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Abstract- Choosing the suitable failure criterion
represents the main target for many researchers
working with materials, and it represents the first step
for new materials before being used in the field.
Considering composite materials, specifically, makes it
mor e challenging, because of their very special behavior
and characteristics. Besides, it must be noted that, the
suitability of a certain criterion differs greatly
according to the tested material, and its stress state.
Thick-walled tubular specimens, made from woven-
roving Glass Fiber- Reinforced Epoxy (GFRE) with two
fiber orientations, [0°90°s and [+45%s, and two
manufacture methods M; and M, to prepare the test
specimens, wer e tested under combined fatigue bending
and Internal hydrostatic Pressure at different pressure
ratios (P,), P,=0,0.250.50.75 (i.e. pressures
amounting to 0%, 25%, 50% and 75% of the burst
pressure). The [0°,90° 5 specimens were found to have
higher bending strength than the [+45°]5 specimens, at
all pressure ratios; This is due to the fiber orientation
[0,90°]3s has a minimum value of stress component 64
which equal to zero. For both fiber orientations
[0°90°5s and [+45°]3s and both manufacture methods
M, and M,, were found none of the available criteria
succeeded in predicting failure for the studied case, this
due to the effect of hoop stress on values of amplitude
component and the corresponding fatigue strength;
consequently. A new modifying term was introduced
that made Norris-Distortional, Tsai-Hahn, and Tsai-Hill
criteria suitable for this studied case, resulting in a new
criterion.

Keywords: Failure criterion;, Hoop Stress; Bending
Fatigue; internal hydrostatic pressure; Reinforced Epoxy;
composite thick tube; multilayer; fiber orientation; burst
pressure.

[. INTRODUCTION

The simplified failure envelopes for composite
materials are not derived from physical theories of
failure, in which the actual physical processes that
cause failure on a microscopic level are integrated to
obtain a  failure theory. @ However the
phenomenological theories in which the actual failure
mechanisms are dealed with for composite materials.
The concentration in this case is on the gross
macroscopic events of failure.

Phenomenological theories are based on curve
fitting, so they are failure criteria and not theories of
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any kind (the term theory implies a formal derivation
process). Unfortunately, with curve fitting the ability
to determine the failure mode is lost. That is, curve-
fit failure criteria are generally disassociated with
knowledge of precisely how the material fails. Only
the occurrence of failure is predicted and not the
actual mode of failure. For conventional engineering
metals, the curve fitting process process is less
challenged for metals than for orthotropic materials
because metals are isotropic, so they do not have
same strength in different directions [1]. For ductile
matrices, the fatigue process is similar to that in
metals in the sense that it consists of two stages:
crack initiation and crack propagation. In fiber-
reinforced polymers, the matrix is subjected to strain-
controlled fatigue due to the constraint provided by
the fibers. Table (1) shows the well-known failure
criteria for orthotropic materials under plane stress
state [2].

The applicability of a particular failure criterion
depends on the material studied being ductile or
brittle. Tsai-Hill criteria is suitable for glass-epoxy,
other composites might be better treated with the
maximum stress or the maximum strain criterion or
even some other criteria [1]. But, in general, itis
important to notice that the term (o;6;) has different
coefficients in the different failure criteria; and, it is
mainly, the coefficient of this term that adjusts the
criterion to the experimental results [2].

11. EXPERIMENTAL WORK
A. Testing machine

The used testing machine was designed by
Abouelwafa M. N. et al [9] and used by other
researcher in similar works [2, 3-8], then modifying
this designe in new testing machine by Yasser S. M.
[10], the important modification to the testing
machine is adding hydraulic circuit to study the effect
of internal hydrostatic pressure. The general layout of
testing machine and hydraulic circuit is shown in
Fig.1 and Fig.2, respectevely.

The testing machine is a strain controlled,
rotating at constant speed of 1250 rpm (20.833Hz),
and capable of performing three different fatigue
loading systems and hydrostatic pressure load.
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The load systems are independent, and have the
facility to apply different stresses. The specimen is
subjected to a uniform load, along its whole length,
through a gripping system consisting of two halves
that enclose the specimen in between. The applied
moment was measured via a load cell, fixed on the
grippers, consisting of four active strain gauges,
forming a full bridge. The signal is amplified and
displayed on an oscilloscope and the whole system
was calibrated.

