
1/2 Woven .. 93 2 4.1 443.30| 035 0.878 0.7¢4 183 103,60
Booi [ R | TN E A BE CoA3 | 544501 095 083 - 1.144 4.50 103.50
90 6 44.2 1,374.251 0.9 1.053 1.25 4.67 103.60
1/4 Weven 86 T2 42.9 290.05; 0.25 0.838 0.568 . 1] 82.21
" 58 4 1y 58330 0.60 0.953 1.016 233 81.58
[ ] 42.5 825.10| 1.00 0.959 1.587 4.17 81.57

*Stress corrcspondmg to cither 0.2% oﬂ'sel or & strain of 0.0035 (ACI) or a strain of 0.0085 (ASTM).
BIn kips per;square‘inch. . .- :
. “Loads are in pounds, |

"Ex;;er:mentai uliicate moments até in fich- pounds

AL (M), {8,}, in inches.

TALM, % 103 i, fin.

Note: l B =445N;1in.b = 0133 N - m; | in. = 25.4 mm; 1 ksi = 6,89 MN/m?.

crack occurred, its lOCB.thl’l was anng one of the transverse wires of the outermost
iayer of rnesh

Compressnon Test on Mortar. —~In order to analyze and predict the response
of-ferrocement beams up to-failure, it is essential to obtain the complete
stress-strain curve, (including the descending part) of mortar in compression.
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It is difficult to observe the descending part’ unless special precauntions are
taken to avoid release of strain energy of the testing system and the consequent
premature failure of the specimen. In this investigation, these difficulties. were
solved by testing 3-in. X 6-in. (76-mm X 150-mm) mortar cylinders in parallel

with a steel tube of 4 in. (101 mm) mean diameter, 3/32.in. (2.38 mm) thick}

and 6.26 in. (159 mm) long. The mortar cylinder was placed inside ‘the steel
tube and capped. The steel tube was case-hardened so that- its stress-strain
curve was linearly elastic up to a’stain of 0.006 in. /in. (0.152 mm/mm). During
loading, the total load “(taken by both the cylinder and the ‘tube) and: the
corresponding strain of the steel tube were measured” The strain in the 'steel
was assumed equal to the nominal mortar strain. The system was designed
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FIG. 4~-Comparison of Experimental and Analvtical Stress-Strain Curves of: (a)
Mortar; (b) Steel Meshes

so that the total load always kept i mcrﬁasmg even when mortar was unloading,
Three mortar cylinders were tested in this manner. The mortar had the same
proportions, was made the same way and had the same age at testing as that
of the ferrocement beams. The averaged stress-strain curve of-the mortar is
shown in Fig. 4(a). :

~ Fension Test on Steel Meshes.—Tensile stress-strain curves of the three different
types of mesh were obtained. A 2-in. (50-mm) wide strip of mesh was embedded
in a mortar pad at each end, leaving a free mesh length of 3 in. (76 mm).
Each mortar pad was 1/2 in. (13 mm) thick, 3 in. (76 mm) wide, and 4.5
in. (114 mm) long. The mesh was tapered from 2 in.-3 in. (51 mm-76 mm)
inside the pads. The mortar pads had éxtra layers of mesh for reinforcement;
The specimens were tested in tension:in an Instron testing machine by gripping
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the:two end-pads.: The 'strains were  measured by a:dial gage extensometer
mounted on the mortar pads with the accuracy of 0.0001 in. (0.0025 mm). The
gage ‘points-for-the -extensometer:were ‘located on the pads and were 3.73 in.
(95.3 mm} apart: It’ was-assumed -that the ‘wires have-the possibility to slip
inside each end-pad along & 3/8-in:(9.5:mm) embedded portion (which represents
half-the difference betweenthe 'distance of :the gage points and the free length
of the 'mesh). This is a reasonable assumption at least for the 1/2-«in. (13-mm)
mesh*where: no: transverse .wire -exists -in ‘the portion of pad considersd. So
for- calculation:of “mesh strains the measured extension was divided by 3.75
i (95.3 mm): A" maximum-error in strain:of about 7% can be expected for
the 1/4-in:+(6.3-mm) mesh. There were four.specimens for each type of mesh.
The stress-strain” curves: were ‘averaged using the procedure described for
averaging the-load-deflection curves of ferrocement beams.These curves are
shown in F:g A(b)i- - : #

