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Abstract

In this study, the failure behavior of laminated composite plates subjected to anticlastic bending is investigated. Anticlastic
bending is a special case of bi-axial out-of-plane loading that produces predominantly twisting moment. A test fixture is
designed to actualize anticlastic loading condition. Carbon-fiber-reinforced epoxy composite is selected as the material of
the specimens. Totally nine different layup configurations are chosen and at least four specimens are tested for each
configuration. Acoustic emission monitoring (AEM) is utilized to detect the first-ply-failure load and the accumulation of
damage in the laminates. In this method, elastic waves resulting from initiation and progression of damage are detected, and
then AE signals are processed to identify the failure modes and determine the first-ply-failure load. A finite element model is
developed to simulate the anticlastic bending test. A code is developed using ANSYS parametric design language to predict
the first-ply-failure loads using various failure criteria like Tsai-VWu, Hashin, and Puck. The experimental and numerical
results are then compared. Relative strengths and weaknesses of the failure criteria in estimating failure of laminated
composite plates under anticlastic bending are discussed.
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Introduction laminated composite parts requires use of failure theories
validated for various loading conditions.

A number of researchers previously examined the in-
tralaminar failure behavior of laminated composites under
various out-of-plane loads and investigated the validity of
different failure criteria. Irhirane et al.'® compared the
predictions of several static failure criteria for the first-ply
and progressive failure of composite laminates under three-
point bending with experimental results. Meng et al.'" in-
vestigated the effects of lay-up configurations on the
- i . 3 damage initiation under three-point bending. They com-
developing safe and optimal designs for composite parts e the test results with the results of a 3D FEA model and
under complex loading cases. So, understanding and pre- analytical model. Koc et al.'? studied intralaminar failure

dicting the failure behavior of the material under different .. vior of CFRP specimens under four-point bending and
loading conditions gain importance. Failure mechanisms and compared the experimentally measured strengths with the
response of laminated plates are extensively studied and

validity of the failure criteria is investigated for in-plane
loading conditions.'™ On the other hand, not sufficient at-
tention has l?een glver} tC‘) out-of-plane load]ng (e, tr?:msxferse 'Department of Mechanical Engineering, Bogazici University, Istanbul,
force, bending or twisting moments, or their combination).  Tyrkiye
Many composite structural parts like aircraft wings and wind ~ 2Composite Technologies Center of Excellence, Sabanci University-
turbine blades are subjected to a combination of bending and ~ Kordsa, Istanbul Technology Development Zone, Istanbul, Turkey
twisting moments or transverse forces. Failure analyses of .
. . o . . Corresponding author:

composites based on failure criteria validated only for in- . . N -

i . . ; . Fazil O Sonmez, Department of Mechanical Engineering, Bogazici
plane loading cannot be considered reliable if the part iS  University, Istanbul, Bebek 34342, Turkiye.
subjected to out-of-plane loads. Hence, reliable design of  Email: sonmezfa@boun.edu.tr

Laminated composite plates exhibit much more complex
behavior than the conventional materials. Interactions be-
tween fibers and matrix; many different ways in which they
may fail, for example, delamination, fiber breakage, matrix
cracking, buckling of fibers, and debonding of fibers from
matrix; predominance of a different failure mode over the
others under a different loading state or a different layup
pose great difficulty in predicting their failure behavior.
In industrial applications, designers face the difficulty of
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predictions of commonly used static failure theories like
Tsai-Wu and Hashin.

In the literature, usually four-point-bending or three-
point-bending'"*'*'*> tests conducted on composite
specimens were considered to examine the validity of
failure criteria for out-of-plane loads. In these tests,
specimens were predominantly subjected to uniaxial
bending, M, or M,,. In the tests where transverse loads were
applied,”*2° specimens were predominantly under bi-axial
bending (both M,, and M,,) as seen in Figure 1(a). On the
other hand, in anticlastic loading, specimen is pre-
dominantly subjected to twisting moment, M,,,. This loading
state is realized either by applying bending moments in
opposite sense (Figure 1(b)) or by applying force couples
having the same magnitude but opposite direction to the
neighboring corners of a square plate as shown in Figure
1(c). If My, = —M,,, = My and x — y coordinate axes are
rotated by 45 about z axis, the loading state on the plate will
be Myy = My = 0and My, = M, with respect to the new
coordinate system x’ — /. Farshad et al.?” used anticlastic
bending to determine the shear modulus and Poisson’s ratio
of some polymers and foams. In another research, Farshad
and Fliieler”® investigated the mode III fracture toughness of
various materials, including CFRP and GFRP, by means of
anticlastic bending. Makeev et al.?’ used anti-clastic
bending to assess the shear stress-strain curves in all
three principal planes with a single experiment. Podczeck>®
used this method to determine the fracture properties of

12—-15

some pharmaceutical materials. Elmalich and Rabinovitch®'
used a high-order sandwich plate theory to study the twist
behavior of soft-core sandwich plates with aluminum face
sheets under anticlastic bending and compared the nu-
merically and experimentally obtained values for the
compliance. Goodsell et al.*> developed an approximate
elasticity solution for the response of composite laminates
under anticlastic bending and their analytical solution
agreed with the FE results for displacements and in-
terlaminar shear stresses. However, anticlastic bending has
not been used to investigate the failure behavior of com-
posite materials in those studies.

In this study, the strength of continuous fiber-reinforced
laminated composite plates with different stacking se-
quences are investigated under anticlastic bending and the
validity of selected failure criteria is examined under this
loading state. For this purpose, a new anticlastic bending
test apparatus is designed (Figure 1(d)). Specimens with
100 mm x 100 mm dimensions, composed of 12 plies with
various layup sequences are manufactured. The progressive
failure behavior of the specimens is monitored during
testing by means of acoustic emission monitoring (AEM).
In this method, elastic waves resulting from initiation and
accumulation of damage within the material are detected,
and then the signal data are analyzed to identify the failure
modes. The mechanical behavior of the specimens during
the tests is simulated by a finite element model in ANSY'S
and a code is developed using ANSYS parametric design

Figure |. (a) Biaxial bending applied by two bending moments in the same sense; (b) Anticlastic bending applied by two bending
moments in opposite sense; (c) Anticlastic bending applied by force couples; (d) Bottom portion of the anticlastic test setup developed in
this study. The two forces are applied on the specimen by the upper half of the fixture (removed for clarity) which is identical to the

bottom half.
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language (APDL) to employ the selected failure criteria to
predict the first-ply failure load levels, which are maximum
stress, maximum strain, Tsai-Hill, Tsai-Wu, Hofman,
Hashin, Puck, and quadric surfaces.>® The experimental
results and the predictions of the failure criteria are com-
pared and the criteria that yield the most realistic results are
determined for each stacking sequence. In this way, the
validity of the chosen failure criteria is investigated for this
type of loading condition and valuable information is
provided for the designers as to the reliability of the failure
criteria.