The objective of hydraulic circuit is to obtain
constant pressure inside the specimen and can be
controlled by increasing or decreasing by controlling
the flow control valve, the system records the change
in internal pressure by Pressure transducer, until the
specimen fails. The pressure transducer was
calibrated and checked it on zero bars and the
specimen was considered to have failed, when the
pressure transducer reading falls down from its
highest value.

I
T - Main frame 7 - Torque transducer 13 - Twisting moment coupling
2 = Main shaft 8 = Intermediate shaft 14 = Coupling shaft
3— Selfaligning bearing | 9 — Deep groove ball bearing | 15 - Driven pulley

ending loading arm | 10 - Guide shaft 16 - Twisting moment loading arm
$ - Bending transducer | 11 - Twistingmoment arm | 17 - Bending moment loading arm
6 — specimen 12 - Bending connectingrod | 18 — Driving shaft

19 — Motor table
20V - belt

21 - Bending coupling
23 - Adjusting nuts
23 - Eccentricalot

Figure 1.The general layout of testing machine
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Figure2.The general layout of hydraulic circuit

B.Test Fixtures
For the application of internal pressure

efficiently, the specimen should be fixed properly to
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the test apparatus. The fixation should be strong
enough to avoid leakage of test fluid, fracture or slip
of the specimen at the matching region. The closure
system should be guaranteed that uniform stresses are
obtained through the test section cover the constraint
on the test specimen in axial direction for closed end
test. Accordingly, the specimens are fixed to the test
system by means of the gripping end closure unit for
this test, which is presented in Fig.3. The thickness of
the tube ends were built up by additional layer of
rubber tube to avoid gripping problems.

C. Specimens

Thick-walled tubes made from three layers of
woven-roving E-glass/Epoxy with two fiber
orientations, [0°,90°];, and [£45°];, were used .
There are two manufacture methods will be applied
in this work to prepare the test specimens, in the first
method (old method) M, the test specimens will be
prepared by molding all layers around the mandrel in
one step then the epoxy resin will be poured-on-it,
then leave it to cure, and the new method M, will be
discussed in this work, the test specimens will be
prepared by molding first layer only around the
mandrel then the epoxy resin will be poured -on-it,
then leave to cure, and repeat previous step for the
second layer and so on (i.e. as compound tubes).

A fiber volume fraction (V) ranging from 55 %
to 65 % for method M;. This range was used in
previous works [2, 3-9], from 56% to 76% for
method M,, and has proved its suitability to ensure
good adhesion between fibers and matrix, good
strength and acceptable mechanical properties. Table
(2) shows the properties of the used materials. Fig.4
shows the nominal dimensions of the wused
specimens, which were measured after complete
curing.

End Eilen Closure
Sor closed ended

PUC Ontles Nuy ™ Putict Joint

Tulet Joini Test Specimen

PV Indet Nut

Rubber tube

Epoxy Resin

Figure 3.Schematic of Specimen closure system
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TABLE I: FAILURE CRITERIA / THEORIES OF FAILURE

No. Name M athematical for mula
1 Max. stress o0=F, 0y=F,, gs=Fg
Max. strain o1 =F +v0,, 03 =F g, E—zﬂla g6 = Fg
3 Hill criterion 3% 1 1 a3 06\ ?
(g )6102+(F2) +(7) =1

4 Tsai-Hill

0-62_
+(F6) =1

(59
F
2

2

1>2
)
2

&

- &

5 Norris (
G

a —
interaction + ( ) ( ) =1
Norris 2 0107 a6\ * _
6 distortional ) ( ) ( 2) + (F_s) =1
ener, 2
& or (:_1) =1 or (%) =1
1 2
2 2 2
01" — 010y 0, (Flc — Flt) (FZC — Fz:) (06)
+ + oy + o+(=—) =1
7 Hoffman ( FiFi > (Fm) FiFie )70\ FpFpe )72 \Fy
2 2 2
01” —Kyo107 0y (Flc - Flt) (FZc - FZt) (06)
- ~ + + o+ (——)o+(=) =1
g | Modified Marin ( FicFy ) (FZch) FieFie )70 Uy )72 \Fy
Where: K; is floating constant.
() o+ (=)o + () + () + o + (2) =1
— 010 =
Fie Fi Fpe Fa FieFie) " \FaeFac 1T \Fy
. And the following condition must be fulfilled, for stability:
9 Tsai-Wu 1 5
— —H;3“ >0
FltFlchZEFZC . " _
01 02 O¢
(F_l) + (F_Z) + (F_6) + (2F120'10'2) =1
10 Ashkenazi 4 1 1 1
Fi =05(——-——-————
12 <‘7X2 F?F? F62>
Where: gy is the global stress of 45° in tension.
The same formula as Tsai-Wu but Hy, takes the form:
11 Tsai-Hahn 1
Hy, = —05 [——
1 FiiFicFacFoc

