PREDICTION OF FRACTURE STRENGTH FOR
NOTCHED LAMINATE SUBJECTED TO
COMPRESSION
LOADING

Myoungkeon Lee*, Jachoon Kim**
*Agency for Defense Development, **Chungnam National University

Keywords: Composite material, Failure criteria, Fracture strength, Laminate,
Compressive fracture strength

Abstract

Two previously developed failure criteria (the
average stress failure criterion and the point
stress failure criterion), which are used to
predict the uniaxial compressive strength of a
laminated composite containing through-the-
thickness material discontinuities (notches), are
subjected to further experimental scrutinization.
This paper contains predictions, using the two
failure criteria, for compressive fracture strength
in open hole laminates. This is accomplished by
obtaining experimental data on the carbon/epoxy
material system, in conjunction with unnotched
multidirectional laminates and open hole
multidirectional  laminates. The composite
material used in this paper is a carbon/epoxy
unidirectional (UD) tape prepreg (Cycom G40-
800/5276-1) cured at a 350°F (177°C). The
operating temperature is -60°F ~ +200°F (-
55°C~+95°C). A total of 84 compression tests
were conducted on specimens from 6 distinct
laminates that were laid up by standard angle
layers (0°, +45° -45° and 90°). The ASTM-D-
6484D standard was used for the test method.
Results are presented for the fracture
compressive strengths of several carbon/epoxy
laminates containing a circular hole. The point
stress failure criterion was more reasonable than
the average stress failure criterion to predict the
observed strengths in all cases considered.

1 Introduction

Originally introduced to explain the hole
effect in laminated composites without resorting
to inherent flaws and fracture mechanic concepts,

the average stress failure criterion [1] and point
stress failure criterion [1] were found to result in
remarkably  good  quantitative  strength
predictions for composites containing cutout [2].

This paper describes the compressive
fracture strength predicted using two failure
criteria for open hole laminates. This is
accomplished by obtaining experimental data on
the carbon/epoxy material system, in conjunction
with unnotched UD laminates and open hole UD
laminates. The 0.25 inch diameter hole is located
in the center of the specimen.

The composite material used in this paper is
a carbon/epoxy UD tape prepreg (Cycom G40-
800/5276-1) cured at 350°F (177°C). Forty-two
(42) compression tests for unnotched laminate
and open hole laminate were conducted on
specimens from six (6) distinct laminates
respectively. The laminates were laid up by
standard angle layers (0°, +45°, -45° and 90°).
The ASTM-D-6484D standard was used for test
method.

In the present paper, the application of the
average stress criterion and the point stress
criterion as failure criteria is considered for
compressive loading cases.

2 Material and Test Method

2.1 Material

The material system, supplied by the Cytec
Company in Cycom G40-800/5276-1 UD tape
prepreg, was investigated. The mechanical
properties of cured lamina are shown in Table 1.



Laminates for the unnotched compressive
test (UNC) and the open hole compressive test
(OHC) were chosen to span the range of practical
structural applications.

The layup range is validated by uniaxial
unnotched and notched tests, as in Fig. 1.

Table 1. Mechanical properties of cured lamina material.

Property Unit @ 70°/AMB
Lamina thickness t inch 0.00741
Density p 1b/in3 0.057
E1* msi 21.18
Elastic modulus E2 msi 1.31
G12 msi 0.49
Poisson’s ratio vi2 - 0.33

* E; is the average of tension and compression moduli
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Fig. 1. Validated layup ranges for laminates.

The specimen configurations to be tested
are provided in Fig. 2.
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(b) OHC laminate specimen

Fig. 2. Specimen configuration for UNC and OHC
laminate.
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The specimens were designed with plies
oriented in four standard orientations of 0°, +45°,
-45° and 90°. All specimens contained a
minimum of 10% plies in each of the 0°, +45°, -
45° and 90° orientations, thus ensuring that all
test experienced a fiber failure mode without
significant non-linearities in the load-strain
response. The recommended  specimen
designations are provided as follows.

(a) The recommended specimen is from
0.08 inch to 0.20 inch thick.

(b) Variations in individual specimen
thickness must be within 0.0004 inch to ensure
uniform gripping in the test fixture.

(c) The specimen laminate must be
symmetric and balanced with respect to the test
direction.

2.2 Test Method

The ASTM D 6484D standard [3] was used
for the test method. Forty-two (42) compression
tests for unnotched laminate and open hole
laminate, respectively, were conducted on
specimens from six (6) distinct laminates at room
temperature with ambient conditions. The test
matrix is shown in Table 2.