Experiments

Experimental set-up

As depicted in Figure 1(d), specimens are placed on two
spherical steel supports, which hold the specimen at points
on the diagonal close to the corners. Support points are
15 mm away from the intersecting edges and 15v/2 mm
away from the corners. Pin inserts are used in the bottom
fixture to ensure proper alignment of the specimens during
testing. The prismatic supports are placed on a sliding base
to accommodate different specimen sizes.

Material and specimen preparation

Composite plates are manufactured from AS4/8552 unidi-
rectional composite prepregs. The fiber volume fraction of
cured material is 57.4% according to the product data sheet.**
The properties missing in the catalogue (v23, S»23) are taken
from reference.® Tables 1 and 2 present the material properties
used in the FE model. Because laminae are transversely iso-
tropic, one may assume the following equalities to hold:
Zi =Y, Zo = Y, S13 = Si2, viz = vi2, and Gz = Ex/2(1 +
v23). Nominal thickness of a ply is measured to be 0.184 mm.

First, prepregs are laid out on a steel tool with desired
stacking sequence and thickness, vacuum bagged, and then
cured in autoclave according to the manufacturer’s rec-
ommended curing cycle.*® The cured plates are cut into the
shape of a square with 100 mm-length edges by using
a water-cooled diamond disc. In order to observe how
successfully the failure criteria predict the failure trend, that
is, the change in the failure load with a change in the
orientation angle, 0, unidirectional [0;;], and symmetric
angle-ply, [(+6/—0),], layup configurations with in-
creasing values of 0 are chosen as listed in Table 3. Note that
due to the symmetry in geometry and loading, [0;5] and
[(90° —0),,], configurations and also [(+0/—6);]; and
[(90 +6/90 — 0),], configurations yield the same result.
Additionally, cross-ply configurations indicated in Table 3
are chosen. At least four specimens are tested for each
configuration. In testing some configurations, especially
unidirectional laminates, delamination is observed to occur
before any intralaminar failure. Considering that the
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Table 1. Elastic properties of AS4/8552.3*
E| (GPa) E2 (GPa) G|2 (GPa) V92 V23
135.1 9.6 5.3 0.32 0.487

Table 2. Strength properties of AS4/8552.3*

X, (MPa) X. (MPa) Y, (MPa) Y. (MPa) S, (MPa) S,; (MPa)

2137 —1531 63.9 —199.8 1145 102.7

Table 3. Chosen layup sequences.

Unidirectional (UD) Symmetric angle ply Cross-ply (XP)

[012] [(5/=5)s], [(90/0)5],
[512] [(15/=15),]; [903/05];
[1512] [(30/—30);];

(30,,] [(45/—45),];

[45/2]

objective in this study is to examine the validity of intra-
laminar failure criteria under anticlastic bending, reinforc-
ing strips with 20-mm width are bonded to the edges of the
specimens as shown schematically in Figure 2 to reduce the
delamination risk at the edges. The strips have two-ply
thickness with 0" orientation angle. The centers of the circles
in the figure indicate the loading points.

Experimental procedure

Anticlastic bending tests. Anticlastic bending tests are per-
formed on MTS servo-hydraulic test machine with dis-
placement control, using the anticlastic bending fixture
shown in Figure 3. The bottom and top portions of the
fixture are attached to the testing machine via connectors.
The upper part of the anticlastic fixture is rigidly attached to
the stationary upper frame of the testing machine. Move-
ment of the specimen in the x and y directions is prevented
during testing by means of the pins as shown in Figures 1(d)
and 3. The bottom part of the fixture is attached to the piston,
which is moved upward with a speed of 1.8 mm/min to
ensure the loading is quasi static. The load is increased until
the specimen breaks apart so that the ultimate load level can
be determined. Rubber bands are placed between the balls
and the specimen to reduce stress concentration at the points
of application of loads and eliminate AE signals that might
arise due to sliding between the balls and the specimens.
Two piezoelectric transducers are symmetrically placed on
the specimen to detect acoustic emission signals. Before
placing the transducers on the specimen, the surface of the
specimen is cleaned and ultrasonic gel is applied on both
surfaces for smooth transmission of the acoustic waves. The
gel layer serves as a coupling agent between the sensor
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Figure 2. (a) Schematic of the specimen and the loading points, (b) A picture of a specimen without strips.
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Figure 3. The test apparatus and AE sensors.

surface and the specimen by creating a continuous medium
between them. In order to prevent sliding of the transducers
during testing, which may produce noise signals, they are
secured by means of elastic bands and tapes. The acoustic
emission system starts before the bending test and stops at
the same time. The data collected by the acoustic emission
device and the test equipment are synchronized after the test
by taking the time at the end of the test as the reference time.

Acoustic emission monitoring (AEM). It is not easy to de-
termine the first-ply failure load for composite materials
experimentally unless the first and final-failure load levels
are the same. This is because initiation of damage usually
does not result in an appreciable change in macro behavior
of composites. Even in coupon tests under tension, a lam-
inate may not suddenly fail throughout the specimen,
damage may gradually accumulate, and thus a drop or
a significant change in the slope of the load—displacement

curve may not happen. The question is how extensive the
initial damage should be to consider the first-ply failure to
have occurred. Fortunately, AEM provides an effective tool
for detecting the first-ply failure, progression and accu-
mulation of damage, and even the failure mode. Different
failure mechanisms generate characteristic AE signals. It is
possible to figure out the failure mode by examining AE
signals.