The same formula as Tsai-Wu but H;, takes the form:

. 1 1
12 Cowin Hp= |73
FieFicFacFoe 2F

01)2 0107 (Uz)z (06)2
—| —C|—|+(=]) +|=) =1
(Fl <F12 ) F, Fe

13 Fischer Where:

_E(1+vgy) + E2(1 4+ vp3)
2\E1E;(1 4 vp1) (1 +v1,)

Where:
o1 and o, are the local stress components in directions (1) and (2), respectively.
0 1s the local shear component.
Fi; & Fi; and F,; & F,. are the local tension and compression strength components in directions (1) and (2),
respectively.
Fg is the local shear strength component.
v1, and v, represent Poisson's ratios in the local directions.
E, and E; are the local modullii of elasticity in directions (1) and (2), respectively.
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Figure 4. Nominal dimensions [mm] + 0.1 mm

TABLE II.PROPERTIES OF USED MATERIALS

Property Woven-roving | Epoxy Resin
E-glass fibers
Density 2551 kg/m’ 1800 kg/m’
Modulus of E =76 GPa E=3.6 GPa
elasticity
Poisson’s ratio v=0.37 v=0.35
Tensile strength 3.45 GPa 0.25 GPa

D. Stress state

Specimens are subjected to combined bending fatigue
moments and internal Pressure with different
pressure values. Being closed end cylindrical in
shape, their global stress (a,.), (ay) and (’[xy) may
be found from the following equation:

My
Oy =T+O'l, o

y =oyand 1, =0

Where:
M : applied bending moment (M = M, +
M, sin(wt)).
M,, and M,: mean and amplitude bending
moments, respectively.
I: second moment of area for tube; [ =
(/64)(dy — d}).

0;:  Longitudinal stress (MPa), (g, =
P12 /1,2 — r;%)for thick tube.

oy: Hoop stress (MPa),
(oy = (P2 /1,2 =12 + 1,2 /72))for
thick tube.

P; : Internal pressure.
d, and d; : Outer and inner diameters of the
specimen, respectively and r = d;/ 2.

The [0°,90°] 5, specimens had a pure local stress state,
01 =0y, 0 =0, and 0, =0, while the [+45;
specimens had 1 ocal stress state, o7 =0, =
(1/2)(0x + ay) and gy = (1/2)(ax - ay).

III. SELECTED FAILURE CRITERIA

Working with failure criteria were done through
three steps; first, selecting some of the known failure
criteria suitable to be used for the present material,
second, reforming them according to the local stress
components, for both fiber orientations. Finally, the
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most suitable criteria for each orientation will be
selected, checked and modified if required.

Many previous works had been done considering
the suitability of failure criteria to the present
investigated materials. Considering these works [2, 3-
9, 11-13] it was found that the most widely used and
suitable criteria for GFRP under different loading
conditions were the following six criteria:

1-Norris interaction, 2-Norris distortional,

3-Tsai — Hahm, 4- Hill,

5-Tsai — Hill, 6- Cowin.

Using the local stress components of both the
[+45°];, and the [0,90°];, specimens to substitute in the
selected six criteria has shown that all failure criteria
have the four forms for the [0,90°]; and [+45°]5
specimens, as shown in table (3)

TABLE III: SELECTED FAILURE CRITERIA FOR [0, 90°]35 AND
[£45°]3s SPECIMENS SUBJECTED TO COMBINED COMPLETELY
REVERSED PURE BENDING AND INTERNAL PRESSURE STRESSES

Failure [0,90°] 35 Specimens [+45°] 35 Specimens
criteria
Hill 01\? 2 2
O EE |
Fy F Fe
0107
—2(X2)=1
G
Tsai-Hill o1\%  [07\?
Norris (_) + (_) o1\?*  (06\?
el e
distortional _(0102)_ Fi Fg)
Tsai-Hahn FiF,)
Tsai-W 2 2 a1\2  (06\?
E R R R
F F Fy Fe
2 (17102> _
FiF,)
Norris a\? | (0% oy 06\2
interaction (F_l) + (F_z) =1 2 (F_1> + (F_6> =1

IV. TEST RESULTS

It is important to note that, in order to avoid any
misleading data, only the specimens that had their
failure features within the accepted gauge section, the
middle third of the whole length were considered;
while those that have their failure due to any gripping
problems were excluded.