ANAL\‘“nc Paﬁn_tc_nons -

It is desirable.for the rational design of ferrocement structures to predict
their strengths, deformations, and crack widths under loading. For reinforced
concrete beams, the ultimate moment and curvature are generally calculated
assuming that the remforcmg bar has a stress equal to the yield stress and
that the extremc fiber compression strain in concrete has a value of 0.003.
These. values may not be applicable to ferrocement since mortar is used instead
of concrete. and the meshes do not exhlblt a flat yield plateau in the manner
of remforcmg bars. For de51gn purposes, crack widths in reinforced concrete
beams are related to steel stresses. In order to develop a similar design procedure
for_ferrocement, steel _stresses have to be accurately related to the applied
moments For. thc aforementloned TEasons, a ‘method was developed to calculate
the moment-curvature and load-deflection relationships of ferrocement beams
takmg into con51derat10n compat1b1|1ty, equihbnum, anc! measured stress-sirain
curves of mortar, and meshes _

_For. the prediction of the flexural behawor of ferrocement it is convenient
to express ana]ytically the stress-stram curves of the mortar and the steel meshes.
For this purpose, trlgnometnc expressxons (Fourier series) were chosen and
are of’ the form ‘

oM (2m — ) me '. o
o= 2 A-m_s_ln [———E————} e e e n

in. which ‘¢- = stress; ¢ = strain; A_ are the constants of the series; M is
the number of -terms in-the series; and !is a constant. Since Eq. 1 leads to
zero stress for.e = [, I has to be fixed larger than (say 1.2 to 2.0 times) the
maximum- orthe fracture strain in‘order for the fitting equation to describe
the- entire curve.:Note - that:in' the recommended range of values, ! did not
affect the accuracy of the fit. The value of { was taken as 0.009 in./in. (0.229
mm /mm) for mortar and 0,024 in. /in. (0.610 mm) for wire meshes; it corresponds
in both cases to about -1.5-times the observed maximum strain. For a given
number of terms in the series, the constants 4 , were determined by a least-square
analysis. A’computer program was written incorporating the algorithm to select
the number-of terms (the value of M) and the corresponding values of A,
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such that the square root of the sum of the squares of the errors between
the cxperimental and generated stress values is less than:0.5% of a.specified
value of stress; this specified stress was taken as the average stress for.the

given set of strain values. To achieve such accuracy seven terms for the mortar.
and eight to 13 terms for the meshes were required. Points-of the fitted curves?

by Fourier series are shown in Flgs 4{a) and- 4(b). along with the averagcd
experimental curves.

In order to generate the moment curvature- values a computenzed procedure
was used. Tt was assumed that the strains are linearly distributed: (Bernouli’s
hypothesis) and that mortar does.not- contribute in-tension after the extreme
tensile fiber-strain reaches a specified value. This value corresponds-to the
third strain increment of 0.000167 in' the iterative procedure-described next.
In this procedure a value of the extreme fiber mortar compressive strain is
assumed. For this strain, the depth of the neutral axis is determined by iteration
. so that the sum of the tensile and compressive forces are equal. Once the
depth of the neutral axis is determined, the values of the resisting’ moment
and curvature are calculated. The process is repeated for increasing values
of mortar extreme fiber compressive strain, until failure of the steel mesh or
until a compressive mortar strain of 0.006.

Note that the Fourier series representation of the stress- strain curve for mortar
has a definite advantage over the polynom;al form in the evaluatmn of the
depth of the neutyal axis. With Fourier series, the equation for the solution
of the depth of neutral axis is always quadratic regardless of the number of
terms in the series, provided the tensile reinforcement is in the elastlc range.
However, the same equation will be of (m + 1jth order for a polynormal of
order m. Thus even with a three- degree ponnomlal which may be a poor
fit for a given mortar streéss-strain curve, one has to solve a fourth-degree
equation to obtain the depth of neutral ax1s for every given va]ue of the mortar
extreme fiber compressive strain.