In this study, a two-channel MISTRAS AE system is
used with PK15I type piezoelectric sensors. Its resonance
frequency and operating frequency range are 150 kHz and
100-450 kHz, respectively. This frequency range is more
suitable for detecting damage associated with matrix
dominated failure modes. PAC AEwin™ software is used
for the acquisition of AE data. Peak definition time, hit
definition time, and hit lockout time are selected as 50, 100,
and 300 microseconds, respectively. The sampling rate is
selected as five mega samples per second. In order to
eliminate background noise 55 dB threshold is selected
during testing. Only the signals recorded with an amplitude
greater than 55 dB are recorded as hit data. A fast Fourier
transform (FFT) analysis is carried out to examine the
signals in the frequency domain. Acoustic emission system
produces signals characterized by eight AE features: Peak
amplitude, peak frequency, rise time, counts, duration,
energy, absolute energy, and signal strength. Peak frequency
is the frequency of the peak amplitude of a hit. Energy
parameter is the time integral of the absolute signal volt-
age.”’ Its magnitude depends on the value of energy ref-
erence gain, which is selected as 20 dB. The energy
parameter is without unit, but it is expressed as “eu,” which
stands for “energy unit” in AEWin PAC software.

Determination of the first-ply-failure load. In-situ observation
techniques, like edge microscopy and digital image cor-
relation (DIC) provided evidence for the correlation be-
tween AE parameters and failure modes.***° Correlation of
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AE signals with damage modes has been the subject of oy T+,
many studies.*** Some of them*' ™ attempted to identify ot 21 (M

the failure modes of composite materials by associating
each failure mode with a different range of peak frequency.
However, different peak frequency bands may be observed
when a single damage mode occurs as revealed by Baker
et al.*’ It was reported that different peak frequency values
were recorded with wideband AE sensors when matrix
cracking occurred in 90° plies of a cross-ply laminate. For
this reason, identification of failure modes based on just
frequency content is not reliable.

In this study, the test fixture and the load condition do
not permit use of in-situ optical tools, such as DIC or edge
microscopy to correlate AE signals with failure modes. In
order to determine the first-ply failure load and provide
a reliable correlation between the AE parameters and the
failure modes, several AE parameters are considered to-
gether with the load—displacement curves. Besides, sudden
changes in the cumulative number of registered signals and
formation of new frequency bands are attributed to initi-
ation and progression of a failure mechanism. Effective-
ness of this method was previously seen for tension and
three-point bending tests of glass-fiber reinforced
composites.*®

Determination of delamination. The first-ply failure may be
due to intralaminar failure or delamination failure depending
on the loading, layup sequence, and material. In this study,
the validity of intralaminar failure criteria under anticlastic
bending is investigated. For this reason, it is important that
the first-ply failure is due to intralaminar failure mode not
delamination. In order to delay delamination, strips are glued
to the edges. Besides, the load level at which delamination
occurs is determined to see whether the first ply-failure mode
is delamination or not. The delamination failure load is first
determined based on the experimental data. Previous studies
on different composite specimens under tensile loading™®*°
and flexural loading*®*® revealed that acoustic emission data
provided important evidences for determining various failure
modes including delamination failure. The results of these
studies showed that geometry, material, layup sequence, and
sensor types affected the values of AE parameters of the
failure modes but a significant conclusion was that a large-
scale delamination between plies caused significant load
drops in load—displacement curves and also initiation of new
AE clusters or groups or a stop in the recording of AE clusters
or groups. A small scale debonding that does not grow with
increasing load does not show such indications, but it cannot
be considered as a delamination failure. This approach is used
in this study to determine the delamination failure under
anticlastic loading.

Secondly, delamination is checked using the de-
lamination model of Christensen and DeTeresa.*” Ac-
cording to the model, delamination is predicted if the
following inequality is satisfied

ST3 S[L

where o33 is out-of-plane normal stress, 73; and 73, are
out-of-plane shear components of stress, S7; is the
tensile strength in the thickness direction, and Sy, is the
interlaminar shear strength. Solid elements are used in
the finite element model. For this reason, out-of-plane
stress components can be obtained after the finite ele-
ment analysis. The strength values in the thickness
direction are provided in references [50] and [51],
which are S73 = 29.3 MPa and S;; = 65 MPa.

Finite elements analyses (FEA)

A finite element model is developed to simulate the anti-
clastic bending test and determine the stress and strain states
within the specimen using commercial FEA analysis pro-
gram ANSYS. A code is developed in ANSYS Parametric
Design Language (APDL) to implement the failure criteria
and predict the first-ply-failure load.

SOLID185, a layered 3D structural solid element
defined by eight nodes, is used to mesh the structural
volume (Figure 4). The element has three degrees of
freedom at each node. Shell element could be used, but
solid element type is preferred in order to obtain 3D
stress and strain states and apply 3D formulations of the
failure criteria. The material is assumed to behave
linearly elastic until first-ply failure occurs. Since the
tests are conducted under displacement control, dis-
placement boundary conditions are defined in the FE
model. Considering that the upper fixture is rigidly fixed
to the upper frame of the testing machine and the lower
fixture attached to the piston is moved slowly upward,
the two nodes where the upper supports touch are held
in the same position in the transverse (z-) direction
(Figure 4). The two nodes on the same diagonal where
the bottom supports touch are given a predetermined
displacement in the transverse (z-) direction. In order to
prevent rigid body motion of the FE model in other
degrees of freedom, three nodes are selected close to the
middle of the specimen and they are held in the x and y
directions.

The magnitudes for the material strength and stiffness
in Tables 1 and 2 are used in the FE model. In order to
determine the first-ply failure load level, the value of the
applied displacement for which the maximum failure
index becomes equal to 1.0 is iteratively found using the
secant algorithm. In this method, the maximum failure
index values, f; and f;, corresponding to two arbitrary
displacements applied to two opposite corner locations
(Figure 2(a)) are numerically calculated. The maximum
failure index, f, is considered as a function of the applied
displacement, 0. The root of function (f(J)—1) is
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Figure 4. The meshed structural model of the specimen.

iteratively found using secant algorithm. After obtaining
convergence, that is, finding the applied displacement such
that the maximum failure index is equal to 1.0 (f = 1.0),
the corresponding stress and strain states, the deflections,
the reaction forces (i.e., the failure load), are extracted
from the FE results.

Because the concentrated forces and the sharp edges
between the strips and the laminate in the FE model cause
stress concentrations more severe than the actual case,
these regions are not considered in the failure analysis.
Convergence analyses are performed to determine the
optimum mesh size. Three different element sizes,
1.0 mm, 2.0 mm, and 4.0 mm, are tried, and the differ-
ences in the results indicate that the suitable mesh size
is 2.0 mm. Thickness is divided by the number of plies.
Accordingly, each element has thickness equal to
0.184 mm. Then, there are 16 elements in the thickness
direction in the region with strips and 12 elements in
the region without strips. The total number of elements is
36,400.