A. Static tests
1) Static Bending and Torsion tests

Static bending and torsion tests were performed
on the tubular specimens of both orientations,
[0°90°]5,  and [+45°];, and two manufacture
methods M, and M,, in order to find out their ultimate
global bending strengths (S,) and ultimate global
shear strengths (S,,), It should be noted that, the local
static strength in the fiber direction (Fy) is equal to
the static bending strength, and the local static shear
strength (Fgs) is equal to the ultimate global shear
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strength [2, 5, 8, 14]. Which was found to be as
follows:

o (S,) of the My, [0°,90°] 5, specimens = 182 MPa
o (S,) of the M, [0°,90°] 5, specimens = 198 MPa
o (S,) of the M;, [£45°];, specimens = 159 MPa

o (S,) of the M,, [£45°] 3, specimens = 173 MPa

o (S,,) of the My, [0°,90°] 5, specimens = 69.5 MPa
o (S,,) of the M,, [0°,90°] 5, specimens = 24 MPa

o (S,,) of the My, [£45°] 3, specimens = 84 MPa

o (S,,) of the M,, [£45°] 3, specimens = 35 MPa

B. Fatigue tests

All specimens were tested under ambient
conditions and constant frequency of 20.833 Hz. The
data points were used to plot the corresponding S-N
curves on a semi-log scale, being fitted using the
power law: maximum stress = aN®, representing
the bending fatigue strength (Sg). Failure was
considered to occur when the load reading decreased
by about 20% of its original value. In other words, 20
% reduction in the strength of the specimen will
represent failure.

1) Pure Bending and pure Torsion fatigue test

Both fiber orientations, [0°,90°];, and [£45°];,,
with two manufacture methods M; and M, were
tested under completely reversed pure bending and
pure torsion, in order to find out their bending and
torsion fatigue strength (Sp and (Si) which also
represents the local fatigue strength in the fibre
direction (Fip) and (Fg), [2, 3-8, 14]. The
corresponding power equation was:

® 0y = 314.3 N791361 For the M, [0°,90°]5,.
® 0y = 484.4 N791612 For the M, [0°,90°]5,.
® 0y = 226.6 N~01284 For the M, [£45°]s,.
® 0.y = 397.2 N"0151% For the My, [+45°],.
o T = 93.79 N=01416 For the M), [0°,90°]5,.
o T, = 48.36 N~01012 For the M., [0°,90°]5,.
o T, = 121.3 N=O0M115 For the M), [+45°]ss,.
® T, = 73.16 N7%18% For the M, [+45°];,,.

2) Combined completely reversed Bending and

internal pressure fatigue test

Tests were performed on both fiber orientations,
[0°,90°] 5, and [+45°];,, at four different pressure
ratios B =0,0.25,0.5,0.75 (i.e.  pressures
amounting to 0%, 25%, 50% and 75% of the burst
pressure). Fig.5 and Fig.6 show the corresponding S-
N curves at all pressure ratios for both fiber
orientations. The two constants (a) and (b) were
found to have the values given in Table (4) and Table

(5) .
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TABLE IV.FATIGUE CONSTANTS (A) AND (B) FOR [0°,90°]5;

SPECIMENS
Pressureratio [0,90° 5

(Py) a (MPa) b Correlation

factor

0 314.3 -0.1361 0.9926

0.25 242.5 -0.1359 0.9858

0.5 163.2 -0.133 0.9837

0.75 99.88 -0.1305 0.9811

TABLE V.FATIGUE CONSTANTS (A) AND (B) FOR [£45°]3,

SPECIMENS
Pressureratio [245°;56
(Py) a (MPa) b Correlation
factor
0 226.6 -0.1284 0.9953
0.25 169.7 -0.1264 0.9876
0.5 107.5 -0.1218 0.9845
0.75 62.09 -0.1181 0.9803
110| —
\ o F, =00
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"’\ T ~— \\\ <
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| T T T
20 14
e 10* 10’ 1’

Cycles to Failure (N)

Figure 5.S-N Curve of [0°,90°]5; Specimens
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Figure 6.S-N Curve of [+45°];; Specimens

V. ANALYSIS AND DISCUSSION

A. Applicability of failure criteria

To evaluate the validity of the failure criteria, we
shall the right hand side of the equations representing
the failure criteria as a relative damage. The relation
between the relative damage (R.D.) with the number
of cycles to failure (N) is constructed for different
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criteria. In these curves as much as they are close to
unity, this means the validity of particular criterion to
the test conditions. If it less than unity, then the
criterion is predicting a specimen life more than the
actual life of the experiment.