In order to check the validity of the analytlcal model, load deﬂectlon curves
of ferrocement beams were calculated from the prédicted moment-curvature
relationships developed previously. The loads were mcremented in small steps
and bending moments and curvatires were calculated for a number of point

along the length of the beam. These curvatures were numencally ‘integrated

twice to calculate the deflections at the points of loading. Comparisons of these
deflections with the experimental values were generally satisfactory for the
first two stages up to yield (Fig. 3), with some discrepancy thereafter (Table
2). The predicted deflections at ultimate were less than the measured values
for seven out of nine groups of specimens (Table 2). One possible reason for
such underestimation may be that the theoretical ultimate deflection calculation
did not consider the descending portion of the moment-curvature relationship
and thus ignored any subsequent redistribution. Note also that the analytic
predictions of ultimate values ‘were less satisfactory for specimens made with
two layers of woven meshes. This may be because with two layers the position
of meshes are likely to be nonuniform and thus different from those used in
the calculations. To improve accuracy,® one specimen of each group was cut
at a section within the middle third after testing and locations of different layers
of meshes were accurately measured-and used in the analytical model.

The predicted values of extreme fiber compressive strain in the mortar and

L

pmcd

sT10 FERROCEMENT IN FLEXURE 1945

tensile stress in the.extreme layer of mesh at the ultimate moment are shown
in Table 2. It can be seen that the American Concrete Institute (ACI) Code
assumption: of:a;: constant .value of ‘mortar- strain: (i.e.,; e *= 0.003) at ultimate
moment capacity may, not.be valid. for ferrocement beam specimens. Note also
hat, even for relatively high reinforcement. ratios- (or number of mesh layers)
the tensile -stress.in the:extreme layer of steel mesh is higher than the vield
strength. <As wyield. is -not-accurately- defined for. the type of mesh used, three
values of yield strengths arg given in Table 2 according to the different definitions.
¢.The results:of the analytical model were also compared with the experimental
load-deflection curves of reinforced concretebeams reported in Ref. 7. Theoretical
predictions.were close to.the experimental values, The maximum error on ultimate
moment was about:2.2%-while the error on' corresponding deflection was about
2.0%:-Details:of this: comparison are presented in Ref. 4.

Crack WibtHs

Analysis of Experimental Data.—A substantial amount of work is available
inthe literature of the crack width analysis of reinforced concrete beams (1,5,9,10).
It has been observed, e.g., that the width of the cracks is primarily a function
of the stress in the steel, the concrete cover, the distribution of steel reinforcement,
and the relative distances from the neutral axis of the reinforcing steel and
the extreme concrete fiber, Based on a large number of experimental data on
reinforced concrete beams, Gergley and Lutz developed the following equation
to predict maximum crack width:

W =O0T6 RF, VA . oo )

in which w__ = maximum width, in thousandths of an inch (thousandths of
a millimeter); R'= ratio of distances to the neutral axis from the extreme tension
fiber and from the centroid of steel; f, = steel stress, in kips per square inch
(meganewtons:per, square -meter); .t .= effective cover of outermost bar; and
A = areain tension zone per bar (10). To derive in this i investigation an applicable
empirical relationship for the experimental data on ferrocement, crack widths
were first. expressed solely- as a function of steel strains in the extreme tensile
layer of the mesh. Steel strains for:a given load were calculated from the theoretical
model described earlier. For'a given ferrocement section, the model generated
the moment-curvature relationship as-well as the strain and stresses in the material
components. A tegression analysis:was performed to relate the steel strain to
crack widths:for-specimens reinforced with each type of mesh. Strains were
fed ‘in- as” an- independent ‘variable -and the corresponding mean crack widths
with their-weights inversely proportional to their standard deviation were used
as a dependent: variable.” Ffom the results of the regression, it was observed
that: a linear: relationship. is ‘quite -acceptable since a higher order regression
did not seem to sighificantly improve the fit. The accuracy of the fit was measured
using.-a quantity termed standard error (SE) defined as follows: the square
of the standard -error'is equal to the sum- of the weighed squares of the error
between the regression line and the mean experimental points divided by (N
= 1), in which- N:is the number of points. The standard error was 0.138 x
107% in. (0.0035 mm) for-a-straight line (Fig. 5) and (?.11 ® 107? in. (0.002
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min} for a parabola for beams reinforced with half welded mesh the difference
was the highest for this type of mesh. 5

