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ABSTRACT

This work attempts to characterize the stress-strain behaviour of fibre
reinforced cementitious composites in flexure. An analytical model that was

originally designed by Panetta to show how the addition of several types of
fibres to concrete affects the compressive stress-strain curves is used here

by the authors to reproduce the results of the flexural tests . The validity of
the analysis is shown by the close agreement between the prediction of the
model and the experimental stress-strain behaviour of cementitious
composites consisting of 1% to 6% volume fractions of two types of
polyacrylonitrile (Dolanit 10 & 11) and E-glass fibres . Nevertheless, itis
observed that the simulation brought about by this model cannot always be
valid and for orthodox stress-strain behaviour, for example, in composite
samples of t% volume fraction of qolanit 11, the shortcoming of the model
is clear .
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INTRODUCTION

With the increasing use of fibre reinforced
cementitious materials such as concrete as
structural materials, the need for more information
about their mechanical properties is essential.
Complete stress-strain curves of fibre reinforced
cementitious composites are necessary for the
analysis and design of structures made of similar
material. The peak point of the stress-strain curve
yields the flexural strength and the corresponding

strain, while the shape of and the area under the
descending portion yield a measure of energy
absorption capacity or toughness resistance of the
material . Establishment of the descending branch
of the stress-strain curve is essential should the
material be exposed to impact, earthquakes or
fatigue loading [1].

Several studies have been reported on the
stress-strain properties of fibre reinforced concrete
in compression and tension 11-4].

Our goal here is to attain a model capable of
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predicting the stress-strain behaviour of fibre
reinforced cementitious composites in flexure.

In this respect, an analytical model based on
the work performed by Fanella [1] for predicting
compressive stress-strain behaviour of fibre
reinforced concrete is considered and its validity in
simulating the flexural data of polyacrylonitrile and
glass fibre reinforced cementitious composites is
examined.

EXPERIMENTAL

A type of Portland cement with a specific surface
area of about 2500 cm2/g and two types of PAN
fibres of different diameters (Dolanit 10 & 11)
were used to prepare the composite samples . The
chemical composition and physical properties of
the Portland cement used have been reported
previously [5].

E-glass and Dolanit 10 & 11 were all in the
form of chopped ravings 6 mm long and 18 hem,
18 µm and 104 pm, in diameter, respectively.

The E-glass and Dolanit 10 were used in
volume fractions of 1%, 2% and 3% and Dolanit
11 was used in volume fractions of 1%, 3%, 5%
and 6%. Mixing was carried out conventionally in
an electrically driven mechanical mixer of the
epicyclic type which imparted both a rotary and a
revolving motion to the mixer paddle . The cement
matrix was mixed with fibres of each type and
water with 0.3 water to cement weight ratio . After
cement was added to the water and mixed for two
periods of 60 seconds each with a 30 second rest
interval, the fibres were sprinkled randomly into
the cement matrix. Mixing was completed in two
more 90 second mixing intervals with 30 seconds of
rest in between.

All flexural specimens were prepared in steel
moulds in two equal layers each layer being
externally vibrated for approximately 60 seconds.
Flexural specimens had dimensions of 160x 40x 40
mm according to ASTM C 348 . The test specimens
were demoulded after 24 hours at room tempera-
ture followed by curing in a water bath of 20±2 'C
and then tested after 27 days immersion in water .

All the flexural tests were carried out at the same
constant deflection rate (1mm/min) in three point
bending mode using an Instron Universal Testing
Machine, Model 6025, 10 KN Load cell.

RESULTS AND DISCUSSION

Adding any fibres to cement (or conrcte ) matrix
makes a substantial change in its stress-strain
response . This change is generally characterized by
a noticeable increase in both the peak stress and
strain and also a significant increase in the
descending portion of the stress-strain curve which
is an indication of higher ductility [1] . That is, an
increase in the volume fraction of' fibres generally
leads to an increase in the slope of the descending
branch of the stress-strain curve (corresponding to
a decrease in the absolute value ).