Intralaminar failure criteria

Maximum stress,”> maximum strain,’> Hashin,>> Tsai-Wu,>*
Puck,’® Tsai-Hill,>> Hoffman,”” and quadric surfaces®
failure criteria are used to predict the failure load and the
corresponding deflection. Among these, the first five criteria
are defined in ANSYS software; the rest is implemented by
developing codes. In the following, the expressions for the
failure criteria are given in terms of the stress or strain
components in the material coordinates, o;, 7, &, and &;. 3D
forms of the failure criteria are used to calculate the failure
index, f. If the maximum value of the failure index in the
laminate exceeds 1.0, failure is predicted.

Tsai-Wu failure criterion® is a non-linear stress-based
criterion that accounts for interaction between normal stress
components; however, it does not predict the failure mode.
It includes quadratic as well as linear terms

2 2 2 2 2 2

o O (o3 T T T

f=- 2+ 2+ 2+ 2+ 2

XlX|  YIY| Z|Z| Sh, Sh  Sh
0103 0103 0,03 )
VXYY, VXXZZ. JYZZ @)

n 1+1+ 1+1+ 1+1
"\xx) My ) TPz Tz

where X;, X, Y,, Y., Z;, Z., S12, S13, and S»3 are the strength
values in the material coordinates. Their values are given in
Section 2.2.

Hoffman criterion®’ is a nonlinear stress-based criterion
accounting for stress interaction, but it does not predict the
failure mode. It includes quadratic as well as linear terms.
Only the coefficients of the interaction terms are different
from that of Tsai—Wu criterion

2
0] 712 T13 Tz3
+ +—+—
X

/= Z,|Z| 52, s,

+ +
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T (XX Y,Y Zt
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Tsai—Hill>® is a non-linear stress-based criterion that
accounts for stress interaction; however, it does not predict
failure mode. It only includes quadratic terms. It does not
assume any effect of the difference in tensile and com-
pressive strengths as opposed to Tsai-Wu and Hoffman
criteria, hence the linear terms disappear

N
? €

2
L0 L% 0 Th Th T
/ Ttz +S +S +S

1 1 1
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Here, X, Y, and Z denote either tensile or compressive

strength depending on the sign of o, 07, and o3,
respectively.

“4)

The quadric surfaces criterion®® is a non-linear stress-
based criterion. It not only accounts for stress interaction
between normal stress components, but also between
normal and shear stress components. It also includes the
linear terms of the shear stress components. Failure
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indices, f;;, are calculated for 1-2, 2-3, and 1-3 planes and
the maximum of these is taken as the failure index

S =max(fi2,/13,/23)

a5 a5, a, b b
flz—ﬁﬂl +WUQ+S—2T12+ﬁ0102+m01|T12|
%)
b
+Y oy |t12| + 01+ 02+S |712]
a a b
ﬁ.’) = ﬁag =+ O'§ S2 T23 =+ YZO'20'3 + YS230'2|T23|
ZS ———03|t23] + YUZ +ZU3 +S |723]
b b
f13 X2 0'3 +S2 T]3 +ﬁ0—10_3 +F130'1‘T13|
b
+ U3|T13|+ 01+ 03-1' \713|

A VA

where a = 0.98, b = 0.49, and ¢ = 0.02,”® which are found by
employing stability conditions and enforcing satisfaction of the
equations for special loading cases like a+c=1 for
o1 =X, 00n =112=0.X, Y, and Z denote either tensile or
compressive strength depending on the sign of g1, 05, and o3,
respectively.

The maximum stress criterion’? is linear and stress
based. It can predict the failure mode. It does not ac-
count for stress interaction. This criterion states that
failure occurs if one of the following conditions is
satisfied

o>X,oro <X, oro,>Y,0oro,<Y,0oro;>Z or

(6)

03=Z 01 113> 815 0r [713] > 83 0t | 723] > 523

The maximum strain criterion®” is linear and strain
based. It can predict the failure mode. It does not account for
interaction between strain components. This criterion states
that failure occurs if one of the following conditions is
satisfied

g >X org <X, .ore>Y,ore, <Y, .ore>7,or ™

&3 SZM or |812| ZSSIZ or |T13| 2S{.‘13 or ‘T23| 25}23

where X, Xee, Yy, Yoo, Zy, and Z,. are the maximum al-
lowable tensile and compressive strains in the 1, 2, and 3
directions, respectively, S;; is the maximum allowable
shear strain in the i — j plane.

Hashin criterion is a nonlinear and physically based
failure criterion, which can predict the failure mode. It also
accounts for stress interaction. Hashin criterion predicts
failure if one of the following conditions is satisfied

o 2 2, 47
<—‘> + 2 Tt ThLy 71>0
S
t 12
Dol if <0
2
<02+a3> +1%2—|2—r%3+r§3—020321 "
Y, Sty S5
0'2+0'320 (8)

0y + 03 2_’_7%2"'7%3
285 5122

Y.\’ 0y + 03 T2y — 0203 .
+ <) -1 + -2 >1 if
{ (2523> } Y| Ap

o) +0'3<0

Puck et al.’>>® consider two failure types, one is fiber
failure and the other is inter-fiber failure (matrix
cracking). In the simple version,’ the criterion for fiber
failure is like the maximum stress criterion. Fiber failure
occurs if

012X, or o;<X, )

Puck criterion distinguishes three different modes for
inter-fiber failure. According to the criterion, a fracture
with 0° angle (mode A) occurs if the transverse stress, o5,
is tensile and the following condition is satisfied

m\’ @ Y 2o\’ )

L) w1 +’> <>+ o1 0,20

<512> < P Siz Y, P Sz 2
(10)

Mode B fracture occurs under a compressive transverse
normal stress, o,, and shear stress in the 1-2 plane, 715, if the
following condition is satisfied

1 [, a .
S ( 4, + (,UL ‘72) JFP(L)Uz) >1 if
12

(1)
A
0,<0 and ESR“

Sz \712c|

Mode C fracture occurs under a compressive transverse
normal stress, o,, and shear stress in the 1-2 plane, 7y5,
which is large enough to cause fracture in an oblique plane,
if the following condition is satisfied

T : )\’ Y,
Grog) @) e
2(1 +pLLS12) Y |O-2|

] (12)
T12 T12¢
<0 and |—|<——
” oy R,
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Figure 5. Test results for [(45/—45),],, laminate with no strips. The low-energy signals in the green and purple regions are attributed
to micro damage. Occurrence of a high-energy signal and subsequent high-energy signals, start of high-density frequency bands, and
increase in the slope of the cumulative curve indicate first-ply failure at the load level of 1770 N. The purple arrow shows another ply-
failure mechanism where new frequency bands form and the slope of the load—displacement and cumulative curve changes.