1) The relative damage for [0,90°] ;; specimens

The relative damage (R.D.) were calculated
according to seclected suitable failure criteria
presented in Table (3), for the /0,90°/; specimens
under completely reversed pure bending, completely
reversed pure torsion and combined pressure and
completely reversed bending fatigue loading with
two methods of manufacturing M; and M, and
different pressure ratio (P. =0,0.25,0.5,0.75).
Fig.7 and Fig.8 shows the relative damage for the
[0,90°] 5, specimens against the number of cycles to
failure. The values of (R.D.) are far from unity. This
main that, the available different failure criteria are
not suitable under these conditions and must be
modified to best suit the studied case.

“ ® P=0.0 (Pure bending),
1.8 m P=025
A P=05
1.6
¢ P0.75
1.4 » Pure torsion
1. °
>
E > e | ® 3 > -
o 1
0.8
)
06 - e Ik N
0.4
A Al o Al N
0.2 i [ A
p L 4 L4 » K
10° 10* 10° 10°
Cycles to Failure (N)

Figure 7.Relative damage (R.D.) applying Hill failure criterion for
the My, [0,90°]3s specimens

o P,=0.0(Pursbending}
1.8 m P=0.25

A P05

o P075

1.4| » Pure torsion

A N A A (A (|

o>

4 q P M

10’

100 10

7
Cycles to Failure (N)

Figure 8 Relative damage (R.D.) applying Tsai-Hahn failure
criterion for the M, [0,90°]5, specimens

2) The relative damage for [+45°] ;; specimens

Fig.9 and Fig.10 represent the relative damage
for the [£45°] ;; specimens under completely reversed
pure bending, completely reversed pure torsion and
combined pressure and completely reversed bending
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fatigue loading with two methods of manufacturing
M; and M, and different pressure ratio (B =
0,0.25,0.5,0.75) against the number of cycles to
failure. From these Figures, it can be noticed that
these failure criteria are not valid and must be
modified.

[N

° P,#.O(Pursbanding)
34 w P=0.25
A P05
o P075
3
» Fure torsion
25
S 2
« q
) ® ° e L4
1. = 4
m L] s
5 | = A, lalo |4
3
A A ¢
*
0.5] M ®
>  E— >
10° 10* 10° 10°
Cycles to Failure (N)

Figure 9.Relative damage (R.D.) applying Tsai-Wu failure
criterion for the M, /+45°];, specimens

® P,=0.0 (Purs bending)
10, m P=0.25
A P05
o P=075
8
" » Pure torsion
7
6
q o
< 4
a
L
ue
3 Y ® a®
w
A A A A A A A
o Lo o | |0 o o MR
10’ 10* 4 4

Cycles to Failure (N)

Figure 10.Relative damage (R.D.) applying Norris & Mckinnon
failure criterion for the My, [#45°/;, specimens

B. Modification of Failure Criteria

Choosing the suitable failure criterion represents
the main target for many researchers working with
materials, and it represents the first step for new
materials before being used in the field. Considering
composite materials, specifically, makes it more
challenging, because of their very special behavior
and characteristics. Besides, it must be noted that, the
suitability of acer tain criterion differs greatly
according to the tested material, and its stress state.
All failure criteria have their right hand side to be
unity, and their left hand side contains the local stress
components divided by their corresponding strengths.
Therefore, the left hand side of any criterion was
named to be its Relative Damage (R.D.) Secondly, a
comparison was conducted for the value of the R.D.
to unity, the criterion is suitable if its R.D. has a
value near unity.
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From the previous Figures 7 to 10, itis noted
that; the relative damage R.D. values calculated from
Tsai-Wu criterion at pure torsion for [£45°];, are
equal zero. Therefore, we excluded it from our work;
i.e. itis not suitable for the present case. On other
hand, all remaining theories of failure have very
small values of R.D. for all pressure ratios P, and for
both manufacturing method M; and M, with all fiber
orientation accept fiber orientation [+45°/;  in
method M, only for all pressure ratios P,, they have
the values of R.D. far from unity. This may be
explained by considering the drop in the values of
ultimate global shear strengths (S,), and local
stresses due to the delamination failure mode during
torsional tests of specimens from method M, but this
reason is not appear in values of R.D. for fiber
orientation /0,90°];, because, it has local stress oy
equal zero for all pressure ratio P,.

