CHAPTER (8)
CONCLUSIONS
&
SUGGESTIONS FOR FUTURE WORK

8.1Conclusions

Testing woven-roving GFRE specimens, with [0,90°] 3s and [£45°] 35 fiber orientations
with two method of manufacturing M1 and M, for each orientation, under pure bending,
pure torsion, hydrostatic internal pressure and combined completely reversed bending
moment and internal pressure, with different pressure ratios resulted in the following
conclusions:

1. Specimens under static bending and completely reversed pure bending moment with
fiber orientation [0,90°]3s and method of manufacturing M, have higher bending
strength than the other specimens with [+45°]ss fiber orientation and method of
manufacturing M;, while specimens under static torsional and completely reversed
torsional moment, the fiber orientation [£45°]3s and method of manufacturing M; have
higher torsional strengths than other specimens with [0,90°]ss fiber orientation and M,
method of manufacturing, However, under static pressure tests, the [+45°]ss fiber
orientation and M, method of manufacturing specimens have the higher burst pressure

than the other specimens.

2. Using the power formula:o,,,, = aN® has proved its suitability for present study, and it
is found that, the deviation of the constant (b) for different pressure ratios (Pr) and fiber
orientations is negligible and it may be considered to be constant.

3. The value of the constant (a) was found to be depend on the fiber orientation angle (4)
and the pressure ratio (P;) with high correlation factors, as the pressure ratio (P;) or the
fiber orientation increases the value of (a) will decreases, i.e. the pressure ratio (P;) and

the fiber orientation had a detrimental effect on the fatigue strength.

4. For the method of manufacturing Mo, the values of constant (a) are higher than that for

the method of manufacturing M.
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The new form of Goodman's equation for the case of combined completely reversed

bending moment and hydrostatic internal pressure {;’—” +Im — 1.0 was found
H

Sy }B,PT,M

to be suitable for representing the effect of mean stress for present work.

The new form of SWT" parameter (v (Omax + o) (04 + Kay,)), is valid for GFRE for
all fiber orientation under completely reversed pure bending and hydrostatic pressure.
Using power formula SWT* = a,N"1 has resulted in having a nearly constant ratio
between (a;) and the corresponding static strength for both fiber orientations and both
method of manufacturing M; and M,. Performing only the completely reversed (R=-1)
fatigue test and using SWT~ parameter will be sufficient to find out the strength of the

material.

The modified SWT parameter (KWafa\/ (Omax + 0m) (0, + Kay)) is equal to 0.25489
and valid for Woven-roving GFRE for both fiber orientations and both method of
manufacturing under combined completely reversed bending moment and hydrostatic

internal pressure..

The modified fatigue strength ratio (V) has become a useful measure for establishing
the master S-N relationship for Woven-roving GFRE for both fiber orientations and
both method of manufacturing M; and M, under combined completely reversed

bending moment and hydrostatic internal pressure over a range of pressure ratios.

A new form of failure criteria was introduced to govern the fatigue behavior of

present study.

8.2 Suggestionsfor Future Work

Some points are still required to be examined, in future, to complete the related topics to

this work. These points may be summarized as follows:

1.

Study the fatigue behavior for woven-roving GFRE under combined completely
reversed torsion and hydrostatic internal pressure with different pressure ratios.

Study the fatigue behavior for woven-roving GFRE under combined completely
reversed bending moment and fluctuating internal pressure with different pressure

ratios.
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3. Study the fatigue behavior for woven-roving GFRE under combined bending and /or
torsion (in-phase and out-phase) and hydrostatic internal pressure with different stresses
and pressure ratios.

4. The effect of unsymmetrical fiber layers under combined bending and /or torsion and
internal pressure should also be examined.

5. Study the fatigue behavior for woven-roving GFRE under combined completely
reversed bending and hydrostatic internal pressure with different types of materials and

specimens stacking.
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APPENDI X (1)
SPECIMENS CODE

Specimens Nomenclature

Considering the manufacturing parameters, a designation system is developed for the
tests. This system identifies the test specimens by the Method of Manufacturing, Fiber
orientation, and Test Plan. The Method of Manufacturing is designated by the letter “M”
followed by the numbers 1 or 2, which are assigned to the first method of specimen
manufacturing (one step molding) and second method of specimen manufacturing (Step by
step molding), respectively. Fiber orientation is next, called by the letter “A” and followed
by 1 or 2, which are the fiber angles of [0,90°] 5s and [+45°] ssrespectively, remembering all
the specimens of these fiber angles are reinforced with a three layers of hoop fiber
orientation as the outermost layer. The last letter “T” specifies the test plan; it has three
digits, the first one is followed by the numbers 0, 1 and 2, which are assigned to 1 stands
for Closed Cylinder condition and 2 stands for Open Cylinder condition or O stands for
unpressurised Cylinder condition. The next digit is followed by 1 or 2, which are the test
type of Static condition and Fatigue condition test respectively. The latter is followed by
the numbers 1, 2, 3 and 4, which are the load type of bending load, torsion load, static
internal pressure and combined load respectively.

The three last numbers before the dash shows the Serial Number of the test specimen,
they are depended on sections after the dash. For example, the specimen number 19 that is
manufactured with Step by step molding, fiber reinforced at an angle configuration of
[£45°] 35, and was tested at Completely Reversed Bending plus Satic Pressure Test (Closed
Cylinder), is designated as WAQ19-M2A2T124.
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APPENDI X (2)

THE FAILURE MODES
A2.1 Completely Reversed Pure bending Test

Table A2.1: The failure modes of My, [0,90°]ss specimens under completely reversed pure
bending
N

Failure modes

103 < N <10*

10* < N <105

105 < N < 10°
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Table A2.2:

N

The failure modes of My, [0,90°]5s specimens under completely reversed pure
bending

103 < N < 10*

Failure modes

10* < N <10°

105 < N < 10°
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Table A2.3: The failure modes of My, [£45°]ss specimens under completely reversed pure

N

bending

Failure modes

103 <N <10*

10* <N <10°

105 < N < 10°

-224-




Table A2.4: The failure modes of My, [+45°]ss specimens under completely reversed pure

N

bending

103 < N < 10*

Failure modes

10* < N <10°

10° < N < 10°
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A2.2 Completely Reversed Pure Torsion Test

N

Table A2.5: The failure modes of My, [0,90°]ss specimens under completely reversed pure
torsion

Failure modes

103 <N <10*

10* < N <105

10° < N < 10°

-226-



Table A2.6: The failure modes of M, [0,90°]3s specimens under completely reversed pure

N

torsion

103 < N < 10*

10* < N <10°

10° < N < 10°

Failure modes

-227-



Table A2.7: The failure modes of My, [£45°]ss specimens under completely reversed pure

N

torsion

Failure modes

103 <N <10*

10* <N <10°

105 < N < 10°
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Table A2.8: The failure modes of M,, [+45°]3; under completely reversed pure torsion
N

103 < N <10*

10* < N < 10°

Failure modes

10° < N < 10°
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A2.3 Completely Reversed Bending plus Static
Pressure Test

Table A2.9: The failure modes of My, [0,90°]3s specimens Under P. = 0.25

Internal

N Failure modes
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Table A2.10: The failure modes of M, [0,90°]3s specimens Under P, = 0.25
N

Failure modes

103 < N <10*

10* <N <10°

10° < N < 10°
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Table A2.11: The failure modes of My, [+45°]5 specimens Under P. = 0.25
N 7 Failure modes
Lt >
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105 < N < 10°
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N

Table A2.12: The failure modes of My, [+45°]5 specimens Under P. = 0.25

103 <N <10*

10* < N < 10°

10° < N < 10°
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N

Table A2.13: The failure modes of My, [0,90°]5s specimens Under P, = 0.5

103 <N < 10*

10* < N <105

105 < N < 10°

Failure modes
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Table A2.14:

The failure modes of M,, [0,90°]ss specimens Under P, = 0.5
N Failure modes
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N

Table A2.15: The failure modes of My, [+45°]ss specimens Under P, = 0.5

103 <N < 10*

10* <N <10°

105 < N < 10°

Failure odes

Pl
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N

Table A2.16: The failure modes of M,, [+45°]3, specimens Under P, = 0.5

103 < N <10*

Failure modes

10* < N <10°

10° < N < 10°
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N

Table A2.17: The failure modes of My, [0,90°]ss specimens Under P. = 0.75

103 <N < 10*

Failure modes

10* <N <10°

10° < N < 10°
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N

Table A2.18: The failure modes of M, [0,90°]3s specimens Under P, = 0.75

103 <N <10*

10* < N < 10°

10° < N < 10°

Failure modes
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N

Table A2.19: The failure modes of My, [+45°]5 specimens Under P. = 0.75

Failure modes

103 <N < 10*

10* < N <105

105 < N < 10°
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Table A2.20: The failure modes of My, [+45°]5 specimens Under P. = 0.75
N