The inclination parameters of Puck’s model are taken as
p\7=035p7 =03, pl] =025, and p7) =0.25 as
suggested for carbon fiber/epoxy by Puck et al.’°. The other
parameters can be found from

=)
Ril = SIZ% Tie =S\ 1 + 2P<I)L
p

1

(13)

3D formulations of Puck criterion are given in references
[56] and [59].

Results and discussion

Experimental results

First, plates with and without reinforcing strips are tested
and the results are compared in order to distinguish the AE
characteristics of damage in strips.

Figure 5 shows load & energy & frequency versus
displacement graphs for a specimen with [(45/—45),],
layup configuration with no strips. The displacement in the
graphs is the displacement of the piston attached to the
lower fixture shown in Figure 3. As mentioned before, the
energy parameter is without unit. Energy level depends on
the type and extent of damage and also on the distance
between the transducers and the location of damaged region.
Moreover, it depends on the energy reference gain, which is
chosen to be 20 dB. In this study, relative magnitude of the
energy parameter, not its absolute magnitude, is used to get
information on initiation and accumulation of damage. For
these reasons, the magnitude of the energy is not shown in
the figure and it is scaled to fit the graphical region. The

cumulative count, which is the sum of the number of counts
for each acoustic event, is also shown in the figure. Again,
the shape of the graph, not the absolute number of hits, is
used to reach conclusions on initiation of damage. Ac-
cordingly, this curve is also scaled to fit the figure.

The initial portion of the load—displacement curve up to
1400 N is nonlinear with increasing stiffness because of the
rubber bands. The subsequent linear part of the curve
represents the actual stiffness of the specimen. The high-
lighted green region in the figure indicates noise signals that
may arise due to sliding of transducers or background noise
of the servo-hydraulic test machine. Since the dimensions of
the AE transducers are not sufficiently small for the tested
specimens and significant curvature develops in the thin
specimens before failure, it is not possible to eliminate the
noise signals due to sliding of the transducers. Just after the
signals, highlighted in green region, are detected, energy
levels of the recorded signals increase a little bit and dif-
ferent peak frequency values are activated. This is most
likely due to matrix micro cracking within the plate. In this
study, occurrence of localized damage is not considered as
a ply failure. If damage initiates at a given load level and
progresses with an increase in load, then it is considered as
first-ply failure. In the green region, however, no increase in
the slope of the cumulative curve, no increase in the density
of the frequency bands (increased rate of AE hits at certain
frequencies), no subsequent high-energy peaks are ob-
served. For these reasons, there is no progression of lo-
calized damage. On the other hand, at 1770 N, a signal is
detected with a much higher energy level. The density of the
AE signals increases after the first-ply failure indicating
progression of the damage; besides energy levels of the
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Figure 6. Test results for [(45/—45),], laminate with strips. The low-energy signals in the green region are attributed to micro
cracking. At 1750 N, initiation of high-density frequency bands and associated significant increase in the slope of the cumulative count, and
subsequent high-energy signals indicate first-ply failure. The drop in the load level at 2100 N, which is associated with a very high-energy
signal, is attributed to separation of the reinforcing strips from the main laminate.

signals become higher and the slope of the cumulative count
curve increases. These imply accumulation of damage.
Hence, 1770 N is considered as the first-ply failure load for
this plate. In the later stages of loading, new frequency
bands form, which indicates activation of different failure
mechanisms.*' ™ This can clearly be seen after 2750 N. It
can be assumed to be due to breaking of some fibers.
Because there is no load drop before the final failure, there is
no indication of delamination failure.

Test results for [(45/—45),]; laminate with strips can be
seen in Figure 6. This is the same configuration as the one
shown in Figure 5, but with reinforcing strips. Because AE
signals due to cracking of the adhesive bond between the
reinforcing strips and the laminate are also recorded during
this test, there are differences in AE characteristics com-
pared to the laminate with no strips. The first-ply failure
level of [(45/—45),], laminate with strips is expected to be
equal to or higher than that of the laminate with no strips.
There are some high-energy values in the region shown with
green color in Figure 6, but these are followed by high-
energy signals. At 1750 N, the density of the peak frequency
values between 150 and 270 kHz increases drastically and
the cumulative count shows significant increase in slope.
One may assume that damage occurs within the laminate not
at the reinforcing strip at this load level considering the
similarities to the behavior of the unreinforced laminate
shown in Figure 5. The failure mode is matrix cracking in
the transverse direction as in the previous specimen. Oth-
erwise, extensive fiber breakage or delamination would
have caused significant degradation in stiffness. The first-
ply failure load level does not change with the reinforcing
strips for this layup; only the corresponding displacement is

smaller because of the stiffening effect of the strips. One
may conclude that the first-ply failure mode for this layup
configuration without strips is already intralaminar failure
not delamination. After first-ply failure occurs, the highest
AE energy value is observed at 2100 N with a drop in the
load level. At this stage, some reinforcing strips can be
assumed to be separated from the laminate, because no load
drop is observed in the other specimen with no strips (Figure
5) and debonding in the reinforcing strips were visible in
intermediate stages of the test. By the end of the test,
significant portion of the strips becomes separated from the
laminate; for this reason, the final failure load is about the
same as that of the specimen with no strips.