Table 2. Test matrix for UNC and OHC laminate
respectively

Specimen No. of Specimen No. of
0.0 0.0
(0/£45/90% specimen (0/£45/90% specimen
plies) plies)
(25/50/25) 7 (30/60/10) 7
(30/40/30) 7 (50/40/10) 7
(30/50/20) 7 (60/20/20) 7

The stacking sequences of specimen for
UNC and OHC laminate are shown in Table 3.

Table 3. Stacking sequence of specimens for UNC and
OHC laminate.

No. of| (0/+£45/90%
Plies plies)
16 (25/50/25)
20 (30/40/30)
20 (30/50/20)
20 (30/60/10)
20 (50/40/10)
20 (60/20/20)

Stacking sequence

[45/90/-45/0/90/0/-45/45]s
[45/90/-45/0/90/0/-45/90/45/0]s
[45/90/-45/0/-45/45/0/90/-45/01s
[45/90/-45/0/-45/45/0/45/-45/01s
[45/90/-45/0/0/0/-45/0/45/0]s
[45/90/0/-45/0/0/0/90/0/0]s
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The ASTM-D-6484D standard was used to
determine the unnotched compressive strength
(F'unc), open hole compressive strength (F'onc)
and modulus (E®) of an advanced composite
multidirectional laminate. Each specimen is
tested to failure to obtain the maximum load from
which the compressive strength is calculated. A
load-strain curve to failure is obtained, from
which compressive moduli are calculated.

The test set-up configuration and specimens
for UNC and OHC laminate are shown Fig. 3 and

Fig. 4.

(a) Test set-up  (b) Before test (c) After test

Fig. 3. Test set-up configuration and specimen for UNC

laminate.

(a) Testset-up  (b) Before test  (c) After test

Fig. 4. Test set-up configuration and specimen for OHC
laminate.

Compressive strength is calculated using the
following equation:

¢ = _Pmax
Fine = Gteao M)
FC — Pmax (2)
OHC ™ w)(tcarc)
where,

F§nc = unnotched compressive strength (psi)
F§pc = open hole compressive strength (psi)
Pmax = maximum compressive load (1b)
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w = measured width at midsection (in)
tcale = calculated nominal laminate thickness (in)

The calculated nominal laminate thickness
(tcate) 1s obtained by summing the nominal per-
ply thicknesses (tnom) of the individual plies in the
laminate.

3 Failure Criteria

Consider that a hole of radius R is an infinite
orthotropic plate. If a uniform stress, o, is applied
parallel to the y-axis (transverse direction) at
infinity, then the normal stress, oy, along the x-
axis (longitudinal direction) in front of the hole
can be approximated by

0= 2 (3 +3 (%)’

—(K7 =) - 7O x> R (3)

where K7 is the orthotropic stress concentration
factor for an infinite width plate. This is
determined from the following relationship [4]

KP =1+

Aq1A,—A%
e i, -y + 2ty

where A;; represents the in-plane laminate
stiffness as determined from laminated plate
theory [5]. The subscript 1 denotes the direction
parallel to the applied stress at infinity. In terms
of effective elastic moduli for laminate, Eq. (4)
becomes

K¥ =1+ 2(\/15—:—uxy>+a (5)

For unbalanced laminates, Eq. (5) is not
applicable.

Although use of the average stress failure
criterion and point stress failure criterion has
previously been restricted to uniaxial tensile
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loading (1-2), the extension of its use to
compressive failure seems plausible since the
rationale for its use in tension would appear to be
equally applicable to compressive loading.
However, it is not expected that the same value
of the characteristic length, ay; and dy;, used in
tensile loading cases would be applicable to
compressive failure predictions.

3.1 Average Stress Criterion

The first failure criterion[1], referred to as
the “average stress criterion,” assumes that
failure occurs when the average value of g, over
some fixed distance, a,., ahead of the hole first
reaches the unnotched compressive strength of
the material, Fjjy., when

1 R+agc
o dr oy(x,0)dx = Fiyc (6)

Using this criterion with Eq. (3) results in
the notched to unnotched strength ratio

= 2(1- 0,)/(2 - 0F - 01 +
UNC
Ky —3)(0% - D) )

where ¢; = R/(R + ac) and oy is the notched
strength of the infinite width laminate, which is
the applied stress &, at failure.

3.2 Point Stress Criterion

The second failure criterion[1], referred to
as the “point stress criterion,” assumes the failure
occurs when o, at some fixed distance, do,
ahead of the hole first reaches the unnotched
compressive strength of the material, F§y, that
is, when

ay (x, O)|x=R+d0c = Finc (8)

Using this criterion with Eq. (3) results in
the notched to unnotched strength ratio
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ON = 2/{2+ 02 +30% —
FUNC
(K> —3)(505 — 703)} )

where ¢, = R/(R + d.) and gy’ is the notched
strength of the infinite width laminate.