Failure modes

103 < N <10*

10* <N <10°

10° < N < 10°

-241-



APPENDI X (3)
TABLES OF RESULTSAND CALIBRATION

A3.1 Material Properties

Table A3.1.Properties of used hydraulic oil [164]

Property Value
Trade name Mobil DTE 26
ISO Grade 68

SAE Grade 10

Kinematic Viscosity

71 (mm?/sec) at 40C°
8.5 (mm?/sec) at 100C°

881 (Kg/m®) at 15C°

Density
Pour Point -21C°
Flash Point 236C°
Solubility in Water Negligible

<0.013 kPa at 20C°

Vapor Pressure
Auto ignition Temperature N/D
Table A3.2.Properties of used materials [84]
Woven-roving E-glassfibers Epoxy Resin
Property Value Property Value
Density 2551 kg/m® Density 1800 kg/m®
Modulus of elasticity | E =76 GPa Modulus of elasticity E =3.6 GPa
Poisson’s ratio v=0.37 Poisson’s ratio v=0.35
Tensile strength 3.45 GPa Tensile strength 0.25 GPa
Average mass/area | 600 g/m” Gel time at 25 C 8 hour
Average thickness 0.69 mm Full hardness time at 25 C 7 days
Weave Plain Percentage of mixing 2:1 by weights
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A3.2 Calibration Bending Test

Table A3.3: The bending moment loading system specification

Calibration Part Value
The length of bending moment loading arm Figure 4.3 (17). 675 mm
The length of intermediate shaft Figure 4.3 (8). 210 mm
The length of bending loading arm Figure 4.3 (4). 225 mm
The radius of intermediate shaft Figure 4.3 (8). 40 mm
The Time / Div 1 pusec
Table A3.4: The bending moment loading system Calculation
I/PVolts | Gain of Amplifier | Voltg Div | Applied Mass | ssmulated bending
(volts) (m volts) (kg) (N.mm)
2.045 35546.4
3.595 62488.6
5.145 89431
6.17 107247.5
2.7 10.5 7.725 134276.7
10.3 179035.6
11.845 205891
13.4 232920
15.46 268727.2
17 295495.6
3 X 10°
M= 1172 X

Coef. of determination R-squared = 0.9963

—

N
3))

N

pal

yd

—

e

M (Bending Moment [N.mm])
(9]

o
o

i

5 10

15

X (Strain Reading)
Figure A3.2.Calibration of Bending Arm (Gain Factor 2 and Volts/ Div 10.5 [(m volts])
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A3.3 Calibration Torsion Test

Table A3.5: The torsion loading system specification

Calibration Part Value
The length of Twisting moment loading arm Figure 4.3 (16). 765 mm
The radius of Guide shaft Figure 4.3 (10). 40 mm
The Time / Div 1 sec

Table A3.6: The torsion loading system Calculation

[/PVolts | Gain of Amplifier | Volts/ Div | Applied Mass | smulated bending
(volts) (m volts) (kg) (N.mm)
4.65 30791.1
9.18 60787.6
19.095 126442.3
23.13 153161
4
16X 10
T=12900 Y
Coef. of determination R-squared =0.9993 /
14 /
12 //
E p
£ 10
<,
o 8 "
=
o
2 6 //
|_

AN

AN

N

0 2 4 6 8 10 12
Y (Strain Reading)

Figure A3.4.Calibration of Torsion Arm (Gain Factor 0.31 and Volts/ Div 10.5[(m volts])
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A3.4 Static Bending and Torsion Test

Table A3.7: Static Bending Test Data of My, [0,90°]

3s

Specimen Code do di Volume | Ultimate Average
[mm] | [mm] | Fraction bending Value
Vs Strength S, (MPa)
(MPa)
WAOQ041-M1A1TO011 | 24.12 | 19.94 0.61 183.5
WAOQ042-M1A1T011 | 24.13 | 19.95 0.58 175.36 181.8 = 182
WAO043-M1A1TO011 | 24.29 | 20.05 0.56 186.52
Table A3.8: Static Bending Test Data of My, [£45°]3s
Specimen Code do di Volume | Ultimate Average
[mm] | [mm] | Fraction bending Value
Vs Strength S, (MPa)
(M Pa)
WAQ41-M1A2T011 | 24.3 | 20.08 0.63 163.6
WAQ42-M1A2T011 | 24.03 | 19.75 0.60 158.15 159.1 = 159
WAO043-M1A2T011 | 24.17 | 19.87 0.58 155.54
Table A3.9: Static Bending Test Data of M5, [0,90°]3s
Specimen Code do di Volume Ultimate Average
[mm] | [mm] | Fraction bending Value
Vs Strength S, (MPa)
(M Pa)
WAO041-M2A1T011 | 26.07 | 20.23 0.61 206.16
WAQ42-M2A1T011 | 26.84 | 20.48 0.58 196.2 197.65 =
WAO043-M2A1T011 | 26.64 | 20.3 0.63 190.57 198
Table A3.10: Static Bending Test Data of My, [£45°]3s
Specimen Code do di Volume Ultimate Average
[mm] | [mm] | Fraction bending Value
Vs Strength S, (MPa)
(MPa)
WAO041-M2A2T011 | 26.55 | 20.45 0.64 177.2
WAO042-M2A2T011 | 26.17 | 20.11 0.58 173.86 172.67 =
WAQ043-M2A2T011 | 26.39 | 20.13 0.63 167 173
Table A3.11: Static Torsion Test Data of My, [0,90°]3s
Specimen Code do di Volume Ultimate Average
[mm] | [mm] | Fraction shear Value
Vs Strength Sys (MPa)
(MPa)
WAQ044-M1A1T012 | 24.03 | 19.85 0.57 70.8
WAQ045-M 1A1T012 24 19.76 0.56 65.87 69.41 = 69.5
WAQ046-M1A1T012 | 24.03 | 19.91 0.55 71.56
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Table A3.12: Static Torsion Test Data of My, [£45°]3s

Specimen Code do di Volume Ultimate Average
[mm] | [mm] | Fraction shear Value
Vi Strength Sys (MPa)
(M Pa)
WAQ44-M1A2T012 | 24.77 | 20.25 0.58 82
WAOQ045-M 1A2T012 | 24.41 | 20.17 0.58 84.56 83.66 = 84
WAOQ046-M1A2T012 | 24.5 | 20.3 0.56 84.44
Table A3.13: Static Torsion Test Data of M, [0,90°]3s
Specimen Code do di Volume Ultimate Average
[mm] | [mm] | Fraction shear Value
Vi Strength Sys (MPa)
(M Pa)
WAQ44-M2A1T012 | 26.22 | 20.16 0.62 22.34
WAQ045-M2A1T012 | 26.34 | 20.16 0.65 21.83 23.758 = 24
WAQ46-M2A1T012 | 26.29 | 19.99 0.63 27.1
Table A3.14: Static Torsion Test Data of My, [£45°]3s
Specimen Code do di Volume Ultimate Average
[mm] | [mm] | Fraction shear Value
Vs Strength Sys (MPa)
(M Pa)
WAQ44-M2A2T012 | 26.76 | 20.34 0.62 36
WAOQ045-M2A2T012 | 26.17 | 20.01 0.63 33.36 34.68 = 35
WAQ046-M2A2T012 | 26.06 | 20.18 0.63 34.72
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A3.5 Static Pressure Test

Table A3.15: Static Pressure Test Data of Closed Cylinder, My, [0,90°]3s

Loading | Effective Volume | Maximum
Specimens code Time | length l4 do di Fraction Pressure
(sec) [mm] [mm] | [mm] Vs Recor ded
P; .. (bars)
WAQ01-M1A1T 113 23 34.69 24.53 | 20.09 0.56 55
WAQ002-M 1A1T 113 19 39.65 24.48 | 20.32 0.55 53
WAO003-M1A1T 113 31 41.12 24.13 | 19.99 0.61 57
Table A3.16: Stress —Strain Data of Closed Cylinder, My, [0,90°]3s
Average | Average
Specimenscode | Pressure | Pressure Homx o, o,
(bars) rate (MPa) | (MPa) | (MPa)
(bar s/sec)
WAQ01-M1A1T 113 2.4 27.91 5.5 11.21
WAQ002-M1A1T 113 55 2.8 28.78 5.3 11.74
WAQ03-M1A1T 113 1.84 30.64 5.7 12.47
Table A3.17: Static Pressure Test Data of Closed Cylinder, My, [£45°]3s
Loading | Effective Volume | Maximum
Specimens code Time | length 4 do di Fraction Pressure
(sec) [mm] [mm] | [mm] Vs Recorded
P; (bars)
WAQ01-M1A2T113 26 36.69 24.25 | 19.99 0.58 68
WAOQ002-M1A2T113 22 24.67 24.11 | 19.61 0.56 73
WAOQ003-M1A2T113 25 35.32 24.72 | 20.34 0.63 68
Table A3.18: Stress —Strain Data of Closed Cylinder, M, [+45°]3s
Average | Average
Specimenscode | Pressure | Pressure | oy, o, o,
(bars) rate (MPa) | (MPa) | (MPa)
(bar s/sec)
WAO01-M1A2T113 2.62 35.64 6.8 14.42
WAOQ02-M1A2T113 | 69.667 3.32 35.84 7.3 14.27
WAO03-M1A2T113 2.72 35.31 6.8 14.25
Table A3.19: Static Pressure Test Data of Closed Cylinder, M5, [0,90°]3s
Loading | Effective Volume | Maximum
Specimens code Time | length l4 do di Fraction Pressure
(sec) [mm] [mm] | [mm] Vs Recor ded
P; .. (bars)
WAQ01-M2A1T 113 32 46.92 26.96 | 20.64 0.59 88
WAQ02-M2A1T 113 36 43.96 26.28 | 19.98 0.57 95
WAQ03-M2A1T 113 39 41.35 26.7 | 20.28 0.61 92