The test results for specimens having [(5/—5)],
[(15/—15),],, and [(30/—30),], layup configurations with
strips are given in Figure 7. For the specimen with
[(5/—5)5], layup, one may assume that the first-ply failure
initiates with a sudden drop at 630 N. With this drop, three
different peak frequency bands are subsequently activated.
These are considered as evidences of delamination. Pre-
viously activated frequency bands are not associated with
high-energy signals. For the laminate with [(15/—15),],
layup, at load level 760 N, a high-energy signal is detected
(shown by purple arrow). However, no subsequent pro-
gression of damage occurs, since the slope of the cumulative
curve does not increase and subsequent energy levels are
low. For these reasons, this is not taken as the first-ply
failure load. At load level 990 N, a signal with a high energy
is detected. Subsequently, high-energy signals are continued
to be generated and the slope of the cumulative curve shows
a significant increase. Accordingly, the first-ply failure load
is taken to be 990 N. The previous signals may be due to
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Figure 7. Test results for [(5/—5);], [(15/—15);], and [(30/—30);]; laminates with strips.
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noises arising from sliding of AE transducers, development
of micro cracks, local damage that does not progress, or
partial debonding between the laminate and the strips. The
large sudden drop at 1465 N and the initiation of a new peak
frequency band around 460 kHz are attributed to de-
lamination failure in the main laminate. For the
[(30/—30),], laminate, a load drop occurs at 1580 N,
a number of frequency bands are activated, and signals
continue to be recorded until failure with increased density
as the cumulative curve indicates. Subsequent high-energy
signals imply that damage induced at this load level pro-
gresses. Above this load level, stiffness gradually degrades.
Accordingly, the first-ply failure load level is taken to be
1580 N. The load drop, significant degradation in stiffness,
and the initiation of large peak frequency bands at 2060 N
indicate delamination failure in the main laminate.
Although the first-ply failure is due to delamination in
[(5/—5);],, for the other angle-ply laminates, [(+6/—0);].,
firstly intralaminar failure occurs. The results in Figure 7 show
that with increasing 6 angle in the specimens with
[(+6/ —0);],, layup configuration, the load level of de-
lamination increases under anticlastic bending. The delamination
failure in [(5/—5),], occurs at 630 N; in the others, this value
goes up to 1465 N in [(15/—15),], and 2060 N in
[(30/—30),], laminate. In [(45/—45),], laminate, delamination
is not observed before the final failure at 3190 N (Figure 5).
The test results for unidirectional laminates with re-
inforcing strips are shown in Figure 8. The reinforcing
strips significantly increase the strength of unidirectional
laminates by postponing delamination failure. Unidirec-
tional specimens with no strips fail under anticlastic
bending at much lower load levels due to delamination as
observed during the tests. Although the final failure
strength of [30,,] laminate with no strips is around 300 N, it
increases to 700 N with reinforcing strips. For [013] layup
sequence, catastrophic failure occurs at 795 N as seen in
Figure 8. Before this level, some AE signals are detected;
however, energy levels are comparatively quite low and
the AE signals do not form a consistent frequency band.
For [30y,] layup configuration, hits start to be recorded
with high energy at 490 N, and different peak frequency
levels are activated. Acoustic emission signals continue to
be detected in the same frequency bands after the load is
increased beyond this level. Cumulative curve shows
a jump and increase with a high slope afterwards. The first-
ply failure load level is accordingly taken as 490 N for [30;]
specimen. For [45;] specimen, different frequency bands
start to appear at about 7-mm displacement. However,
energy levels of these signals are comparatively very low.
Besides, there are no other indications that may be construed
as first-ply failure: No load drop, no degradation in stiffness,
no increase in the density of frequency bands, no significant
and sustained increase in the slope of the cumulative curve,
and no subsequent high-energy hits indicating progression
of damage. Therefore, these hits do not correspond to

a macro intralaminar damage mode. The large drop in the
load level at the end of the test at 465 N associated with
high-energy signal indicates the first-ply failure. In most of
the unidirectional specimens, the first-ply failure load is the
same as the ultimate load, where the specimen breaks apart.
Because there is no load drop before the final failure, there is
no indication of delamination failure.

Figure 9 shows the test results for a cross-ply laminate
with [903/03], layup sequence with no strips. Because
there is no strip on the laminate, load drop at 1225 N
cannot be attributed to separation of a strip from the plate.
So based on the load—displacement curve, one may sup-
pose that the first-ply failure of [903/0;], plate with no
strips occurs with a load drop during displacement-
controlled loading. Besides, the slope of the load—
displacement curve, that is, the stiffness of the speci-
men, becomes lower after 1225 N. Successive signals with
high-energy values and dense recording of peak frequency
groups around 50 kHz and 150 kHz also confirm that the
laminate sustains significant damage at this load level. A
large increase in the slope of the cumulative count occurs
at this load level. The load drop at 1225 N and subsequent
significant decrease in stiffness indicate a large-scale de-
lamination between the 0° and 90° plies as the first-ply
failure mode. Previously recorded hits may be due to
signals arising from some local matrix damage. Even
though rubber bands are used between the specimen and
the steel balls, the forces applied on the specimens are still
localized. This may cause localized damage in the
specimens at the points of application of the forces, re-
sulting in signals detected by the AE instrument.

The load—displacement curve and AE recordings for
[903/03], laminate with strips are given in Figure 10. The
reinforcing strips are very effective on the strength of this
laminate. The level at which a significant load drop occurs
increases with the strips as seen in Figures 9 and 10. This
means that delamination of the laminate is delayed con-
siderably with the reinforcing strips. However, the first-ply
failure occurs at about the same load level. Signals with low
energy values and different frequency groups are recorded
before 1250 N, but this may be due to breaking of the
adhesive or development of micro cracks. Activation of new
frequency groups around 30 kHz and 340 kHz and high AE
energy indicate the first-ply failure of the laminate at
1250 N. Slope of the cumulative-count curve also increases
at this load level. Even though there is no large difference
between the first-ply failure load levels of [903/03],
specimens with or without strips, apparently the mode of
failure in this case is intralaminar matrix failure not de-
lamination as opposed to the previous one. Significant
degradation occurs in stiffness after delamination as seen in
Figure 9. Intralaminar first-ply failure due to matrix damage,
on the other hand, is not expected to cause significant
stiffness degradation. In contrast to the case shown in Figure
9, no significant change in the load—displacement curve is
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Figure 8. Test results for unidirectional laminates with reinforcing strips. For [0|,] and [45,,] specimens, the first-ply failure load is
the same as the ultimate failure load. Although, there are previous AE signals, they have comparatively very low energy. In [45 5] laminate,
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Alpay et al. 293
1600 T [ ] T 800
=Load 90,,;/03 e ) 1 el l‘

