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ABSTRACT

The shear behavior of ferrocement channel beams have been studied by conducting
tests under transverse loads for 15 beam specimens. Influence of variations of the
dominant parameters were studied through systematic tests. Test results indicate that
cracking and ultimate shear strength increases with the increase in the volume of wire
mesh and mortar strength, and decreases with the increase of shear span to depth
ratio. A computational model based on cracking criteria related to combined stresses
and ferrocement tensile strength profile distribution across beam depth has been
proposed to predict the cracking strength. Also an empirical expression has been
developed for the same for ease in direct design application.

Introduction

With the rapid progress of innovative construction technique, application of ferrocement (FC) is
increasingly becoming more common for use in various structural engineering applications. This has a
led to a large scale research on this material and the presence of a considerable volume of technical
information regarding design, construction, maintenance and rehabilitation techniques using
ferrocement.

Although most aspects of ferrocement material and structural behavior are being investigated and
modelled, with varying degrees of success [1,2,3,4,5,6], the in-plane shear behavior has received
comparatively less attention [7,8,9,10]. This may be primarily due to the application range of
ferrocement where structural elements, due to there cross-sectional geometry and member span
configurai:ons are predominantly subjected to flexural distress, rather than shear. However, transverse
shear may be one of the critical design considerations for thin webbed ferrocement beams, where
failure mode mechanics might necessitate shear failure prior to flexural failure. With recent
developments in the scope of application of ferrocement and the increasing use of flanged ferrocement
member cross-sections, such as box beams, channel sections and sandwich ribbed plates, the behavior
of the material under transverse shear needs more attention in future research studies.

Sulaimani et al. [7] have studied the behavior of ferrocement under direct shear by conducting axial
compression tests on Z-shaped specimens reinforced with woven wire mesh. Results indicate that
under direct shear ferrocement exhibits two stages of behavior (cracked and uncracked). Mansur and
Ong [8] have studied the shear behavior of rectangular beams under third point loading, varying
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different influencing parameters. Results indicate that the cracking strength of ferrocement increases, as
shear span to depth ratio decreases and volume fraction and compressive strength of mortar increases.
Mansur and Ong [9] have also studied shear strength behavior of ferrocement I-beams and concluded
that ultimate shear strength varies similarly with the influencing parameters as the cracking shear
strength. Sulaimani et al. [10] have tested ferrocement box beams, by varying the three basic
influencing parameters and have observed similar behavior as [8,9]. They have also proposed an
empirical expression to compute the cracking shear strength of ferrocernent box beams.

As mentioned earlier, the data available for formulating a rational design basis is scant in case of shear.
For such a state it is more logical as a first step, to validate the already existing data and to identify
areas where improvement is needed. Simultaneously formulation of simplified approaches without
under estimating the true material behavior should then be developed. The objective of the said
research is therefore, based on the same grounds.

In reinforced concrete structures a much higher probability is often acceptable for serviceability limit
mainly because of economy, crack width for different exposure conditions is therefore the established
criteria followed by almost every code of practice. Keeping in view the much improved cracking
bahavior of ferrocement, it would be quite appropriate to define a general lower limit based on crack
free surface. This would simplify the code procedures without resulting in high demands. It should also
be noted that ferrocement being relatively more ductile than reinforced concrete, would need more
flexural rigidity to function properly, and the lower limit imposed by virtue of first crack stress would
also help in fulfilling the deflection criteria.

As channel shaped cross sections have the most practical range of utility this research therefore, reports
an experimental study on channel shaped ferrocement specimens under bending and transverse shear
and present a simple computational model to predict the first cracking strength, either flexural or web-
shear, of generic ferrocement sections based on the classical beam theory. The distribution of flexural
and shear stresses are based on homogenous beam concept. The model uses a critical crack criteria
based on the tensile stress variation across the depth of the beam. Also an empirical equation is
proposed to predict the shear cracking strength of ferrocement for design use purposes.

Experimental Program

To study the shear behavior of ferrocement thin webbed specimens, fifteen channel beams, as shown in
Figure 1, were tested.

The parameters varied were the shear span to depth ratio, ‘a/i', the volume fraction of the
reinforcement, 'V; and the strength of the mortar, f.. The range of these variations were as follows: a/h,
from 1.5 to 2.5; V, in the form of wire mesh layers, from one layer to three layers; f., in the form of
water-cement ratio, from 0.45 to 0.5. The materials used for casting the ferrocement beams, included
ordinary Portland cement, beach dune sand and square woven mesh of 6.25mm opening and 0.95mm
diameter. Four No. 4 bars were used as flexural reinforcement. The length of the beams varied from
Imto 1.5m Transverse stiffeners built into the formwork were provided across the span length.