-247-




Table A3.20: Stress —Strain Data of Closed Cylinder, My, [0,90°]3s

Average | Average
Specimens code Pressure | Pressure | oy, o, o)
(bars) rate (MPa) | (MPa) | (MPa)
(bar s/sec)
WAQ01-M2A1T113 2.75 33.72 8.8 12.46
WAQ02-M2A1T113 | 91.667 2.34 35.53 9.5 13.013
WAQ03-M2A1T113 2.36 34.29 9.2 12.55

Table A3.21: Interface Pressures Data of Closed Cylinder, M, [0,90°]3s

Specimens code P12 Po3

(Mpa) (Mpa) | E (Gpa)
WAQ001-M2A1T113 | 5.0441 2.2021 44.3862
WAQ02-M2A1T113 | 5.4213 2.3584 44,3862
WAOQ03-M2A1T113 | 5.2469 2.2815 44,3862

Table A3.22: Static Pressure Test Data of Closed Cylinder, My, [£45°]3s

Loading | Effective Volume | Maximum
Specimens code Time | length 4 do di Fraction Pressure
(sec) [mm] [mm] | [mm] Vi Recor ded
P; (bars)
WAOQ001-M2A2T113 37 41.61 26.41 | 20.37 0.66 108
WAQ02-M2A2T113 34 38.73 26.81 | 20.45 0.69 110
WAOQ003-M2A2T113 33 42.88 26.48 | 20.48 0.63 118
Table A3.23: Stress —Strain Data of Closed Cylinder, M5, [£45°]35
Average | Average
Specimens code Pressure | Pressure Hoax o, o,
(bars) rate (MPa) | (MPa) | (MPa)
(bar s/sec)
WAOQ001-M2A2T113 2.92 42.52 10.8 15.86
WAO002-M2A2T113 112 3.24 41.61 11 15.3
WAOQ003-M2A2T113 3.6 46.93 11.8 17.57

Table A3.24: Interface Pressures Data of Closed Cylinder, M,, [£45°]3s

Specimens code P12 Po3

(Mpa) (Mpa) | E (Gpa)
WAO01-M2A2T113 | 6.2196 2.7257 24.2425
WAO002-M2A2T113 | 6.2905 2.7411 24.2425
WAQ03-M2A2T113 | 6.8072 2.9874 24.2425
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Table A3.25: Static Pressure Test Data of Open Cylinder, My, [0,90°]zs

Loading | Effective Volume | Maximum
Specimens code Time | length 4 do di Fraction Pressure
(sec) [mm] [mm] | [mm] Vs Recor ded
P; .. (bars)
WAQ04-M1A1T213 25 35.4 24.44 | 20.24 0.59 63
WAQ05-M1A1T213 27 33.6 24.32 | 20.08 0.58 67
WAQ06-M1A1T 213 32 34 24.66 | 20.54 0.56 65
Table A3.26: Stress —Strain Data of Open Cylinder, M1, [0,90°]3s
Average | Average
Specimens code Pressure | Pressure Homx o, o,
(bars) rate (MPa) | (MPa) | (MPa)
(bar s/sec)
WAOQO04-M1A1T213 2.52 33.81 6.3 0
WAQ05-M1A1T 213 65 2.48 35.4 6.7 0
WAOQO06-M1A1T213 2.03 35.95 6.5 0
Table A3.27: Static Pressure Test Data of Open Cylinder, My, [£45°]3s
Loading | Effective Volume | Maximum
Specimens code Time | length 4 do di Fraction Pressure
(sec) [mm] [mm] | [mm] Vs Recor ded
P; (bars)
WAQ04-M 1A2T 213 31 29.27 245 | 20.26 0.61 75
WAQ005-M1A2T213 36 35 24.3 | 19.94 0.60 90
WAQ06-M1A2T213 33 35.5 24.21 | 20.05 0.57 87
Table A3.28: Stress —Strain Data of Open Cylinder, My, [£45°]3s
Average | Average
Specimens code Pressure | Pressure | oy, o, o
(bars) rate (MPa) | (MPa) | (MPa)
(bar s/sec)
WAQ04-M 1A2T 213 2.42 39.94 7.5 0
WAQ005-M1A2T213 84 2.5 46.1 9 0
WAQ06-M1A2T 213 2.64 46.69 8.7 0
Table A3.29: Static Pressure Test Data of Open Cylinder, M5, [0,90°]3s
Loading | Effective Volume | Maximum
Specimens code Time | length l4 do di Fraction Pressure
(sec) [mm] [mm] | [mm] Vs Recor ded
P; .. (bars)
WAQ04-M2A1T 213 52 38.55 26.6 | 20.32 0.59 105
WAQOO05-M2A1T 213 56 49.49 26.79 | 20.57 0.57 115
WAQ06-M2A1T 213 58 42.8 26.38 | 20.12 0.65 125
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Table A3.30: Stress —Strain Data of Open Cylinder, M, [0,90°]3s

Average | Average
Specimens code Pressure | Pressure | oy, o, o,
(bars) rate (MPa) | (MPa) | (MPa)
(bar s/sec)
WAO004-M2A1T213 2.02 39.93 10.5 0
WAQ05-M2A1T213 115 2.05 44.54 11.5 0
WAO006-M2A1T 213 2.16 47.27 12.5 0
Table A3.31: Interface Pressures Data of Open Cylinder, M, [0,90°]3s
Specimens code P12 Po3
(Mpa) (Mpa) | E (Gpa)
WAO004-M2A1T213 | 6.0102 2.621 44,3862
WAQ05-M2A1T213 | 6.6039 2.8875 44.3862
WAOQ06-M2A1T213 | 7.1478 3.1146 44,3862
Table A3.32: Static Pressure Test Data of Open Cylinder, My, [£45°]3s
Loading | Effective Volume | Maximum
Specimens code Time | length 4 do di Fraction Pressure
(sec) [mm] [mm] | [mm] Vs Recorded
P; (bars)
WAOQ004-M2A2T213 66 38.56 26.13 | 20.07 0.68 150
WAQ05-M2A2T 213 73 39.43 26.39 | 20.47 0.59 153
WAOQ006-M2A2T213 77 39.22 26.7 | 20.42 0.60 158
Table A3.33: Stress —Strain Data of Open Cylinder, M, [£45°]3s
Average | Average
Specimens code Pressure | Pressure Hoax o, o,
(bars) rate (MPa) | (MPa) | (MPa)
(bar s/sec)
WAOQ004-M2A2T213 2.27 58.16 15 0
WAOQ05-M2A2T213 | 153.667 2.1 61.52 15.3 0
WAOQ006-M2A2T213 2.05 60.33 15.8 0
Table A3.34: Interface Pressures Data of Open Cylinder, My, [+45°]3s
Specimens code P12 Po3
(Mpa) (Mpa) | E (Gpa)
WAQ04-M2A2T213 | 8.6157 3.7677 24.2425
WAQ05-M2A2T213 | 8.8425 3.8864 24.2425
WAOQ006-M2A2T213 | 9.0506 3.9492 24.2425

-250-




A3.6 Completely Reversed Pure Bending Test

Table A3.35: Completely Reversed Pure Bending specimens Data of M;, [0,90°]ss with

P =0
Specimens code Volume | o (MPa) | Cyclesto
do[mm] | di[mm] | Fraction Failure (N)
Vi
WAO019-M1A1T 021 24.32 20.16 0.59 109.9286 2135
WAOQ021-M1A1T021 24.13 19.81 0.61 101.0584 4715
WAO023-M1A1T 021 24.06 19.84 0.60 95.4995 7385
WAQ022-M1A1T021 24.07 19.99 0.61 89.6371 16165
WAOQ018-M1A1T 021 24.55 20.05 0.60 72.5155 37065
WAOQ017-M1A1T 021 24.07 19.79 0.59 70.7612 55015
WA024-M1A1T021 24.25 20.15 0.61 63.8016 110565
WAO020-M1A1T 021 24.08 19.92 0.60 48.036 1000000