1400 |-—Energy ~———  No strip First-ply failure| " "V 700

=—Cumulative count | | V
1200 " o Peak frequency | 600 -
i3 f
1000 / 500 =
z / ° oq 3 o/ o lml E‘
T 800 400 S
o 8ofl olo P 8 cono, 0B w4 g
= [ o | ° “T o oo eaF =
600 |- — z n © o —| 300 &
| e . 3
| |2 L] > o ° o o
400 ] ‘ @ ek 200
| g:/ ot @ - e
200 : — - 100
oo o i il
) | o | ] o o
0 . ¢ ; L 0
0 2 4 6 8 10 12 14 16 18 20 22
Displacement (mm)
Figure 9. Test results for [903 /03], laminate with no strips.
2000 T T 500
1800 _—Lnad o e e s [903/03]5‘ First-ply failure o z 450
—Energy ] /i' =g
1600 —=—Cumulative count 3 ra 400
> Peak frequency a 5 : %
1400 |— 350 &
I
=3
1200 300 >
= 2
< 1000 " 250 §
g e g
~ 800 o e 200 &
of ° u/ é
600 /ﬁ 150 &
400 /,-‘/ 100
200 // 50
0 temmeme=" 0
0 2 4 6 8 10 12 14 16

Displacement (mm)

Figure 10. Test results for [903/03]; laminate with strips.

observed subsequently until 1830 N as seen in Figure 10.
The load drop at this load level, significant loss in stiffness,
and stopping in the recording of the frequency group around
30 kHz are attributed to a large-scale delamination between
the 0° and 90° plies.

Figure 11 shows the load—displacement curve and AE
readings for one of the specimens with [(90/0),]; layup
configuration having strips. Comparison of Figures 10 and
11 shows that the ultimate strength is significantly higher
than that of [905/0],. Specimens with [(90/0),], layup
sequence have higher ultimate strength by 41% on the
average. The first-ply-failure load of this specimen can be
taken as 1720 N. A relatively high-energy signal is recorded
at that time. Subsequently, a slight drop occurs in the slope
of the load—displacement curve and the cumulative-count

curve shows an increase in slope. The previously recorded
high-energy signals presumably indicate localized damage
considering that no subsequent high-energy signal is re-
corded and the slope of the cumulative-count curve remains
low. The load drop at 2450 N and subsequent decrease in
stiffness indicate that the strips get partially seperated from
the main laminate.

Comparison of the numerical and
experimental results

Finite element analysis is carried out for each different test
and the first-ply failure load is found using the chosen
intralaminar failure criteria. Christensen—DeTeresa de-
lamination criterion is also employed to check delamination
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Figure 11. Test results for [(90/0),], laminate with strips.
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Figure 12. First-ply failure load versus orientation angle, 6, for the unidirectional laminates [6,2].

failure. In none of the specimens, delamination is found to
be critical according to the criterion.

Unidirectional laminates [03]. Figure 12 shows a comparison
of the experimentally determined failure loads of unidi-
rectional laminated plates, [01;], and the predictions ob-
tained using the selected failure criteria. As seen in the
figure, the maximum stress and maximum strain criteria
predict a different trend from that of the others at small fiber
orientation angles, 6. At larger angles, the predicted load
levels become similar and after 20° the criteria estimate

about the same values for the failure loads. Except the
maximum stress and maximum strain, the failure criteria
predict a decreasing trend for the strength with the increase
in the orientation angle, . The experimental results in-
dicate, however, a decrease in strength for 6 = 5°, then
increase at 15°, after that a continual decrease until 8 = 45°.
The experimental scatter in the strength of the unidirectional
specimens is relatively large. This may be attributed to the
sensitivity of the matrix dominated transverse strength to
manufacturing defects, which has much more bearing on
unidirectional laminates.
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Table 4. The mean, 1, and the coefficient of variation, CoV (%) of the measured values of the first-ply failure load, F, for the
unidirectional specimens, [0)3], and the percentage error in the predictions of the failure criteria. F, is the mean value of the measured

ultimate strength.

Fy
Measured F (N) Error (%) (100%(Fpred — Fexp)/Fexp)
Lay- Max. Max. Tsai— Tsai— Quad.
up " CoV(%) " Stress Strain Wu Hill Hoffman Hashin Surf Puck
[017] 665 13.7 665 62.5 62.5 20.7 28.9 19.2 304 13.4 225
[512] 523 132 523 88.0 87.8 30.5 39.7 29.5 41.8 238 335
[1512] 623 15.6 977 5.5 0.6 —11.0 —54 —105 -33 —153 -7.7
[30)7] 533 .5 585 —-2.7 -84 -78 -37 —6.2 —1.0 -9.2 —4.0
[45)2] 463 3.8 463 6.5 1.1 25 6.1 4.0 8.7 1.7 5.9
Average error (%) 33.0 32.1 14.5 16.8 13.9 17.0 12.7 14.7
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Figure 13. First-ply failure load versus orientation angle, 6, graph for the symmetric angle-ply laminates [(+60/—0),]..

The stress state in material coordinates at the node where
the failure index is equal to 1.0 according to the maximum
stress criterion is calculated as o; = —320.6, o, = 63.9,
o3 = —0.8, o1 = 8.5, 073 = 0.7, and o113 = —2.1 MPa for
[452] laminate. Recognizing that o, = ¥;, matrix failure
under tension occurs at the most critical location. The other
modes of failure are far less critical. Similarly, for the other
criteria, o, = Y, at the critical locations. This is considered to
be the reason for the similar values of failure load predicted
by different criteria as seen in Figure 12. On the other hand,
for [51;] laminate, where the discrepancy in the predicted
failure load levels is high, the stress state at the critical
location according to the maximum stress criterion is
calculated as o0y =-49.2, o0, =639, o03=-22,

o1 = —100.9, 023 = —1.0, and o113 = 5.8 MPa. Failure
occurs, because 0, = Y; according to the maximum stress
criterion, but the shear stress is close to its strength limit
(Table 2). In these cases, interaction between different
failure modes is possible. Tsai—Wu is a failure criterion that
accounts for interaction. The stress state at the critical lo-
cation according to Tsai-Wu criterion is calculated as
01=297, 0,=439, o3=-18, opp=-7238,
073 = —1.2,and 013 = —3.1 MPa. Tsai—Wu predicts a much
lower failure load compared to the maximum stress criterion
as seen in the figure and it is closer to the experimental result.

Table 4 presents the experimental results for the failure
loads of the unidirectional specimens and the percentage
errors in the predictions of the failure criteria. As seen in
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Table 5. The mean, y, and the coefficient of variation, CoV (%) of the measured values of the first-ply failure load, F, for the symmetric
angle-ply specimens, [(+0/—0),], and the percentage error in the first-ply failure predictions of the failure criteria. F, is the mean value of

the measured ultimate strength.