Taking from the previous works of [2,3-8] in to
consideration, it is obvious that, the Tsai-Hahn is
more suitable failure criteria for the tension-
compression stress state and it may be modified to
best suit the present work; i.e. making the R.D.

Consequently, a new procedure was proposed for
adapting these two criteria to best fit the tested case.
The suggested procedure was based mainly on
introducing a new term to increase the correlation
between the experimental data and the theoretical
equations.

The main principals for selecting the new term:

1. It must reflect the effect of both, hoop and

amplitude stress components.

2. It must depend on the local stress and strength
components and not the global ones.

3. It should contain a minimum number of variables,
as possible, for simplicity and ease of use.

4. Tt must be dimensionless.

From the previous principals had led us to suggest
introducing the forms of failure criterion:

2 2 2

o1 (] g6 0102 _
(E> + (E) + (E) — (m) + W, = 1(F01‘ all
pressure ratios P, and for both manufacturing method
M; and M, with all fiber orientation accept fiber

orientation [+45°]; in method M, only for all
pressure ratios P,),
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2 2 2
o1 92 96\ _ (o192 =
(F]) + (Fz) + WZ (Fs) (Fle) + W1 1 (FOI'
fiber orientation /+45°/;; in method M, only for all
pressure ratios P,.).
Where:
[O—Hmax ]

_ [
M T TR [(mmg][

1/3
w, = [0]7r (hmax ][i45°.Mz]>
1= T —————

0,M]

[Sus a5
[O—Hmax]g: The maximum hoop stress

corresponding to its fiber orientations.

ajg.m): The fatigue constant a corresponding
to its fiber orientations and manufacturing
method

P.: Pressure ratio.

[(Vf)awg] : The average volume fraction
[6.M]

a corresponding to its fiber orientations and
manufacturing method.

0: Fiber orientation angle in rad.

[Sus][ﬂso]: Ultimate global shear strengths
corresponding to fiber orientation /+45°/ ;.
[Tmax Jjzasomy):  The shear  strength  of

specimen corresponding to fiber orientation

[£45°] 5, and manufacturing. Method M.
The values of R.D. after modification, according to
the new failure criteria, were plotted against the
number of cycles to failure under both manufacturing
method M; and M, for all fiber orientations accept
fiber orientation [£45°/; in method M, only as
shown in Fig.11 and for fiber orientation /£45°];, in
method M, only in Fig.12 respectively.

Average Value = 1.010607 o M,[0,907,
Standard deviation = 0.096359 = M 0907,
1.6 fanaal leviation = (. a M’[1457s’

Min. Value = 0.853547

Max. Value = 1.2435

12+
. o o o ° %, o, 2
g " Al B g "¢ = ua - N
[ 0A An _og 8
S o AL0a%® © 0% 4o b9
S % . g AP ou° = 8 Y
08- g
06 g
041 . .
10’ 10* 1 i
The Cycles to Failure

Figure 11.Relative damage (R.D.) applying present failure criterion
for both manufacturing method M; and M, for all fiber orientations
accept fiber orientation [+45°]3;, in method M,
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Figure 12.Relative damage (R.D.) applying present failure criterion
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orientations and for all pressure ratios, where, the
values of R.D. are around the theoretical value of Creative Commons Attribution License 4.0
unity. For both manufacturing method M; and M, for (Attribution 4.0 International. CC BY 40)

all fiber orientations accept fiber orientation [+45°] 5,
in method M,, Fig.11, the R.D. are ranging from
0.853547 as a minimum value to 1.2435 as a
maximum value with an average value of 1.010607
and standard deviation of 0.096359, and for fiber
orientation [£45°/;; in method M, Fig.12, are
ranging from 0.8621 as a minimum value to 1.3968
as a maximum value with an average value of
1.015136 and standard deviation of 0.112017, which
are very near to unity , and the difference may be
referred to scatter in experimental data.
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