Table A3.36: Completely Reversed Pure Bending specimens Data of My, [+45°]5s with

=0
Specimens code Volume | 6,.(MPa) Cyclesto
do [mm] | di [mm] | Fraction Failure (N)
Vi
WAOQ18-M1A2T021 | 24.26 19.82 0.61 82.7775 3035
WAO21-M1A2T021 | 24.43 19.89 0.63 72.8669 5615
WAO024-M 1A2T021 24.7 20.26 0.62 68.5909 8885
WAQ022-M1A2T021 | 24.16 19.82 0.63 65.5849 17665
WAOQ019-M1A2T021 | 24.39 20.05 0.62 60.3974 38565
WAO023-M1A2T021 | 24.18 19.92 0.61 54.6008 64015
WAQ020-M1A2T021 | 24.22 19.86 0.63 49.6478 119565
WAOQ17-M1A2T021 | 24.23 19.93 0.62 38.4843 1000000

Table A3.37: Completely Reversed Pure Bending specimens specification of My, [0,90°]3s

withP. =0

Specimens code Volume | 6,.(MPa) Cyclesto

do [mm] | di [mm] | Fraction Failure (N)
Vs

WAOQ21-M2A1T021 | 26.12 19.82 0.60 142.2521 2125
WAOQ18-M2A1T021 | 26.87 20.43 0.64 122.8745 4085
WAOQ023-M2A1T021 | 26.37 20.23 0.59 121.5163 6755
WAOQ020-M2A1T021 26.7 20.48 0.63 98.2668 16730
WAOQ019-M2A1T021 | 26.59 20.29 0.59 88.7846 37630
WAOQ17-M2A1T021 | 26.55 20.49 0.62 81.1128 65725
WAQ022-M2A1T021 | 26.43 20.67 0.59 73.883 121275
WAO024-M2A1T021 | 26.09 19.93 0.67 52.652 1000000
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Table A3.38: Completely Reversed Pure Bending specimens Data of M,, [+45°]ss with

b.=0

Specimens code Volume | 63,..(MPa) Cyclesto

do [mMm] | dj[mm] | Fraction Failure (N)
Vi

WAOQ023-M2A2T021 26.49 19.99 0.57 126.0169 2905
WAQ020-M2A2T021 26.09 20.01 0.62 109.5843 5285
WAO019-M2A2T021 26.16 19.96 0.59 97.6666 10450
WAOQ17-M2A2T021 26.28 20.24 0.60 88.0248 19230
WAOQ018-M2A2T021 26.22 20.14 0.59 77.9401 42330
WAQ022-M2A2T021 26.23 19.81 0.66 65.8279 98280
WAQ024-M2A2T021 26.29 20.41 0.61 58.3144 251225
WAOQ021-M2A2T021 26.19 20.13 0.59 47.6032 1000000
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A3.7 Completely Reversed Pure Torsion Test
Table A3.39: Completely Reversed Pure Torsion specimens Data of My, [0,90°]3s

Specimens code Volume | 7,,..(MPa) | Cyclesto
do[mm] | di[mm] | Fraction Failure (N)
Vs
WAO049-M 1A1T 022 24.12 19.94 0.60 37.24 739
WAO051-M 1A1T022 24.13 19.95 0.59 35 1236
WAQ053-M1A1T022 24.29 20.05 0.59 31.988 1985
WAO052-M 1A 1T 022 24.03 19.85 0.61 30.9 3281
WAQ048-M 1A1T022 24.43 20.19 0.59 25.235 12210
WAO047-M 1A1T 022 24.17 20.07 0.60 22.1 31927
WAQ054-M1A1T022 24 19.76 0.60 17.47 112164
WAO050-M1A1T022 24.03 19.91 0.60 13.3126 1000000
Table A3.40: Completely Reversed Pure Torsion specimens Data of My, [+45°]3s
Specimens code Volume | t,.(MPa) | Cyclesto
do[mm] | di[mm] | Fraction Failure (N)
Vi
WAO048-M 1A2T022 24.49 20.09 0.62 53.1 1364
WAOQ51-M1A2T022 24.3 20.08 0.61 51.38 2579
WAO054-M 1A2T022 24.03 19.75 0.61 47.81 4372
WAQ052-M 1A2T 022 24.17 19.87 0.63 42.73 9188
WAQ49-M 1A2T 022 24.77 20.25 0.61 35.1 76150
WAO053-M 1A2T022 24.41 20.17 0.62 33.75 90107
WAOQ50-M 1A2T 022 24.5 20.3 0.63 29.47 325572
WAO047-M1A2T022 24.31 20.17 0.62 25.97 1000000
Table A3.41: Completely Reversed Pure Torsion specimens Data of My, [0,90°]s
Specimens code Volume | t,.(MPa) | Cyclesto
do[mm] | di[mm] | Fraction Failure (N)
Vi
WAQ051-M2A1T022 26.07 20.23 0.67 14.47 380
WAQ48-M2A1T022 26.32 20.12 0.59 12.25 614
WAOQ053-M2A1T022 26.84 20.48 0.58 10.21 1187
WAQ50-M2A1T022 26.64 20.3 0.665 9.1 1983
WAO049-M2A1T 022 26.22 20.16 0.59 8.33 5106
WAQ47-M2A1T022 26.45 20.27 0.59 5.34 50033
WAOQ052-M2A1T 022 26.34 20.16 0.58 4.03 102463
WAO054-M2A1T 022 26.29 19.99 0.58 2.64 1000000
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Table A3.42: Completely Reversed Pure Torsion specimens Data of My, [+45°]3s

Specimens code Volume | 7,,,(MPa) | Cyclesto
do[mm] | di[mm] | Fraction Failure (N)
Vi

WAOQ053-M2A2T022 26.55 20.45 0.65 21.61 674
WAO50-M2A2T022 26.17 20.11 0.58 19.63 1027
WAO049-M2A2T 022 26.39 20.13 0.58 17.5 1992
WAO047-M2A2T 022 26.4 20.04 0.61 15.97 2995
WAO048-M2A2T022 26.55 20.23 0.58 13.17 7711
WAOQ052-M2A2T 022 26.76 20.34 0.59 10.22 55561
WAO054-M2A2T 022 26.17 20.01 0.61 8.28 154743
WAOQ051-M2A2T 022 26.06 20.18 0.60 5.72 1000000
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A3.8 Completely Reversed Bending plus Static Internal
Pressure Test
Table A3.43: Data of My, [0,90°]5 with P, = 0.25
Specimens code do di Volume o] Honax O max Cyclesto
[mm] | [mm] | Fraction | [MPa] | [MPa] | [MPa] Failure
Vi (N)
WA025-M1A1T124 | 24.12 | 19.88 0.59 2.9128 | 6.8552 | 87.17338 1649
WAO026-M 1A1T 124 | 24.47 | 20.03 0.56 2.792 | 6.9591 | 80.13931 3640
WAO08-M1A1T124 | 24.08 | 19.98 0.57 3.0385 | 6.9244 | 75.7311 5702
WA028-M1A1T124 | 24.1 | 20.02 0.60 3.0615 | 6.9521 | 71.08222 | 12480
WAO011-M1A1T 124 | 24.36 | 20.14 0.61 2.97 | 7.0357 | 57.50479 | 28615
WAOQ15-M1A1T 124 | 24.46 | 20.18 0.61 2.9307 | 7.0637 | 56.11363 42472
WAO030-M1A1T 124 | 24.22 | 19.98 0.60 2.9289 | 6.9244 | 50.59467 | 85357
WAO036-M1A1T124 | 24.36 | 20.08 0.55 2.9148 | 6.9939 | 38.09255 | 1000000
Table A3.44: Data of My, [+45°]5s with P, = 0.25
Specimens code do di Volume o} Hipa O max Cyclesto
[mm] | [mm] | Fraction | [MPa] | [MPa] | [MPa] Failure
Vs (N)
WAO010-M1A2T124 | 24.23 | 20.11 0.61 3.8741 | 8.7154 | 64.48367 2556
WAO012-M1A2T124 | 24.7 | 20.18 0.57 3.5131 | 8.7762 | 56.76332 4728
WAO015-M1A1T124 | 24.44 | 19.94 0.59 3.4841 | 8.5687 | 53.43231 7482
WAOQ016-M1A2T124 | 24.28 | 20 0.62 3.6936 | 8.6203 | 51.09064 | 14874
WAO029-M1A2T124 | 24.44 | 19.92 0.63 3.4633 | 8.5515 | 47.04957 | 32472
WAO030-M1A2T124 | 24.33 | 19.89 0.63 3.5262 | 8.5258 | 42.53402 | 53901
WAO031-M1A2T 124 | 24.57 | 20.47 0.62 3.9709 | 9.0302 | 38.67564 | 100674
WAO032-M1A2T124 | 24.37 | 20.05 0.56 3.6661 | 8.6635 | 29.97927 | 1000000
Table A3.45: Data of M,, [0,90°]5s with P, = 0.25
Specimens code do di Volume o} Hipa O max Cyclesto
[mm] | [mm] | Fraction | [MPa] | [MPa] | [MPa] Failure
\i (N)
WA025-M2A1T 124 | 26.77 | 20.57 0.60 3.3157 | 8.7235 | 109.8613 1477
WAOQ7-M2A1T124 | 26.41 | 20.59 0.60 3.5647 | 8.7405 | 94.89598 2840
WAO08-M2A1T124 | 26.49 | 19.97 0.66 3.028 | 8.222 | 93.84704 4695
WA028-M2A1T 124 | 26.72 | 20.16 0.61 3.0396 | 8.3792 | 75.89145 | 11628
WAO029-M2A1T124 | 26.43 | 20.35 0.64 3.3488 | 8.5379 | 68.56835 | 26153
WAO011-M2A1T124 | 26.85 | 20.53 0.59 3.2374 | 8.6896 | 62.64342 | 45679
WAO031-M2A1T 124 | 26.07 | 20.39 0.59 3.6236 | 8.5715 | 57.05984 | 84287
WAO013-M2A1T 124 | 26.23 | 20.37 0.62 3.4948 | 8.5547 | 40.66314 | 1000000
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Table A3.46: Data of My, [+45°]3s with P, = 0.25