Measured F F, (N) Error (%) (100%(Fored — Fexp)/Fexp)
Lay-up n CoV(%) n Max. Stress Max. Strain  Tsai-Wu Tsai-Hill Hoffman Hashin Quad. Surf Puck
[(5/-5),], 604 6.6 608  88.1 81.8 26.7 38.1 26.8 39.8 22.0 32.0
[(15/—15)5], 949 6.6 1528 20.6 9.5 -38 6.4 -0.9 9.2 —-6.7 5.1
[(30/—30),], 1511 83 2219 22 —12.8 —14.7 —55 —l0.1 -22 —133 -338
[(45/—45),], 1825 4.2 3303 26 —13.1 —143 —5.1 —-9.5 -9 —l12 =31
Average error (%) 352 35.9 16.0 16.8 13.3 16.7 13.3 13.3

Table 6. Mean values of the experimental results and percentages of error in the first-ply failure predictions of the failure criteria for
cross-ply laminates. F, is the mean value of the measured ultimate strength.

Measured F F, (N) Error (%) (100%(Fpred — Fexp)/Fexp)
Lay-up n CoV(%) u Max. Stress Max. Strain  Tsai-Wu  Tsai-Hill Hoffman Hashin Quad. Surf Puck
[(90/0);), 1793 29 2893 325 —325 —354 —38.0 —384 —350 —40.7 —37.5
[903/03], 1367 9.1 2053  —106 —10.6 —15.8 —19.9 -20.5 —153 =232 —19.0

the tables, the largest discrepancies between the exper-
imental results and the predictions occur for [01,] and [5;5]
configurations. Over-prediction for these specimens is
not attributed to premature separation of the strips in the
experiments. As seen in Figure 8, these specimens fail
suddenly at the highest load without any indication of
prior damage. Among the failure criteria, the maximum
stress and maximum strain criteria yield the worst pre-
dictions with an error up to 88%. The quadric surfaces
criterion returns relatively good predictions with an av-
erage error of 12.7%. Hoffman, Tsai—Wu, and Puck
criteria also yield good results. The table also provides
the ultimate loads. Except for the specimens having [151,)
and [30y;] layup sequences, the first-ply failure load and
the ultimate load are the same.

Symmetric angle-ply laminates [(+6/ — 0);],. Figure 13
shows a comparison of the experimentally determined
first-ply failure loads of symmetric angle-ply specimens,
[(+6/—6),],, and the predictions obtained using the selected
failure criteria. Table 5 presents the experimental results and
the percentage errors in the predictions of the selected
failure criteria. According to the experiments, the strength
of the material decreases to # = 5" and then increases
continuously. The highest strength is obtained for
[(+45/—45),],, while [(+5/—5),], has the lowest strength.
The scatter in the experimental results is lower compared to the
unidirectional specimen results. Except for the maximum stress
and maximum strain criteria, the failure criteria correctly

estimate the failure trend; that is, its decrease to = 5° and then
increase. Since the examination of the load—displacement curve
and acoustic emission recordings of the specimen with
[(5/—5)5], layup sequence revealed that this specimen first
failed due to delamination, the decrease of intralaminar strength
for @ = 5" is not a conclusive finding. However, considering
that most of the failure criteria predict a decreasing trend up to
0 =5" and according to the delamination criterion, de-
lamination failure is less critical, this conclusion can be ten-
tatively accepted. The intralaminar failure criteria overestimate
the strength for ® = 0” and © = 5° while they underestimate for
0 =30 and 0 = 45" Puck, quadric surfaces, and Hoffman
criteria yield better predictions with an average error of 13.3%.

Crossply layup sequences. The experimental results for
[(90/0),], and [905/05], layup sequences and percentages
of error in the predictions are tabulated in Table 6. Ex-
periments show that the first-ply failure strength of
[(90/0);], laminate is considerably higher than that of
[905/05], laminate. In contrast, the predictions of the
failure criteria do not indicate significant difference in
strength for the two configurations. They considerably
underestimate the strength of [(90/0),], laminates.

Conclusions

In this study, failure behavior of laminated composite
plates made of AS4/8552 prepregs under anticlastic
bending is investigated. A fixture is designed to achieve
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anticlastic loading. Reinforcing strips are glued to the
edges of the specimens to avoid premature failure by
delamination.

First-ply failure rarely occurs in composite parts in the
form of sudden and total failure of a layer unlike coupon
tests, but typically occurs at a region where stresses are
locally high. For this reason, initial damage may occur
without appreciable degradation in stiffness like decrease
in the slope of the load—displacement curve. In many
cases including even the coupon tests, it is not possible to
determine the first-ply failure load by just examining the
load—displacement curve without the help of other in-
dicators like AE signals. In this study, the first-ply failure
load is determined using acoustic emission monitoring
(AEM) besides change in the slope of force—displacement
curve. Damage in composite parts may occur locally at
low load levels due to a manufacturing defect, however,
this cannot be considered as first-ply failure even though
it generates an acoustic signal. If damage initiates at
a given load level and progresses with an increase in load,
then it is considered as first-ply failure. In light of this
definition, in order to differentiate false signals, the
following criteria are proposed in this study as indications
of ply failure based on acoustic signals: A high-energy
signal together with formation of frequency bands,
considerable change in the slope of cumulative-count
curve, and subsequently recorded high-energy signals
after detecting a high-energy signal.

A finite element model is developed to carry out the
structural analysis of the specimen under anticlastic
bending. Selected failure criteria are then employed to
predict the failure load. For unidirectional laminates, [6,],
the best correlation is obtained with Tsai-Wu, Hoffman,
Puck, and quadric surfaces criteria. All the criteria signifi-
cantly overestimate the strengths of [01;] and [55] config-
urations except quadric surfaces. Maximum stress and
maximum strain criteria predict the strength of [5;,] higher
than that of [0;,], while the others predict the highest strength
for [01,], then continuously decreasing strength up to 45°. For
symmetric angle-ply laminates, [(+6/—8);], maximum
stress and maximum strain estimate increasing strength up to
6°, while the others estimate first a decrease, after that
continuous increase up to 45°. The experimental results
confirm the latter predicted trend. Puck, quadric surfaces, and
Hoffman criteria show the best correlation for symmetric
angle-ply laminates based on average error. For cross-ply
specimens, while the failure criteria predict about the same
first-ply strength for [(90/0),], and [903/0s],, the strength of
[(90/0),], is found to be much larger in the experiments.
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