The test set-up and loading arrangement, as shown in Figure 1, consisted of loading the ferrocement
specimens under symmetrical two point loading, varied to obtain the required shear span to depth ratio.
An Universal Testing Machine with 30 ton capacity was used for loading the specimens from the top
and deflections at center point, and 150mm on either side of the centers, were measured through
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LVDT's. During testing the initiation of cracks was carefully monitored and the crack pattem of each
beam at the end of the testing was noted to help assess the failure mode.

Loading direction

L
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200 mm

Figure 1: Specimen dimensions and loading configuration

Influence of Major Parameters on Cracking Shear Strength

Plots were obtained for all the specimens tested for the load versus the center point deflections (V-d,)
for the different parameters under investigation. Typical V-d. curves are shown in Figures 2, 4 and 6 for
the effect of volume fraction, a/h ratio and mortar strengths. The presence of only two distinct stages in
the curves, that of a quasi-linear behavior before cracking and a nonlinear behavior after cracking,
without any significant plastic deformational nonlinearity at the ultimate stage, indicate that the beams
failed primarily in shear or shear-flexure but not due to pure flexure. The beam designations, material
properties and test results are summarized in Table 1. The beams are designated according to the
following general notational expression, XYn, where X indicates the shear span to depth ratio (varies
from A to ), Y indicates the water cement ratio in terms of mortar strength, and n indicates the
number of wire mesh layers in terms of volume fraction,

Effect of Amount of Wire Mesh Reinforcement

The effect of the volume of reinforcement V;, in the form of number of wire mesh layers, on the first
cracking strength and ultimate shear capacity are shown for a representative sample in Figure 2. The
following expression is used to calculate V;

ndy (Nsb; + 2Nuh)
4D (bst; + 2ht. - 2t/tw)

Vf=

where d, and D are wire mesh diameter and opening, respectively; Ny and N,, are number of wire mesh
layers in the flanges and webs; by and 1, are flange width and thickness, respectively; 4 is the beam depth
and ¢, is the web thickness.

The increase in V;clearly indicates an increase in the cracking shear strength, for any given value of a/h
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ratio and f.. An increase in ductility is also evident, associated with the improved shear strength. In
general, the crack resistance of ferrocement is found to be much larger than ordinary reinforced
concrete due to the dispersed wire meshes which increases the tensile strength of the material as a
whole.

The variation of the cracking shear strength (v.,=V./b./) with amount of reinforcement V}, is shown in
Figure 3. An empirical expression for v, as a function of Vj, a/h ratio and f°. has developed and is
discussed in a later section.

TABLE 1: Beam designations, material properties and test results.

(MPa) | (MPa)

Alll 41.72 4.0 0.00445 1.5 14.0
All2 41.72 4.0 0.00889 1.5 17.0
All3 41.72 4.0 0.0134 1.5 18.5
BI1 36.88 39 0.00445 2.0 12.0
BI2 36.88 3.9 0.00889 2.0 15.0
BI3 36.88 3.9 0.0134 2.0 16.5
BII1 4431 45 0.00445 2.0 12.5
BII2 4431 4.5 0.00889 2.0 15.5
BII3 4431 4.5 0.0134 2.0 17.5
(881 44.89 44 (0.00445 2.5 9.5

CI2 44.89 4.4 0.00889 2.5 12.0
CI3 44.89 44 0.0134 2.5 15.0
CIi1 40.62 43 0.00445 2.5 10.5
CII2 40.62 43 0.00889 2.5 13.0
CII3 40.62 4.3 0.0134 2.5 14.0

Effect of Shear Span to depth Ratio (a/h)

The effect of shear span to depth ratio on the load-deflection curve and consequent cracking and
ultimate shear strength of ferrocement beams is shown for typical specimens in Figure 4. The increase
in a/h ratio reduces the cracking strength and the shear strength, as evident in Figure 5, and the mode
of failure changes from pure web cracking to flexure-shear cracking as witnessed from the cracking
patterns monitored in the tests. The a/h ratio is therefore the most important parameter govemning the
failure mode. However the failure mode might change for a given a/h ratio depending upon the amount



Vol. 25, No. 5 SHEAR BEHAVIOR, TRANSVERSE LOADS, FERROCEMENT 973

50 a2 ]
flc=44.3 l l

—~ ¢ 3
Z
ot JQ e Z
[
e
4
= 20 B H
3
=
w2

lo L

G 1 i i 1

0 1 2 3 4 5 6 7

Center point deflection (mm)

Figure 2: Typical load-deflection curve showing the effect of wire mesh
reinforcement

of wire mesh reinforcement. Crack patterns at failure are strongly influenced by the a/h ratio,
originating as diagonal shear cracks near the mid-depth of the section for a/h values of 1.5; originating
near the lower third for a/h values of 2.0; and flexural cracks at the bottom fibers for a/h values of 2.5.
In all cases. considerable reserve strength is obtained after the first crack, with the propagation of
cracks diagonally towards both the top and bottom of the beam between the applied load and support
locations, with increase in load. Also new cracks are initiated with increasing load and existing cracks
show dilatancy.