Specimens code do di Volume o Hipa O max Cyclesto
[mm] | [mm] | Fraction | [MPa] | [MPa] | [MPa] Failure
Vi (N)
WAO07-M2A2T124 | 26.73 | 20.39 0.58 3.8967 | 10.5535 | 86.32158 2534
WAO08-M2A1T124 | 26.53 | 20.31 0.62 3.9643 | 10.4709 | 75.06525 4609
WAOQ027-M2A2T 124 | 26.22 | 19.86 0.58 3.7683 | 10.012 | 66.90162 9113
WAO010-M2A2T124 | 26.77 | 20.41 0.58 3.8871 | 10.5743 | 60.29699 | 16769
WAO029-M2A2T124 | 26.35 | 20.05 0.62 3.8506 | 10.2045 | 53.38897 | 36912
WAO013-M2A2T124 | 26.15 | 20.19 0.61 4.1326 | 10.3475 | 45.09211 | 85701
WAO014-M2A2T 124 | 26.51 | 20.09 0.59 3.7774 | 10.2453 | 39.94536 | 219069
WAO032-M2A2T 124 | 26.42 | 20.26 0.57 3.9969 | 10.4194 | 32.60819 | 1000000
Table A3.47: Data of My, [0,90°]5s with P. = 0.5
Specimens code do di Volume o] Hinax O max Cyclesto
[mm] | [mm] | Fraction | [MPa] | [MPaq] [MPa] Failure
Vi (N)
WAOQ33-M1A1T224 | 24.11 | 19.81 0.64 5.7144 | 14,1788 | 62.54937 1235
WAO034-M1A1T224 | 24.06 | 19.86 0.62 5.88 | 14.2505 | 57.50223 2726
WAOQ07-M1A1T224 | 24.33 | 20.21 0.56 6.1209 | 14.7572 | 54.33922 4269
WAOQ010-M1A1T224 | 24.25 | 20.07 0.55 5.9793 | 14.5534 | 51.00351 9344
WAO037-M1A1T224 | 24.14 | 19.96 0.56 5.9435 | 14.3943 | 41.26132 | 21424
WAO038-M1A1T224 | 24.41 | 20.21 0.55 5.9936 | 14.7572 | 40.26312 | 31799
WAOQ012-M1A1T224 | 24.11 | 19.91 0.59 5.8962 | 14.3223 | 36.30311 | 63907
WAQ40-M1A1T224 | 24.13 | 19.89 0.59 5.8289 | 14.2936 | 27.33248 | 1000000
Table A3.48: Data of My, [+45°]5 with P. = 0.5
Specimens code do di Volume o Hipa O max Cyclesto
[mm] | [mm] | Fraction | [MPa] | [MPa] | [MPa] Failure
Vi (N)
WAO033-M1A2T224 | 24.39 | 19.51 0.61 6.2187 | 15.9374 | 44.86541 1676
WAO034-M1A2T224 | 24.77 | 20.35 0.65 7.2678 | 17.3393 | 39.49386 3100
WAO011-M1A2T224 | 24.67 | 20.25 0.57 7.2286 | 17.1693 | 37.17627 4905
WAO036-M1A2T224 | 24.14 | 19.82 0.57 7.2399 | 16.4479 | 35.54702 9752
WAO013-M1A2T224 | 24.89 | 20.39 0.57 7.1414 | 17.4075 | 32.73539 | 21288
WAO038-M1A2T224 | 24.49 | 20.09 0.56 7.2017 | 16.899 | 29.59363 | 35337
WAOQ039-M1A2T224 | 24.42 | 20.04 0.61 7.2181 | 16.815 | 26.90911 | 66000
WAOQ040-M1A2T224 | 24.42 | 20.08 0.61 7.3071 | 16.8822 | 20.85849 | 1000000
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Table A3.49: Data of My, [0,90°]3s with P, = 0.5

Specimens code do di Volume o} Hipa O max Cyclesto
[mm] | [mm] | Fraction | [MPa] | [MPa] | [MPa] Failure
Vi (N)
WAQ09-M2A1T224 | 26.15 | 19.83 0.61 6.2247 | 16.3097 | 78.52316 1129
WAOQ016-M2A1T224 | 26.54 | 20.02 0.56 6.0733 | 16.6237 | 67.82672 2170
WAOQ012-M2A1T224 | 26.32 | 20.42 0.62 6.9555 | 17.2946 | 67.077 3587
WAO035-M2A1T224 | 26.58 | 20.26 0.67 6.3783 | 17.0246 | 54.24327 8884
WAO014-M2A1T 224 | 26.69 | 20.19 0.61 6.1536 | 16.9072 | 49.0091 19982
WAO038-M2A1T224 | 26.01 | 20.29 0.68 7.1506 | 17.0751 | 44.77427 | 34900
WAO039-M2A1T224 | 26.66 | 20.28 0.58 6.3173 | 17.0583 | 40.78342 | 64398
WAOQ15-M2A1T224 | 26.24 | 19.84 0.57 6.1397 | 16.3261 | 29.0639 | 1000000
Table A3.50: Data of M, [+45°]5s with P. = 0.5
Specimens code do di Volume o] Hinax O max Cyclesto
[mm] | [mm] | Fraction | [MPa] | [MPaq] [M Pa] Failure
Vi (N)
WAOQ034-M2A2T224 | 26.25 | 20.23 | 0.695 | 8.1906 | 20.609 | 59.85803 1662
WAQ9-M2A2T224 | 26.4 | 20.38 0.67 8.2592 | 20.9158 | 52.05254 3024
WAO011-M2A2T224 | 26.19 | 20.21 0.58 8.2433 | 20.5683 | 46.39164 5978
WAO036-M2A2T224 | 26.17 | 20.13 0.60 8.1144 | 20.4058 | 41.81178 | 11000
WAOQ37-M2A2T224 | 26.81 | 20.37 0.62 7.6476 | 20.8952 | 37.02155 | 24213
WAO038-M2A2T224 | 26.15 | 19.87 0.59 7.6503 | 19.882 | 31.26825 | 56217
WAOQ15-M2A2T224 | 26.65 | 20.49 0.60 8.0966 | 21.1422 | 27.69934 | 143701
WAOQ016-M2A2T224 | 26.75 | 20.41 0.60 7.8021 | 20.9774 | 22.61152 | 1000000
Table A3.51: Data of My, [0,90°]3s with P, = 0.75
Specimens code do di Volume o} Hipa O max Cyclesto
[mm] | [mm] | Fraction | [MPa] | [MPa] | [MPa] Failure
Vi (N)
WAO55-M1A1T224 | 24.09 | 19.93 0.58 8.9474 | 20.4751 | 40.3438 966
WAO056-M1A1T224 | 24.61 | 20.31 0.60 8.8092 | 21.2633 | 37.08843 2132
WAOQ57-M1A1T224 | 24.1 | 19.98 0.59 9.0673 | 20.578 | 35.04832 3339
WAO058-M1A1T224 | 24.18 | 19.92 0.59 8.7127 | 20.4545 | 32.89682 7307
WAO059-M1A1T224 | 24.19 | 19.93 0.56 8.7175 | 20.4751 | 26.61319 | 16754
WAO060-M1A1T224 | 24.3 | 20.14 0.61 9.0506 | 20.9089 | 25.96936 | 24867
WAO061-M1A1T224 | 24.64 | 20.2 0.60 8.4543 | 21.0336 | 23.41519 | 49976
WAO062-M1A1T224 | 24.36 | 20.08 0.59 8.7445 | 20.7845 | 17.62921 | 1000000
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Table A3.52: Data of My, [+45°]3s with P, = 0.75

