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Abstract

To assess the ultimate strength of polymeric composite
laminates, various criteria have been proposed, however
the response of composite laminates depends on
characteristics of the specimens such as the type of
material, dimensions of the specimens and the fabrication
type. In this paper, the composite laminates, made of UD
glass fibers and vinylester resin were examined under 3PB
condition. Additionally, the FE models were used to
simulate the mechanical behavior of specimens under 3PB.
The degradation of stiffness and the ultimate brittle failure
of the laminates were modeled using the Hashin damage
in the matrix and the bundle failure model related to
breakage of the fibers. The algorithm determined for the
FE model, could predict the ultimate strength of the
composite laminates accurately. A comparison between
the experimental and the simulation results indicated the
reliability of the modeling technique to assess both
progressive and brittle failures in the composite laminates.
Keywords: Composite laminates; Crack band model;
Hashin criteria; Energy absorption; Progressive damage.

1. Introduction

The load carrying and failure behavior of fiber reinforced
polymeric composite materials has been observed
differently under various loading conditions, while various
amounts of this difference have been reported for various
materials. Mujika et al. [1] and Moreno et al. [2] observed
smaller elastic modulus for graphite/epoxy laminates
under a bending load in comparison to this parameter,
measured under tensile load, however an inverse
occurrence has been observed by Nazari et al. [3] for the
glass/vinylester laminates. On the other hand, in contrary
to the dramatic progressive failure behavior of
graphite/epoxy laminated beams observed by Huang [4],
Moreno et al. [2] reported a brittle failure for a group of
graphite/epoxy laminates under bending load. So it is
obvious that the predictions of a unique failure theory for
these different results would not be accurate. The present

research aimed to assess failure of the glass/vinylester
composite laminates by taking into account a progressive
damage to the matrix and a brittle failure, related to bundle
of fibers, located under tensile stress in comparison to
experimental observations.

2. Experimental program

The glass/vinylester composite laminated specimens were
provided for tensile and bending tests. Figure 1 shows a
three-point-bending test on a composite beam specimen
using Zwick loading machine. The failure mechanism was
probed for the specimens, fabricated from the parallel and
perpendicular directions to the fibers. There was a sudden
and brittle failure observed for the specimens under tensile
load, but the flexural failure of the laminates took place
sequentially, related to rupture of the layers, located under
tension.

3. Simulation of progressive damage in matrix and
crack band for fibers

The progressive damage of matrix due to propagation of
micro cracks and rupture of fibers were simulated
according to Hashin criteria and the maximum absorbed
energy, respectively. The energy level, required for rupture
of the layers was determined using the results of the tensile
tests. Figure 2 shows the critical region of the specimens
under tension and bending load to be involved with a crack
band. The critical energy density, required for occurrence
of the crack was measured by the tensile tests. Based on
this theory, for rupture of the layers, it was enough that the
energy density on the tensile area of the beams reach the
critical level.
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Figure 1. Test setup for three-point-bending test of FS1

specimen.
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Figure 2. Critical region of the specimens, exposed to a
crack band under (a) tension, (b) bending.
4. Results
In the four-layer bending specimens parallel to the fibers
direction, the falling point of the maximum load carrying

capacity was corresponding to the rupture of two tensile
layers, located at the bottom. At the falling point of the
second round of load carrying, the third layer from the
bottom was ruptured. Figure 3 shows the ruptured layers
of the bending specimen parallel to the fibers direction
after test. Inspection of the rupture area for the beams
indicated that there was a delamination between the intact
and ruptured layers, however there was not such an
influence prior to the rupture. Figure 4(a) shows the load-
deflection graph for this specimen, obtained by the
experiment and FE simulation. Each falling point of this
graph indicated rupture of the tensile layers. The FE model
showed the maximum tensile stress in this specimen, in the
ultimate state, 16% higher than the tensile strength,
measured by tensile test. The residual strength of the
composite beam after the test was provided by the
remained intact layer after rupture of the three bottom
layers. For the bending specimen, perpendicular to the
fibers orientation, the FE model predicted a sequential
cracking, while in the experimental specimen, the
maximum load carrying capacity interrupted by a diffusing
mid-span crack from the tensile part to the compressive
part of the section, located at the above which reduced
suddenly about 90% of the load carrying capacity.

Delamination between th
ruptured and continuous layers

Figure 3. Rupture of the tensile layers in FS3 specimen after bending test.
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Figure 4. Load-deflection graphs, obtained for bending specimens, (a) FS1, (b) FS2.

The influence of progressive damage in the matrix was
obvious for the bending specimen perpendicular to the
fibers direction, through softening prior to the ultimate
rupture state. Initiation of matrix damage was assessed
according to Hashin criteria, while the progressive
softening rule was implemented according to the amount
of complementary energy, determined by Camanho and
Davila [5]. In order to compare the results of the crack
band theory, suggested for simulation of rupture, with the
results obtained by the maximum strain criterion (Max.
Str. Crit.), the load-deflection graphs of the beams were
also obtained by both theories. The Max. Str. Crit.
predicted a premature failure of the beams rather than the
energy criterion.

5. Conclusion
The accuracy of the predictions for flexural failure of the
bending specimens based on the crack band theory was

promising. The results obtained by the suggested energy
criterion were in convergence with the experimental
observations, while the maximum stress/strain criteria
predicted a premature failure for the composite beams. The
future studies may be involved with examination of the
rupture of specimens with various stacking sequence of the
composite laminates and prediction of the failure loads
based on the crack band theory.
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