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Abstract
An experimental investigation of the fracture behavior of random fiber-reinforced composites
has been carried out using tension tests. The crack opening displacement (COD) was measured
continuously with the applied load. The load-COD curves were used to draw the R-curves (crack
growth resistance curves). Using the resulted R-curves, few analytical relationships have been
obtained. From these relationships, the fracture toughness has been predicted. The present work
gives a better understanding of the crack resistance characteristics of randomly distributed fiber
composites.
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1. Introduction

In the design of mechanical parts it is not enough to take into account the conventional
requirements of static strength, static stiffness and the buckling stability of the undamaged parts,
but it is necessary to consider also the effect of cracks and other damage.

The latter requirement has lead to the known design philosophy of “fail-safe” or “damage

tolerance” concept. This concept allows for “damaged” parts, but the safety of the part is
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guaranteed by designing the part by such a way that slow crack growth is tolerated. It has to be
demonstrated, however, that the crack growth rate remains sufficiently low for the part to be safe
until the next scheduled inspection, during which the damage can be detected and repaired. It is,
therefore, of a prime importance to study the crack propagation characteristics of materials.

The fiber-reinforced composite materials have been used extensively in mechanical parts.
This has led to many investigations to study the fracture behavior of composite materials in order
to provide designers with better insight into the fracture resistance and crack growth mechanism
of these materials to arrive at “fail safe” design of parts.

There have been many recent papers addressing different problems in fracture of
composite materials. Abdel-Wahab et al. (2004), for instance, applied the finite element method
to predict the fatigue crack propagation lifetime in composite bonded joints. Van den Heuvel et
al. (2004) studied the failure phenomena in fiber-reinforced composites. Fracture behavior of
glass fiber reinforced polymer composite was studied by Avci et al. (2004). Interlaminar fracture
was studied by Pereira et al. (2004), Li et al. (2004) and Pereira and de Morais (2004). Fox et al.
(2004) investigated the failure mechanism in aged composites. Unstable crack advance across a
regular array of short fibers in brittle matrix was studied by Qiao and Kong (2004), while
Belmonte et al. (2004) studied physically-based model for the notched strength of woven
laminates. Other studies also discussed different problems related to fracture of composites
(Whitney et al. 2004; Yukalov et al. 2004; Ge et al. 2004; van Mier et al. 2002; Baxter et al.
2001; Rodriguez et al. 2000). Benrahou et al. (2007) used finite element method to estimate the
plastic zone under mixed mode loading. Delamination was Investigated by Choupani (2008), and
Zemcik and Las (2008), while Naghipour and Bartsch (2009) studied the effect of fiber angle
orientation and stacking sequence on fracture toughness of carbon fiber reinforced plastics.
Mixed mode fracture behaviour of woven laminated composites was investigated by Nikbakht
and Choupani (2009), while Gouda et al. (2011) studied fracture toughness of glass-carbon
(0/90)s fiber reinforced polymer composite. Lately, Shameli and Choupani (2016) investigated
the fracture criterion of woven glass-epoxy composites. An overview of the subject is given by
Rizov (2012).

This paper is a contribution to the understanding of the crack resistance characteristics of
randomly distributed fiber composites. The paper starts by describing the experimental procedure

used. It, then, presents the experimental results, and finally discusses the results fairly deeply.
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2. Experimental Procedure

A total of eight different tensile-strip specimens were tested in this investigation under
dry conditions. The specimens are all of length L = 400 mm, width w = 40 mm, and thickness t =
4 mm. The specimens were prepared using four layers of glass-fiber in chopped strand mat form
and polyester resin. Glass fiber end tabs were bonded to the specimens to provide stronger
sections for the grips of the testing machine. The remaining un-reinforced length is 280 mm. A
single edge notch (or crack-like slit) of length a, was made at mid-span of each specimen using a

thin-blade saw. Figure 1 shows the test specimen.

280 mm

A
A 4

Figure 1: Test specimen

The relative crack length, or as called the aspect ratio (notch length to specimen width,
a,/w) ranged from 0.2 to 0.55, in increment of 0.05.

A double-cantilever-beam clip gauge was used to measure the crack opening
displacement (COD) as recommended by the American Society for Testing and Materials
(ASTM) for fracture testing. The clip was mounted across the mouth of the notch on one face of
the specimen. The linear range of the clip gauge was far greater than the largest displacement
recorded in the experiments (see Liu and Wu, 1997).

The specimens were tested in tension to failure in a standard hydraulic testing machine.
To minimize any dynamic effect the load was applied slowly at a constant cross-head movement
rate of 1. mm/min. The applied load and COD were continuously recorded during the test of each

specimen using an X-Y recorder.
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3. Experimental Results
The load-COD traces obtained for the specimens are shown in Figure 2. In general, the
specimens exhibited nearly linear response to a certain load level after which the response

became non-linear where the crack growth became faster prior to catastrophic fracture.
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Figure 2: Load-COD curves

The specimens under consideration did not show obvious crack growth that usually seen
in metals. Hence, a compliance matching technique to get the effective crack length at an
arbitrary load was used.

The compliance, c, for the linear portion of the load-COD response is the inverse of the
slope of the straight line, while at any other point in the load-COD response is the inverse of the
slope of the secant line (i.e. the line between the origin and the concerned point). However, the
values obtained are multiplied by the specimen thickness to eliminate any variation due to this

parameter. Figure 3 shows the results of the initial and final compliance versus a,/w.
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Figure 3: Initial and final compliance
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Using the initial and final compliance curves the effective crack length was obtained.
This was done by measuring the horizontal distance between the final and initial compliance
curves corresponding to the concerned value of the aspect ratio (a/w) by locating it on the final

compliance curve.