Specimens code do di Volume o} Hipa O max Cyclesto
[mm] | [mm] | Fraction | [MPa] | [MPa] | [MPa] Failure
\i (N)
WAO055-M1A2T224 | 24.69 | 20.53 0.60 11.7629 | 25.7603 | 27.81324 1199
WAO056-M1A2T224 | 24.78 | 19.86 0.62 9.4282 | 24.1064 | 24.48328 2218
WAO057-M1A2T224 | 24.53 | 20.25 0.61 11.2326 | 25.0625 | 23.04654 3510
WAO058-M1A2T224 | 24.27 | 20.01 0.61 11.1439 | 24.4719 | 22.03653 6978
WAO059-M1A2T224 | 24.72 | 20.08 0.62 10.1834 | 24.6434 | 20.29353 | 15234
WAO060-M1A2T224 | 24.59 | 20.25 0.58 11.0625 | 25.0625 | 18.34587 | 25286
WAO061-M1A2T224 | 24.49 | 20.09 0.57 10.8026 | 24.668 | 16.68166 | 47229
WAQ062-M 1A2T224 | 24.42 | 20.04 0.61 10.8271 | 24.5453 | 12.93072 | 1000000
Table A3.53: Data of M5, [0,90°]5; with P, = 0.75
Specimens code do di Volume o] Hinax O max Cyclesto
[mm] | [mm] | Fraction | [MPa] | [MPa] | [MPa] Failure
Vi (N)
WAS5-M2A1T224 | 26.79 | 20.63 0.57 10.0532 | 25.5663 | 53.48679 995
WAO056-M2A1T224 | 26.37 | 20.39 | 0.645 | 10.2591 | 24.9749 | 46.20081 1912
WAQ057-M2A1T224 | 26.78 | 20.12 0.60 8.9425 | 24.3179 | 45.69013 3162
WAQ058-M2A1T224 | 26.27 | 20.43 0.59 10.5598 | 25.073 | 36.94832 7830
WAO059-M2A1T224 | 26.25 | 20.01 0.62 9.5709 | 24.0527 | 33.38301 | 17611
WAO060-M2A1T224 | 26.87 | 19.99 0.59 8.5523 | 24.0046 | 30.49841 | 30760
WAO061-M2A1T224 | 26.23 | 20.19 0.57 10.0318 | 24.4874 | 27.78001 | 56757
WA062-M2A1T224 | 26.07 | 20.23 0.61 10.4435 | 24.5845 | 19.79715 | 1000000
Table A3.54: Data of My, [+45°]3s with P, = 0.75
Specimens code do di Volume o} Hipa O max Cyclesto
[mm] | [mm] | Fraction | [MPa] | [MPa] | [MPa] Failure
\i (N)
WAO055-M2A2T224 | 26.72 | 20.36 0.58 11.629 | 31.6579 | 36.79693 1267
WAO056-M2A2T224 | 26.61 | 20.27 0.62 11.6121 | 31.3787 | 31.99862 2305
WAO057-M2A2T224 | 26.77 | 20.57 0.58 12.1095 | 32.3144 | 28.51865 4557
WAO058-M2A2T224 | 26.24 | 19.86 0.64 11.2646 | 30.1221 | 25.70324 8385
WAO059-M2A2T224 | 26.21 | 19.89 0.59 11.4059 | 30.2132 | 22.75851 | 18456
WAO060-M2A2T224 | 26.24 | 20 0.67 11.6449 | 30.5483 | 19.22175 | 42851
WAO061-M2A2T224 | 26.7 | 20.5 0.62 12.0629 | 32.0948 | 17.0278 | 109535
WAO062-M2A2T224 | 26.55 | 20.45 0.68 12.2529 | 31.9384 | 13.90013 | 1000000

Table A3.55: Fatigue Constants (a) and (b) of My, [0,90°]3s

P, My, [0,90°]ss
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
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Table A3.56: Fatigue Constants (a) and (b) of My, [£45°]3s

P, My, [+45°]3s
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

Table A3.57: Fatigue Constants (a) and (b) of M, [0,90°]3s

P, M, [0,90°]3s
a (MPa) b Correlation factor
0 484.4 -0.1612 0.9924
0.25 341.9 -0.1574 0.9911
0.5 229.2 -0.1548 0.9891
0.75 151.6 -0.1535 0.9878

Table A3.58: Fatigue Constants (a) and (b) of My, [£45°]3s

P, M, [£45°]3s
a (MPa) b Correlation factor
0 397.2 -0.1514 0.9843
0.25 263.3 -0.1501 0.9832
0.5 173.6 -0.1511 0.9837
0.75 102.7 -0.1512 0.9816
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Table A3.59: Data of [0,90°],s specimen tested under completely reversed pure bending
R=-1 (Data adapted from Elmidany A. A. [83])

Specimens code Omax [MPa] Cyclesto Failure (N)
9092071602 71.3 1804
9092071811 72 3237
9092072014 64.3 14106
9092081001 57.7 31013
9092081004 50.3 63411
9092081006 56 59413
9092081105 49 63522
9092092904 49.2 82416
9092100102 45.2 154216

Table A3.60: Data of [+45°],5 specimen tested under completely reversed pure bending
R=-1 (Data adapted from Elmidany A. A. [83])

Specimens code Omax [MPa] Cyclesto Failure (N)
4592102901 61 1510
4592102902 58 3714
4592102903 52.1 11260
4592102904 50 11528
4592102905 49 16206
4592102906 48 17523
4592102907 45 42980
4592102908 42.4 62227
4592102909 43.1 85669

Table A3.61: Data of [0,90°],s specimen tested under completely reversed pure torsion
R=-1 (Data adapted from Elmidany A. A. [83])

Specimens code O max [MPa] Cyclesto Failure (N)
9092072703 38.7 1328
9092072706 41.2 22.62
9092071913 40.8 2300
9092081002 37.9 7853
9092081003 37.8 10928
9092081104 32.6 11691
9092092801 36.4 17045
9092102601 33.1 62459
9092102602 30.5 87562
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Table A3.62: Data of [+45°],s specimen tested under completely reversed pure
R=-1 (Data adapted from Elmidany A. A. [83])

torsion

Specimens code O max [M Pa] Cyclesto Failure (N)
4592112203 43.3 2221
4592112205 40 9208
4592112305 38.5 12305
4592112401 35.5 16088
4592112910 32.8 22160
4592120103 30.7 78616
4592120106 30 91318
4592120203 28.8 129592
4592120301 26.3 137978

Table A3.63: Data of [0,90°],s specimen tested under completely reversed pure bending
R=-1 (Data adapted from Nasr M. A. [84])

Specimens code O max [M Pa] Cyclesto Failure (N)
M N90-601-300901 82.052 757.5
M N90-613-300901 71.856 1882
M N90-610-041001 63.11 5380
M N90-605-041001 61.954 6752.5
M N90-608-031001 55.937 19300
M N90-609-031001 54.877 22467.5
M N90-612-081001 52.853 25240
M N90-606-101001 50.689 36820
M N90-607-101001 48.458 70125
MN90-611-131001 38.266 412080
M N90-604-171001 35.869 967956

Table A3.64: Data of [0,90°],s specimen tested under completely reversed pure torsion
R=-1 (Data adapted from Nasr M. A. [84])

Specimens code Omax [MPa] Cyclesto Failure (N)

MN90-107-290101 29.47 425

M N90-106-100201 29 612.5
MN90-113-290101 22.688 2322.5
M N90-112-080201 25.455 2781.25
MN90-114-010201 24.114 3325
M N90-115-080201 16.884 28946
M N90-108-080201 17.5 15322.5
MN90-110-010201 20.21 11550
M N90-103-090201 17.32 19000
MN90-111-100201 15.371 212797.5
M N90-109-030201 11.546 1023051
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Table A3.65: Data of [0,90°],s specimen tested under completely reversed pure bending

(Data adapted from Elhadary M. M [87])

Specimens code Omax [MPa] Cyclesto Failure (N)
MM 90-1-01 35.45 1000000
M M 90-1-02 43.06 409500
MM 90-1-03 50.89 36093
MM 90-1-04 53.89 28875
M M 90-1-05 56.22 16152
M M 90-1-06 62.24 6825
MM 90-1-07 68.14 5915
M M 90-1-08 70.70 3193
M M 90-1-09 80.99 1181

Table A3.66: Data of [0,90°],s specimen tested under completely reversed pure torsion

(Data adapted from Elhadary M. M [87])