3.3 Data Reduction Procedure

From the failure load of each unnotched
compression specimen, the failure stress, Fjyc,
was computed using Eq. (1). Similarly, the gross
failure stress, F§y-, of the notched specimens
was obtained from the failure load of these
specimens using Eq. (2). These values were then
adjusted for all laminates by multiplying F§,
by the isotropic finite width correction factor
K /Ky for holes to obtain notched, infinite
width plate failure stress (oy’). An approximate
expression for this factor is given by the
relationship (6)

2R
ﬁ _ 2+(1_7)3

o T 2R
kg 3(1-39

(10)

where W is the finite specimen width. Eq. (10) is
very accurate for 2R/W < 1/2.

Then, the infinite width plate failure stress
oy, is given by the relationship

o K
On = FgHCé (11)

4 Results

The stress analysis of the circular hole
specimens must take into account the effects of
finite specimen width. In the present paper, these
effects were accounted for by approximate
methods, and finite width correction factor for
isotropic specimen was used as Eq. (10)

In predicted failure ratios, shown in Table 4
and 5, used an approximate expression Eq. (3),
for normal stress, oy, in an infinite orthotropic
plate. This plate contained a circular hole and
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was subjected to uniaxial compression load,
which was multiplied by the appropriate finite
width correction factor, Eq. (10), with Eq. (7) and
Eq. (9).

In Tables 4 and 5, the values apc = 0.070
inches and doc = 0.026 inches were used to
provide an approximate best fit for all laminate
data. In view of the approximate nature of the
stress analysis used, the comparison of predicted
strength percentage with those experimentally
obtained, as shown in Tables 4 and 5, proves to
be acceptable.

Table 4. Prediction of tensile failure strength using the
average stress criterion for OHC laminate.

Specimen Failure strength by test % of UNC
(0/£45/90% (ksi) strength
T ° Fe Fe o Test |Average
plies) UNC OHC oN es stress

(25/50/25) | 99.66 | 43.11 | 44.46 | 44.6 50.6
(30/40/30) | 106.50 | 47.84 | 49.34 | 46.3 50.2
(30/50/20) | 100.61 | 48.44 | 49.95 | 49.6 50.4
(30/60/10) | 101.08 | 48.01 | 49.93 | 49.0 50.6
(50/40/10) | 121.94 | 63.90 | 65.90 | 54.0 | 49.6
(60/20/20) | 143.43 | 68.63 | 70.79 | 49.4 | 485

Table 5. Prediction of tensile failure strength using the
point stress criterion for OHC laminate.

Specimen | Failure strength by test % of UNC
(0/+ (ksi) strength
45/90% | Feune | Feonc | off Test Point
plies) Stress

(25/50/25)| 99.66 | 43.11 | 44.46 | 44.6 48.9
(30/40/30)| 106.50 | 47.84 | 49.34 | 46.3 49.0
(30/50/20)| 100.61 | 48.44 | 49.95 | 49.6 48.9
(30/60/10)| 101.08 | 48.01 | 49.93 | 49.0 | 48.8
(50/40/10)| 121.94 | 63.90 | 6590 | 54.0 | 494
(60/20/20) | 143.43 | 68.63 | 70.79 | 49.4 50.0

The point stress failure criterion appears to
give more reasonable predictions for the
compressive strength of laminates with stress
concentrations.

It is noted that the characteristic length in
compression, apc = 0.070 inches and doc = 0.026
inches, is considerably smaller than that obtained
for the laminates in tension, agc = 0.150 inches
and doc = 0.040 inches (2).
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5 Conclusions

In this study, a constant value for the
characteristic distances ap and do was found to
result in good strength prediction for circular
hole in a number of different laminates. The
composite material used in this paper was a
carbon/epoxy UD tape prepreg (Cycom G40-
800/5276-1) cured at 350°F (177°C).

In the present paper, the good agreement
obtained between test results and strengths
predicted by both the average stress failure
criterion and the point stress failure criterion, for
open hole laminate, appears to indicate that these
criteria can be extended to compressive loading.

It is shown that use of both the average
stress failure criterion and the point stress failure
criterion results in acceptable predictions of
fracture strength for several carbon/epoxy
laminates subjected to uniaxial compressive
loads. In addition to predicting the fracture
strength reasonably accurately in this case, the
average stress criterion and the point stress
criterion are shown to predict the mode of failure
(net compression for OHC laminate) as well.

The characteristic length in compression, aoc
and doc, is considerably smaller than that
observed for the laminates in tension (2).

Although it is difficult to arrive at a
definitive explanation for the different results
obtained, the application of the point stress
criterion is useful because the predicted fracture
strength using the point stress criterion for OHC
laminate is more similar to test results.
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