The main objective of introducing an
analytical program was to develop useful
relationships to predict the stress-strain curve of
fibre reinforced cement (mortar and concrete) as
well as key properties such as flexural strength and
elastic modulus in terms of the fibre reinforcing
parameters and the properties of the unreinforced
matrix which later may be used in the analysis and
design of structural members made of similar
composition . The analytical expression utilized in
this work has been already employed for some
other compositions under a different mode of
loading. It may be represented by the following
equation [1]:

Yon	 (AX+$X2]
(1+CX + DX2)

Where X=

	

on normalized strain
Er

Y= 0 = normalized stress
Up

E=strain in general
U=stress in general

E,=peak strain of fibre reinforced composite
G =peak stress of fibre reinforced composite

( 1 )
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A, B, C, D = constants to be determined from the
boundary conditions of the curve.

In Figure 1, the prediction of the model is
demonstrated along with an experimental
stress-strain curve for a composite including 5% of
Dolanit 11.

The subscripts L,I,F (such as in Xp and YF )
in Figure 1 refer, respectively, to the point at 45%

of peak stress, the inflection point and a far point
on the descending branch of the stress-strain curve
used for deriving the constants of the equation (1).
The equations from which the constants are
determined from the boundary conditions are
shown in Table I.

The boundary conditions and particularly
related to the peak stress (flexural strength) and
strain, to the stress and strain at 45% of the peak
stress (elastic modulus ), to the stress and strain at
the inflection point, and to the stress and strain of

1 .2

an arbitrary point taken at the tail-end of the
descending branch.

A computer program for calculating each
group of constants was written and its flow chart is
shown in Figure 2 . The calculated constants,
depending on type and volume fraction of fibres
are given in Table 2. Regarding the values of these
constants the stress-strain simulation curves were
depicted and compared with experimental curves.

The results of this comparison are shown in
Figures 3-6 . It can be seen that the constructed
curves, except for 1% volume fraction of Dolanit
11, fit with high accuracy on to the experimental
curves.

Since cementitious composites reinforced
with 1% volume fraction of Dolanit 11 have more
than one ascending and one descending portion, it
is clear that the analytical model used cannot be
valid for such composites. However, the model can
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Fig. I . Comparison between normalized esperimantal and model stress-strain curves for composites including 5%

Do/unit 1I.
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Table I . The equations from which the constants are determined [I].

Normalized coordinates : Y =O'

	

X =

	

Y =

	

'd'x+BX2
,

	

;
~F

	

1 +CXDX2

Ascending branch (Ai , B1, C l , D i )

	

Descending branch (A2 , B 2, C2 , D2)

Values of constants

A 3 —
A2 .— B i z

13 1 =-D, - 1 B2=D2-1

CI=AI - 2 C2=A2 -2

D i =A' 1 + C,1
D2=4

where where

A' 1 = -2.22 Al 2 A ' 2 =c1b2 - c2b c

B' 1 =0.45 A" 2 = a1c2Ai l + 2- - a2cl

C'i= A 22 B ' 2 =aih2 - a2b1AI
Ec=secant modulus at 0 .45C+, ai =X1 - XT .Yr

Eo=secant modulus at peak point a2 = X i: - XF.Y F

1) ] =X12 - X 12.Y3

b 2 =X F2 - X F-2 .YF

cl =Y1 - 2X1 .Y 1 +X 21

c2 =YF - 2X F.YF +X2P

X 1 Y1 = coordinate at inflection point

X F,YF = coordinate at point on tail

portion of descending branch

be applied with reasonable accuracy for real design
purposes to composites which have only one
ascending and one descending branch in their
stress-strain curves in flexure ( as the model
assumes ).

Furthermore, it can be seen that the energy
absorption capacity, defined by the area under the
load-deflection curve in flexure, is increased by
introducing fibres into the cementitious specimens.
The calculated theoretical and experimental energy
absorption capacities are shown in Table 3, and as
expected there is close agreement between these

results.