Effect of Mortar Compressive Strength

The effect of mortar compressive strength, £, on the load-displacement behavior of typical specimens

20

Cracking shear force (kN)

Sr I L RN TR A
—+— a/h=2.0 ; f'c=44.3
: ‘ ¥ ./n-i-z.s H l'c-lil&
0 ! i J ‘ ‘
0 0.002 0.004  0.006 0.008 0.01 0.012 0.014

Volume fraction of wire mesh, Vf

Figure 3: Effect of wire mesh reinforcement on cracking shear strength
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Figure 5: Effect of a/h ratio on cracking shear strength
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is shown in Figure 6. Increase in f°; results in an increase in both cracking and ultimate shear strengths,
and also the ductility of the specimen. However, large variations in mortar strength could not be very
successfully simulat>d for the water cement ratio range of this study. More tests are required to
observe the effect of a large variation of f. on v..,.

Modelling of Cracking Shear Strength

As discussed before, cracking shear strength can be considered to be one of the limiting design
conditions where crack-free structural behavior is desired. Therefore it is imperative to propose a
computational model to predict the cracking shear strength for ferrocement sections.
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Figure 6: Tvpical load-deflection curve showing effect of mortar compressive
strength

The tensile strength is normally ignored in conventional reinforced concrete design but still its
contribution is not overlooked in research studies. Ferrocement on the other hand shows a much
improved behavior in tension, it would thus not only be an over simplification by neglecting the tensile
strength of ferrocement but would be totally unjust, and a complete under estimate of a very significant
contribution of tensile strength. The computational model developed in this study therefore,
emphasizes the tensile strength contribution in the cracking limit state.

Although strictly speaking ferrocement is a non-linear, non-homogenous material, before the initiation
of first crack it can be idealized for modelling to have elastic homogenous material behavior. Using the
Euler-Kirchoff hypothesis of plane sections remaining plane before and after bending, we have, for
combined effects of shear stresses and flexure stresses, the principle stresses s; and s, given by

2
G.+0, (6:-G,) |
Ciz = T ﬂ +1
12 2 4 xy

where, s, , s, are the intensities of the normal fiber stresses along and perpendicular to the local beam
axis, and ty is the intensity of the tangential shear stress. The inclined principal stresses make an angle
a with the horizontal such that

Ty

tan @ = —2—
{0.-0,)

In an ordinary beam problem, the presence of normal stress perpendicular to the beam axis, sy, can be
neglected. The distribution profile of the horizontal flexure stresses at any point in the cross section is
then represented by
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where s is the bending stress at a distance y from the neutral axis. M is the bending moment at the
section and I is the moment of inertia of the cross section at neutral axis.

The shear stress distribution profile of uncracked ferrocement section is computed based on the elastic
beam theory for homogenous beams,

=]
]

L

X-section O« T 04 fy

Figure 7: Distribution of flexural. shear, principle tensile and allowable tensile
stress profiles ucross the section

Then, the shear stress t, at any point in the cross section is given by

_V j‘y dA(x,y)

T T )

where V is the vertical shear force, b is the sectional width and oydA is the sum of the moment of the
differential areas about the neutral axis.

By modelling the distribution of flexure and shear stresses based on the Euler-Kirchoff hypothesis
across the depth of the cross-section the intensity and direction of the principal tensile stresses can be
computed, and compared to the tensile strength of ferrocement, which is taken as the cracking criteria.
This is shown in Figure 7 for a generic cross-sectional shape.

Quite a few number of research has been done previously to determine the first cracking tensile
strength of ferrocement [11,12,13,14]. These show that similar to reinforced concrete the modulus of
rupture indicates a higher value of tensile strength than direct axial tension tests, owing to material
nonlinearity and localized stress redistribution prior to tensile cracking. The tensile strength relations
are obtamed from references [11,12] which gives

f, = 24528, + f,

2802 8. + f,

f

where £, f, f; and £, are the axial tensile strength and modulus of rupture of ferrocement and plain
mortar respectively; S is the specific surface of the reinforcement, defined as the total surface area of
the reinforcement per unit volume of the section (1/mm).