Specimens code Omax [MPa] Cyclesto Failure (N)
MM 90-1-10 11.56 1000000
MM90-1-11 14.64 220500
MM90-1-12 18.76 15837
MM90-1-13 19.75 13763
MM90-1-14 21.82 5118
MM 90-1-15 22.97 2625
MM90-1-16 22.76 2301
MMO90-1-17 23.40 2100
MM90-1-18 25.42 1575

Table A3.67: Data of [£45°],s specimen tested under completely reversed pure bending

(Data adapted from Elhadary M. M [87])

Specimens code Omax [MPa] Cyclesto Failure (N)
MM45-1-01 35.07 1000000
MM 45-1-02 37.97 400150
MM 45-1-03 41.69 85250
MM45-1-04 48.12 30450
MM 45-1-05 54.27 18200
MM 45-1-06 35.53 6825
MM 45-1-07 55.62 4500
MM 45-1-08 49.30 3000
MM 45-1-09 62.28 1181
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Table A3.68: Data of [+45°], specimen tested under

(Data adapted from Elhadary M. M [87])

completely reversed pure torsion

Specimens code O max [M Pa] Cyclesto Failure (N)
MM45-1-10 19.50 1000000
MM45-1-11 21.45 393750
MM45-1-12 24.30 241307
MM45-1-13 27.14 178815
MM45-1-14 30.28 50155
MM45-1-15 34.75 16555
MM45-1-16 37.41 3657
MM45-1-17 40.78 28875
MM45-1-18 43.79 2362

Table A3.69: Data of [0,90°],s specimen tested under completely reversed pure bending

(Data adapted from Mohamed S. Y [88])

Specimens code O max [M Pa] Cyclesto Failure (N)
Y S90001 75.13 1380
Y S90002 71.92 4120
Y S90003 65.86 6115
Y S90004 63.43 9730
Y S90005 59.06 18250
Y S90006 56.83 29890
Y S90007 52.47 45090
Y S90008 40.24 519500
Y S90009 36.3 1000000

Table A3.70: Data of [0,90°],s specimen tested under completely reversed pure torsion

(Data adapted from Mohamed S. Y [88])

Specimens code O max [M Pa] Cyclesto Failure (N)

Y S90010 27.26 820

Y S90011 23.51 1950

Y S90012 21.74 52.23

Y S90013 17.98 12333

Y S90014 17.58 18827

Y S90015 16.83 26500

Y S90016 15.94 67102

Y S90017 12.42 549223

Y S90018 10.58 1000000
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Table A3.71: Data of [£45°], specimen tested under completely reversed pure bending

(Data adapted from Mohamed S. Y [88])

Specimens code Omax [MPa] Cyclesto Failure (N)
Y $45001 53.97 2225
Y $45002 51.90 5147
Y $45003 49.74 8630
Y $45004 43.68 27190
Y $45005 39.11 90138
Y $45006 35.8 318220
Y $45007 33.07 400130
Y $45008 31.51 479445
Y $45009 30.9 1000000

Table A3.72: Data of [+45°], specimen tested under completely reversed pure torsion

(Data adapted from Mohamed S. Y [88])

Specimens code Omax [MPa] Cyclesto Failure (N)

Y $45010 45.41 688

Y $45011 40.78 2880

Y $45012 38.88 3456

Y $45013 35.61 13120

Y $45014 30.38 49161

Y $45015 27.54 182320

Y $45016 25.12 238215

Y $45017 22.03 372760

Y $45018 19.2 1000000

Table A3.73: Data of [30°,-60°]2s specimen tested under completely reversed pure bending

(Data adapted from Mohamed S. Y [88])

Specimens code Omax [MPa] Cyclesto Failure (N)
Y S30001 66.71 1945
Y S30002 54.83 7123
Y S30003 53.02 10456
Y S30004 49.98 31470
Y S30005 41.78 96690
Y S30006 38.64 308111
Y S30007 37.64 413665
Y S30008 36.76 667332
Y S30009 32.66 1000000
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Table A3.74: Data of [30°,-60°],s specimen tested under completely reversed pure torsion

(Data adapted from Mohamed S. Y [88])

Specimens code O max [M Pa] Cyclesto Failure (N)
Y S30010 35.8 1500
Y S30011 35.01 2625
Y S30012 34.47 3000
Y S30013 32.29 5250
Y S30014 25.16 31500
Y S30015 23.17 126000
Y S30016 22.30 262500
Y S30017 19.55 555418
Y S30018 18.25 1000000

Table A3.75: Data of [60°,-30°],s specimen tested under completely reversed pure bending

(Data adapted from Mohamed S. Y [88])

Specimens code O max [M Pa] Cyclesto Failure (N)
Y S60001 66.34 2000
Y S60002 51.38 27540
Y S60003 48.19 42780
Y S60004 46.14 65005
Y S60005 45.36 78415
Y S60006 39.63 302585
Y S60007 41 425310
Y S60008 36.42 730250
Y S60009 34.8 1000000

Table A3.76: Data of [60°,-30°],s specimen tested under completely reversed pure torsion

(Data adapted from Mohamed S. Y [88])

Specimens code O max [M Pa] Cyclesto Failure (N)
Y S60010 37.1 2300
Y S60011 36 3455
Y S60012 34.06 4500
Y S60013 30.1 6250
Y S60014 28.04 31500
Y S60015 24.23 135200
Y S60016 22.49 285321
Y S60017 22.36 576320
Y S60018 19.84 1000000
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Table A3.77: Data adapted from Amijima S. et al. [72]
(Obtained from Stress-Life Curve)

Pure bending Puretorsion
Omax [MPa] Cyclesto Failure (N) O max [MPa] Cyclesto Failure (N)

95.7 1000 44.33 1000
89.1 5000 42.9 5000
82.5 10000 41.47 10000
79.2 50000 38.61 50000
72.6 100000 35.75 100000

66 500000 32.89 500000
56.1 1000000 31.46 1000000

Table A3.78: Data adapted from Ahmed M.E. et al. [75]
(Obtained from Stress-Life Curve)

Pure bending Puretorsion
Omax [MPa] Cyclesto Failure (N) O max [M Pa] Cyclesto Failure (N)
615 2000 55.21005 2000
540 10000 49.64621 10000
470 50000 47.42618 50000
435 100000 42.64677 100000
420 150000 40.73973 150000
400 300000 36.63415 300000
385 400000 34.99598 400000
380 500000 55.21005 500000
355 1000000 49.64621 1000000

Table A3.79: Data adapted from Atcholi KE. et al. [151]
(Obtained from Stress-Life Curve)

Pure bending Puretorsion
Omax [MPa] Cyclesto Failure (N) Omax [MPa] Cyclesto Failure (N)
880 1000 220 1000
770 5000 192.5 5000
700 10000 175 10000
570 50000 142.5 50000
500 100000 125 100000
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Table A3.80: Data adapted from Kawakami H. et al. [152]
(Obtained from Stress-Life Curve)

Pure bending Puretorsion
Omax [MPa] Cyclesto Failure (N) O max [MPa] Cyclesto Failure (N)
169.1646 1000 55.21005 1000
136.4135 5000 49.64621 5000
124.3396 10000 47.42618 10000
100.2668 50000 42.64677 50000
91.3923 100000 40.73973 100000
73.69827 500000 36.63415 500000
67.1753 1000000 34.99598 1000000
Table A3.81: Data adapted from Onder A. [8] (static pressure test)
Inner Diameter Maximum
winding Angle (mm) Thickness | Total length Pressure
(mm) (mm) Recor ded
P; .. (bars)
[£45°] 56.6
[+55°] 102.4
[£60°]2 50 0.16 400 74
[£75°] 32.2
[90°]2 17.4

Table A3.82: Data adapted from Tolga L. [52] (static pressure test)

Inner Maximum Pressur e Recor ded
winding Diameter Thickness P; (bars)
Angle (mm) (mm)
[£30°], 88
[+45°], 140
[£55°], 75 3 182
[£60°], 176
[+75°], 134
[£90°], 122

Table A3.83: Data adapted from Tolga L. [52] (static pressure test)

I nner Maximum
winding Angle Diameter Thickness Pressure Recorded
(mm) (mm) P; (bars)
[+55°/-55°], 142.4
[+55°/-55°]s 234.6
[+88°/-11°/+11°/-88°], 75 3 237.4
[+66°/-40°/+40°/-66°]» 117.3
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Table A3.84: Data adapted from Erkal S. [148] (static pressure test)

Inner Diameter Maximum
winding Angle (mm) Thickness | Total length Pressure
(mm) (mm) Recorded
Py, (bars)
[£45°], 108
[£55°], 102.4
[£60°], 50 0.16 400 74
[£75°]2 33.2
[+90°], 17.4

Table A3.85: Failure criteria / Theories of failure [83]

No. Name M athematical formula
1 Max. stress 01 = Fl , 0Oy = Fz, Og = F6
2 Max. strain | g, = Fy +v1,0,, 0, = F, + vy 5_201, 06 = Fg
1
3 Hill criterion (01>2 1 L1 1 N <02>2 N <a6>2 .
010 — =] =
F 2 F,* 72 TR, Fg
4 Tsa"Hl” ( )2 0'10'2 + <O'6)2 —1
Fz Fs)
5 Norris ( )2 N ( ) N (06>2 .
interaction Fy F Fe
Norris (01>2 (0102) A (oz)z N <a6)2 _
6 distortional 1 1F> F Fe
2 2
energy or (%) 1 or (%) =1
1 2
2 2
01° — 040 o F,.—F F,.—F
<1 1 2>+< 2 >+(1c 1t)0_1+<2c 2t>0_2
7 Hoffman FiiFie Fy Fyc FiiFic Fy Py
0'6 2
(3 -
Fg
2 2
01° — K,o0q0 o F,.—F
<1 212>+( 2 >+<lc 1t>01
FiiFic Fy Fyc FiiFic
8 Modified Marin

Fye — Fy, 06\ 2
(e (-1
FyFye /7% 7 \F,

Where: K, is floating constant.
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Tsai-Wu

Og 2
+ (2H120102) + <_) =1
Fe

And the following condition must be fulfilled, for stability:

1

. _H,% >0
FiiFicFor Foe ?