To ascertain the influence of the other variables found 1mp0rtant in remforced
concrete beams, regression analysis was répeated with combinations of these
variables and steel strain, The three other terms considered: were: t, (measured

from the cut surfaces), A (area of tension zone divided by the: number of wires

in tension}, and R. From the regression analysis, it was found:that the standard
error was not improved by addition of any of these three terms: It was concluded
that for the experimental data observed in this: investigation, maximum crack
widths seem primarily dependent on ‘steel: strain in the extreme layer of mesh,
The negligible -influence of other variables can be explained if one considers
that the ferrocement beams had very small cover [varying between 0.016-0.068
in (0.406 mm-~1.73 mm)], and large specific surface of reinforcement (related
to A, the tension area per bar) as compared to conventionally reinforced concrete
. beams. At least equally important is the influence of the transverse wires since
they represented preferential locations for cracks. As in the majority of ‘cases

CRAcE WITH X KON - .
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FIG. 5.—Average Crack Width Versus Extreme Steel Fiber Strain {All Specimens)

observed in this study the number of cracks in the constant moment zone remained -

constant, the only parameter-that can influence the maximum .crack width is
the steel strain. This conclusion would not be valid -for larger wire spacmgs
or much smaller percentages of reinforcement (2). :

Linear regression equations relating average crack widths w:th extreme layer

stee] strain, €, for the three types of meshes were developediand are given
by: w= 0. 206 + 0.335 ¢, for 1/2 welded; w = 0.353 +0.42:;for*1/2 woven;
and w = 0.254 + 0. 186 e, for 1/4 woven meshes. For these equations, the
units of e_ are in 1072 in./ in. while w is in 1073 in. The lines: representing
these equations together with the experimental points are shown'in Fig:5. Similar
relationships’ between average . crack widths and extreme: fiber steel stresses
f, were developed and are given by: w = =0.33 + 0.024 f, Tor:1/2 welded;
w = —0.311 + 0.023 f, for 1/2 woven} and w = —0.089 -+ 0.026 f, for: 1/4
woven meshes. The standard error in this case was larger than for the previous
case. For example, for the specimens with 1/2 welded meshes, the standard
error was .407 x 10~%in. (10.34 x 1073 mm) when w was related to f, as
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compared 1o the value of 0 138 X 10‘3 in:: (3 505 %1073 mm) for the relation
of wwith'e, e

‘Design Equatmn.—-—lt may: be des:rable for des;gn purposes to predict an upper
botnd ‘value of average: crack widths. For this, it was assumed that the mortar
between ‘the cracks'is completely free from tension and that the number of

cracks equals the number of transverse wires. Wlth these assumptions the total

TABLE 3 —Example of Crack Width Analysm for 1/2 Welded Specimens

s NumG Steei Depth of
- ber . | " lLoad, _strain’ - neutral
P R | B _extreme - axis Werp/
“layers” | pounds [ ~ layer® in inches Wt
ay - @ @ (4) (5} 6)
2 37.5 37.39 1.22 0.102 0.664
500 |- 50.07 2.01 0.0594 0.807
67.5: . 66.50 430 - 0.078 0.517
4 50.0 31.19 0.961 0.145 0.312
75.0 42.37 1.75 0.139 0.595
100.0 .. | 54.06 2.38 0.130 0.588
125.0°° 64.82 . 3.75 0.121 0.542
6 D 60,02 26.80 0.79 0.161 1.850
1200 50.11 2.07 0.148 0.917
~180.00 "} 68.50 4.87 0.133 0.754

2Steed stress in extreme Iayer, in kips per scguare ‘inch.
Y, % 107%in. /in. :
Note {in.-lb = 0. 113N m; 1 ksi =6.89 MN/m?; 1 in. = 25.4 mm.
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FIG. 6.;Crack Width Versus Extreme Steel Fiber Strain (1/2 Welded)

strain of the tension face of the beam is distributed as cracks. Thus if w is
the average crack w1dth and e_ is the tensile strain in the extreme layer of

steel then:.

w

calc ;

in whzch- S is the:spacing of the transverse wires. These approximate theoretical
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vaiues were calculated and compared with the measured values (Table 3 and
Fig. 6). In Fig. 6, the theoretical relationship (Eq. 3) is compared for the 1/2

welded specimens with the experimental values of average .crack widths, w,
as well as with the experimental values of maximum crack width, w,., obtained
by regression analysis. It can be seen that the theoretical relationship. of Eq
3 generally give values substantially higher than the average experimental values
and can represent somewhat a reasonable estimate of the maximum observed
crack width. Similar results were also generally observed for:1/2 and 1/4 woven
specimens.