4. Discussion

The load-COD curves shows that the increase in the crack length leads to reduction in the
maximum load achieved before to the beginning of crack propagation. The load firstly rises
linearly with the displacement in all the specimens. This belongs to the phase in which the
specimens largely have elastic stresses. Followed by this period, the crack propagation takes
place. This is echoed in the nonlinear increase in the load with COD. The specimens show a
sharp, but constant fall in the load with increase in the COD. Such performance is realized in
specimens with lesser crack lengths. This obviously indicates steady propagation of the crack
front. However, specimens of higher crack dimension do not show such sharp load decrease.
Instead, these specimens show almost saturation in the variation of load with displacement.

To describe the resistance to fracture, R-curves were drawn (see Xi and Bazant, 1997).
An R-curve is a graph of crack-growth resistance, Kg, as it varies with the effective crack length.

The crack growth resistance, Kg, is computed from the typical stress-intensity factor

formula, i.e. Eqg. (1) that follows:
K, :ia”zf(a/w) (1)
wt

with P being the load, a is the effective crack length at the load P, and f(a/w) is called the shape
factor of the geometry of crack, which is a specific function of the relative crack length. For the
present specimens, which are single-edge-cracked plates in tension f(a/w) is specified by Eq. (2)
(see Brown and Srawley, 1969):

f(a/w)=1.99—0.41(a/w) +18.70(a/w)? —38.48(a/w)* +53.85(a/w)* (2)

Figure 4 shows the R-curves, which indicates that the first slopes of the R-curves are
huge. However, later, the composite fracture shape appears to be matrix cracking only,
seemingly due to weak bonding, where merely a small maximum resistance is attained. Near the

end, however, fiber failure happens.
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Figure 4: R-curves
Figure 4 gives the observed crack resistance as functions to the relative crack length. In
this figure, the data of each line shows the results obtained from a single crack, from which it can
be seen that the crack resistance of each increases progressively with the propagation of crack,
with some deviations between the forms and the positions of the measured R-curves. Other
authors have also noticed these scatters in the crack resistance. Obviously, this makes it difficult

and irrational to fit the data of Figure 4 to one curve.

Therefore, it is proposed here to fit the non-linear part of the experimental data of each

separate crack using an exponential function as in Eq. (3):

— (-a/C)
Ky = A-Be 5

where A, B and C are modifiable factors.

The best-fit values of the modifiable factors included in Eq. (3) are calculated by iterative
regression while minimizing the total variance. Although Eg. (3) represents good fits to the
measured data (for each crack), however, the best-fit values of the factors, A, B and C in Eq. (3)
are not the same for all the cracks. This illustrates that the measured R-curve behavior depends
on the crack location.

The R-curve performance for a specific material can be established merely by the
following three parameters:

a) the stress intensity for the crack initiation (i.e. the beginning of crack resistance),
Kih,

b) the stress intensity of the critical crack resistance, K¢, and
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c) the tolerance of the crack, Aa*, which is the difference between the length of the
crack at the critical stage and the initial status.
These three parameters were established as follows.
Rewriting Eq. (3) as follows:

KR — A_ Be(—aO/C)e(—Aa/C)

Here, Aa = a — ap, where a is the length of the crack measured after any loading—
unloading cycle. The Ky, also called the threshold crack resistance, is obtained when Aa = 0 in
Eq. (4). The average value for Ky, for the present specimens is calculated as 5.98 MPa m*?with a
standard deviation of 1.32 MPa m*?,

The fracture mechanics analysis is then used to determine the crack tolerance, Aa*. The

unstable crack growth occurs by satisfying the following two conditions, Eq. (5) and Eq. (6):

K, =Kjg (5)

dk, _ dK,
da da (6)
Using Eq. (1) and Eqg. (3) into Eqg. (5) and Eq. (6), the following equations are obtained:

i\/a*f (a/w) = A—Be "%
wt (7)

1P Lq (alw) = B gtwic)
2wtVa* C (8)
where a* is the crack length of the critical state.

After calculating a* for each crack, the crack tolerance, Aa*=a* — a is calculated. The
results showed that Aa* varies from one specimen to another, indicating dependency of Aa* on
the crack position.

This dependency of crack tolerance is understood from the effect of inhomogeneity of the
microstructure on crack resistance. This was also reported by Gong and Guan (2000) who

studied crack of hot pressed Si3N4.
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The Kc, intensity of the critical crack resistance, can be determined by putting a=a* in
Eq. (1) or Eq. (3). The average value for K¢ is found to be 9.81 MPa mY? with a standard
deviation of 0.59 MPa m*?.

5. Conclusions

Crack propagation can be simulated and expressed in terms of R-curve. The influences of
the stress intensity for the crack initiation, Ky, critical crack resistance K¢, and tolerance of the
crack, Aa*, on R-curve were studied and found to be dependent on the crack position. The
behavior of the measured R-curve with crack growth shows dependency on crack locality. The
main cause of this dependency is the distribution of the fiber within the composite material in
consideration, which is randomly distributed. The measured R-curve for each crack is described

here by an exponential function.

Nomenclature
a effective crack length at load P
Ao notch length
a* crack length corresponding to critical state
a/w  relative crack length
a/w  aspect ratio
A adjustable parameter (Eg. 3)
B adjustable parameter (Eg. 3)
c compliance
C adjustable parameter (Eg. 3)
COD crack opening displacement
f(a/w) shape factor of crack geometry
Kc critical crack resistance
K| stress intensity factor
Kr crack growth resistance

K threshold crack resistance

L specimen length
P load
t specimen thickness
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w specimen width
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