CONCLUSION

The introduction of any type of fibre into a cement
matrix changes the basic characteristic of the
stress-strain curve in flexure . Addition of
polyacrylonitrile and E-glass fibres can increase the
peak stress and strain of a plain cement . For
instance, six volume percent of Dolanit 11
increases the flexural strength and peak strain of
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From the results it may be reasonable to
conclude that the analytical model used can be
applied with high accuracy to all fibre reinforced
cementitious composites having only one ascending
and one descending portion in their stress-strain
curves in flexure to simulate these curves.

The use of two sets of constants, one for the
ascending branch and another for the descending
branch, is essential for a sound representation of
the flexural behaviour.

.

cement up to 2 and 5 times higher, respectively.

O = stress in general
6p = peak stress of fibre reinforced composite
E = strain in general
Ep = strain at peak stress
X

	

= normalized strain

Y =

	

= normalized stressO-p

Eo = secant modulus at peak point
Er = secant modulus at 0.45 6p
X L ,YL = coordinate at 0 .45 qp
X1i Y 1 = coordinate at inflection point
X F,Y F = coordinate at point on tail portion of
descending branch
H = increment
Al , B1, Cl, D1, A2, B2, Cy, D2, A' 1, B' 1, CI, A'2, B'2

A'2, at , b1 , c1 , a2, b2 , c2 = Constant
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Fig. 2 . Flow chart of a computer program for calculating constants ofequation (1).
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Table 2 . The calculated constants for won ofstress-strain curve.

Volume Ascending branch Descending branch
Fibre fraction(%)

A, Bi G Di A2 B2 Cz D 2

0 1 -1 .038 -1 -0 .0382 - - - -
1 1 -1 .038 -1 -0 .0382 1 .7099 -0.2048 -0.29 0.7952

Dolanit 11 3 1 .2447 -0.9226 -0 .7553 0 .0774 0.2038 -0.0254 -1 .7962 0.9746
5 1 .05 -1 .033 -0.95 -0 .0328 0.264 -0.0167 -1 .736 0.983
6 1 .1 -1 .018 -0 .9 -0 .018 0.3721 -0.0529 -1 .628 0.9471

1 1 -1 .0382 -1 -0 .0382 -0.0142 0.0386 -2.014 1 .0386
Dolanit 10 2 1 .068 -1 .0285 -0 .932 -010285 -0.0121 0.013 -2.012 1 .013

3 1 .1 -1 .018 -0 .9 -0 .018 -0.0296 0.0317 -2.03 1 .032

1 1 -1 .038 -1 -0 .0382 -0.0234 0.0331 -2.0234 1 .0331
E-glass 2 1 -1 .038 -1 -0 .0382 0.1563 -0.0098 -1 .844 0.99

3 1 -1 .038 -1 -0 .0382 0.0176 0.0117 -1 .982 1 .012

Strain (%)

[ -a- 3% (Experimental) : -t- 3% (Model) ; x 5% (Experimental); -0- 5% Model ; x 696 (Experimental) ; -A-6% (Model)]
Fig. 3 . Comparison between egie imental and model stress-strain curves for several volume fractions of Dolanit 11.
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Fig. 4. Comparison between experimental and model stress stain auVSes for several volume fractions ofDolanit 10.

Fig. 5 . Comparison between experimental and model stress-strain sauces for several whims fractions of E-glass.
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10,

Strain (%)

Fig. 6 . Comparison between experimental and model stress-strain curves for composites induding I% Dolanit II.

Table 3 . Energy absorption capacity of fibre reinforced cementitious composites.

Fibre
Volume

fraction(%)
Energy absorption capacity

Experimental(kg/m2) Theoretical(kg/m2) Experimentalltheoretical

0 0 .250 0.277 0 .9
I 1 .402 - -

Dolanit 11 3 2 .072 2.054 1 .008
5 4 .4875 4.541 0.988
6 6.953 6.985 0.995

1 0.519 0.58 0.9
Dolanit 10 2 0.869 0.81 1 .07

3 1 .5 1 .447 1 .037

1 0.581 0 .55 1 .057
E-glass 2 1 .69 1 .664 1 .015

3 2.231 2 .066 1 .08

t 1% (Experimental)

-4- 1% (Model)]

5
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