The crack widths for reinforced concrete beams were compared with those
of ferrocement beams. The cross section of a reinforced concrete beam and
the corresponding maximum crack width observed and reported in Ref. 1 are
shown in Fig. 7. For this beam, the two linear relationships for maximum crack
width as a function of steel stress proposed by Gergely and Lutz (10) and
by Ferry-Borges (9) are aiso plotted. Note that the ACI-318-71 code (6) servicea-
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fIG. 7.—Comparison of Crack Widths—Reinforced Concrete and Ferrocement

bility criteria are based on the former relation while the CEB-FIP criteria (11)
are based on the later one. The regression equations of the experimental data
observed in this investigation for ferrocement flexural beams are also plotted
for comparison. It can be seen that for the same stress in the steel the crack
width in ferrocement is an order of magnitude smaller than in reinforced concrete.

ConcLusions

For the range of variables tested in this investigation the followmg conclusions
are drawn:

1. Thetransverse wires of the outermost layer of mesh are preferential locations
for cracks. For the specimens reinforced with the 1/2 mesh the number of
cracks in the constant moment zone reached a steady value soon after the
occurrence of first cracking (independently of the number of mesh layers used).
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This steady. value corresponds:to.an average crack spacing equal to the spacing
of the transverse wires. A similar result was observed for the specimens reinforced
with six layers of 1/4 mesh,

. 2., Everything else. bemg equal the average crack spacing was generally larger
for specimens: reinforced.with the 1/2 mesh than for those with the 1/4 mesh.
Equivalently for the same stress in the outermost layer of steel mesh, the average
crack ‘width for’ the I /4 mesh specxmens was smaHer than that for the 1/2
mesh specimens., :

3. For the same stress in the outermost layer of steel mesh, the average
crack: width-of -the 'specimens:with -1/2 welded mesh was smaller than that
of the spetimens with 172 woven mesh: This may be due primarily to the
greater continuity between transverse and longitudinal wires in the welded mesh
and to the stratghtenmg tendency of the longltudmai wires under load in the
woven mesh:

“4. The ‘specific surface of remforcement dad not seem to have as strong an
influence on the cracking behavior in flexure as in tension (observed in previous
mvestlgatlons) Thrs may. be because in flexure the specific surface of the tensile
zone of mortar around. the outermost layer of mesh does not vary proportionally
to the number of mesh layers used.

5. The moment-curvature as well as the load-deflection reiationships of
ferrocement beams can be satisfactorily predicted given the actual stress-strain
properties of the two -major constituent. materials and using the computerized
nonlinear analysis model described in this paper.

6. ‘The calculated values of ‘mortar compressive strain on the extreme fiber
at ‘the ultimate moment vary substantially’ with the type and number of mesh
layers- used.. This result for ferrocement is quite different from the ACI
recommended value of 0:003 for. reinforced concrete ¢lements.

7. Al regression dnalysis of observed crack widths showed that the average
crack ‘width is primarily ‘a‘function of the strain in the extreme layer of tensile
steel, and does not seem to depend on the other parameters found important
for remforced concrete. Th),s may be because of the relatively small cover
and the high specific surface of ferrocement beams.

8. The simple design equation proposed in this research to predict average
crack width as a function of the steel strain in the outermost layer gave useful
upper bound values to the experimental results.
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The following symbols are used in this paper:

i

S
E--..';—hwmﬂ.(}“w:b

= area of tension zone divided by number of wires in tensmn
= constants of series (Eq. 1);

= area of sieel;

=  width of beam;

= depth of beam;

Young's modulus of steel;

steel stress, in kips per square inch;
constant (Eq. 1); _ s
number of terms in series;

nltimate moment;

= represents mth term of series:

It
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number of observations;

load;

ratio of distances to neutral axis from extreme tension fiber and from
centroid of steel;

spacing of transverse wires;

standard error = VE(x — X2 /(N - 1) ;
effective cover of outermost layer of steel;
particular value of variable;

mean value of variable;

crack width;

deflection corresponding to ultimate moment;
strain in general;

strain in mortar;

strain at top surface of mortar;

strain in steel;

stress in general;

stress in mortar; and

diameter.
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