Vol. 25, No. 5 SHEAR BEHAVIOR, TRANSVERSE LOADS, FERROCEMENT M

Zz 45
‘x’ '
3 %
1] L . . PR S
2 36 e
€ Y ’\"’,
o] ) -
— - -
- L L .
c 27f .
@ o
S .
T
|
o
.;:t e} Tget data (pronenp study)
a o = Tast data (Sulaimani ot ai) |
b .
x e
(4] 77
g 0 | { L L
4] [} 18 27 36 45

Observed cracking shear strength (kN)

Figure 8: Comparison of experimental and proposed model results for cracking
shear strength

In view of this phenomenon, the cracking criteria established in the present model, relates the tensile
strength at the neutral axis to the axial tensile strength of ferrocement and that at the outer most fiber to
the modulus of rupture. The profile of distribution of tensile strength is then idealized by a second
degree parabolic variation, between these two limits, as shown in Figure 7. Using this simple approach,
and discretizirg the cross section into finite number of small two dimensional elements, computations
were carried out for comparison of the first cracking loads for results of tests conducted for this study
and results of box beams reported by Sulaimani et al. [10]. (The modulus of rupture, not reported, for
these test results were assumed as twice the axial tensile strength for mortar). The results are plotted in
Figure 8, and the model results show satisfactory correlation with the test results. The coefficient of
variation of the ratio between model and ¢ xperimental results for thirty test data (fifteen each from this
study and [10]) is 8.3% with a mean value of 1.024.

Since the above procedure involves the determination of critical tensile principle stresses across the
section depth, mvolving discretization and computation for different layers, a simpler empirical
expression is also proposed which can be used directly to predict v.,. In an attempt to develop such an
expression for ferrocement thin webbed sections over the entire range of parameters studied under this
research, a multiple regression analysis was conducted for different forms of expressions and the
following form gives the best fit, for the range of the parameters of the tested beams.

h n
Vo =K(fcr —Vy)
a

where, f'; is the mortar compressive strength, a/h is the shear span to depth ratio and V; is the volume
fraction of the wire mesh reinforcement. For the best fit of the experimental results the values of X and
n obtained were 2.6511 and 0.3549, respectively, with an adjusted coefficient of determination R®
equal to 0.946. The final expression proposed thus becomes,

0355
h

Vo = 265 (f(_, ; Vf)
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Figure 9: Comparison of experimental cracking strength and proposed expression
results

A plot of the model results for v,, and the experimentally obtained values for the present study are
shown in Figure 9, showing the validity of the form of the proposed expression.

Conclusions

Based on the test results of thin webbed channel beams under transverse shear loads, and the
computational model and empirical expression proposed, the following conclusions can be drawn

1) The cracking and ultimate shear strength of ferrocement channel beams increases as the shear
span to depth ratio decreases and / or the amount of wire mesh or mortar strength increases.

2) Unlike conventional reinforced concrete without shear reinforcement, web cracking in
ferrocement beams do not indicate ultimate strength, and sufficient reserve strength and
ductility remains even after cracking occurs. In general, two distinct phases of load deflection
behavior is witnessed with respect to pre and post cracking.

3) The crack initiation and failure mechanism of ferrocement beams are closely associated with
shear span to depth ratio. At shear span to depth ratio < 2.0, first cracking usually occurs near
the mid depth of the section; whereas bottom fibre flexural cracks appear first at higher shear
span to depth ratios.

4) By suitably modelling the tensile strength variation across the depth of the beam, a simple
computational model, based on elastic homogenous beam theory, can be successfully utilized
to predict first cracking shear strength of ferrocement beams of any generic cross-sectional

shape.

b)) An empirical expression is also proposed to predict the first cracking shear strength of
ferrocement channel beams. The proposed equation is however valid within the range of
parameter of the tested beamn.
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Notations
a Shear span N Number of wire mesh layers in flange
alh Shear span to beam depth ratio N, Number of wire mesh layers in each web
by Flange width Se Specific surface of wire mesh (1/mm)
b, Thickness of both webs of secaon 1 Flange thickness
c Depth of neutral axis I Web thickness
dy Wire mesh diameter Ver Cracking shear strength of ferrocement
D Wire mesh opening (MPa)
I Mortar compressive strength (MPa) 1% Shear force
f, Mortar modulus of rupture (MPa) V., Cracking shear force
f Mortar tensile strength (MPa) Vi Volume fraction of wire mesh
f Ferrocement modulus of rupture (MPa) ¥ Distance of element from neutral axis
f Ferrocement tensile strength (MPa) a Angle of inclination of principle plane with
h Over all beam depth horizontal axis
1 Moment of inertia 8. Beam mid span deflection
M Bending moment Oy Flexural stresses
(oI} Principle tensile, compressive stresses
Tay Vertical shear stresses
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