10

Ashkenazi

01 2 ()] 2 Og 2
(F—1> + (F—2> + (F—6> + (2F120'10'2) =1

Where: gy is the global stress of 45° in tension.

11

Tsai-Hahn

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

1
H->,=-05|———m
12 ﬂ/FltFuFZthC

12

Cowin

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

o 1 1
12 F F Fy Foe 2F4?

13

Fischer

01>2 0102 (@)2 (%)2

—| —C|—|+(=) +|=) =1
(F1 ( F12 ) F, Fy
Where:

I = E;(1+vy1) + Ex(1+vy2)
2\ E1Ex(1 4 v2) (1 + v55)

14

El-Midany [83]

() +() +(2) +200 (5 - o —g7) =1
F; F, Fg 712 Al FE 2F2)

Where:
Ays is the strength of the [+45°] specimens under pure

bending test

(for [0°,90°,s)

()" (22) -
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15

Nasr [84]

Where:

(for [£45°]2)

Ta
(Teq)[oo,goo] = Tm + Kmn (g) SuS’

(Teq)[i45°] =Tm (5%) Sus

_ Sus =Cmn st
Kmn - S |
us
1+R
Com = 1-R'

R is the stress ratio between minimum and maximum
stress,

Fi, is the local static strength in the fiber direction,

F¢ is the local static shear strength,

F ¢ is the local fatigue strength in the fiber direction,
S¢s is the torsional fatigue shear strength,

S.s 1S the ultimate global shear strength,

T, T, are the mean and amplitude global shear stress,
respectively,

Teq IS €quivalent global static shear stress,

SWT represents the Smith-Watson-Topper parameter

(SWT = V Tmax Ta)

16

El-Hadary [86]

O'1>2
L)+
7

Where:

%)+ () e (R + (R
=) +(=2) +K (=) + K (=—
(Fz Fy '\F,F, 2\F,F,

K, = —0.003 (g) +12.5(R) + 10,
K, = —1.97 (g)2 +527 (g) — 0.37(R) — 2.6,

K3 = —033(5) — 114(R) - 8,
R is the stress ratio between minimum and maximum

stress,
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(%) is the ratio between amplitude global bending and

torsional stress.

)+ G () -G me (7R
—) +(Z2) +(=2) - (=) +He=—)=1
(F1> F, Fy F,F, 16\F,F,
Where:
_ Z4R
16_Z+q'

7= (5)

17 El-Hadary [87]
R is the stress ratio between minimum and maximum
stress,
Z is the phase shift between bending moment and
torque,
(%) is the ratio between amplitude global bending and
torsional stress.
2 2 2
91 92 g6\ _ 0102 9196\ _
(Fl) + (Fz) + (Fé) Kl (Fle) + Kz (F1F6) 1
(for negative stress)
2 2 2
91 92 g6\ _ (0192 9196\ _
(ﬂ) +(&) +(&) (H&)+J%(ﬂ&) 1
(for positive stress)
Where:
S
K—o(— ).
1 Ses (pure torsion )
18 Mohamed [88]

(6—-R) Sus
K, =|—=|(=2 ’
’ ((9_(%))) (Su )[0'90"]
= 2 4 1 Si )
K3 . (9 * (%)) (A9 Ses (pure torsion ) '

R is the stress ratio between minimum and maximum

stress,
S.s 1S the ultimate global shear strength,

S, is the ultimate global normal strength,

(%) is the ratio between amplitude global bending and
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torsional stress,

6 is the fiber orientation angle,

S, is the endurance shear strength

Ay is the strength of the specimens corresponding on

fiber orientation.

Where:
o1 and g, are the local stress components in directions (1) and (2), respectively.

o is the local shear component.

Fi; & F;. 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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APPENDI X (4)
STRESSESIN THICK WALLED AND MULTILAYER

TUBES
A4.1 Theory of thick-walled cylinders

Figure A4.1 show stressed Thick-walled cylinder with radius r, the solid line is
unstrained cylinder and the dash line is strained cylinder.

— o

Figure A4.1.Thick-walled cylinder, the solid line is unstrained cylinder and the dash line is
strained cylinder.

2rn(r + u) — 2nr
* EH = =

)

u
2mr r

g = constant,

_(6r+6u) —6r bu

&r Sr T or
Where:

&y: Hoop strain (diameteral strain),

&;.: Longitudinal strain,
&,: Redial strain.

By apply stress-strain relation (tri-axial tresses):

ESL = 0] — U(O'H + O'T) = 0] — U(O'H - P) (A41)
Eey = E% = oy —V(o, +0,) = oy —v(o, — P) (A4.2)
Ee, = EZ—: =0, —v(oy +0,) =—P—v(oy +0y) (A4.3)

By derivative equation A4.2 w.r.tr:
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v Eu = rloy —vay, + vP]

BT g doy _ o do | dP
..Edr—[aH vaL+vP]+rdr vr —=+ur— (A4.4)

Substitute equation A4.4 into A4.3:

p +uP + doy do; N dpP
voy Vo) = oy voy, v T dr ur dr ur dr
(0H+P)(1+v)+r——vr%+vri—f=0 (A4.5)
By derivative equation A4.1 w.r.tr:
v E = constant
dEL dUL dUH dP
T V@ Ve
oL don 4P
" Va V& (A4.6)

Substitute equation A4.6 into A4.5:

: don _ p2p ot 2. 9P 4P
--(O‘H+P)(1+‘U)+Tdr v rdr +vr +vrdr—0

oy +P)A+0) +rE2 (1= v?) +ur (1 +v) =0

: don (1 _ ar _
--(O‘H+P)+Tdr 1 v)+vrdr—0 (A4.7)

By equilibrium of cylinder element shown in the Figure A4.2:

oydr *1

P+dP)(r+dr)*df =1

oydr *1
Figure A4.2 Thick-walled cylinder element.
do
& (P+dP)(r+dr)*df — Pr = df + 20ydr sin7 =0
Neglect the term of (sm dz ) is very small:

s~ Pr+ Pdr +rdP + dPdr — Pr + oydr =0
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Neglect the term of (dPdr) is very small:

&~ Pdr +rdP + oydr =0
dp
- (O’H+P)+‘I";—O
Substitute equation A4.8 into A4.7:
: — N1 — ) =
~r(1-v) - r(1—v) = 0
By solve the differential equation A4.9:

~ oy — P = constant

Where C is the constant we can be assumed equal 2K;:

o O'H —_— P = 2K1
Substitute equation A4.8 into A4.10:

2P+ r o og
Ty T T

1dPr?
o — = —2K1

r dr

derz = j—ZKI rdr

TZ
2 Pri= 2K (= |+K;

2
. Kz
o, =—P=K —2

From equation (A4.10):

SO0y = Kl + I:_;
Finally,

K>
o, =K — =z = —P,

2
O-H:Kl + —
7,«2

o, = constant

Where:
oy : Hoop stress,

oy.: Longitudinal stress,

o,: Redial stress,
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K1, K,: Constants required from the cylinder boundary conditions.

By apply the general boundary conditions in stresses equation:

1. Atr=r; &0, =—P,
2. Atr =, . 0. =—P,
LR =K -2 (A4.13)
K;
f =Py =Ky — % (A4.14)
From equations A4.13 and A4.14:
K,
A S Pi alr riz

K1=—PL+

_ Pi(ri2 - 7,.02) + (PL - Po)ro2
7,2 — 1;2

1

Substitute the constants K;, K, into stresses equations:
_Pi(riz_roz)-l_(Pi_Po)roz (Pi_Po)rizro2

O' —
i ,.02 _ri2 rz(roz _riz)
1:%7,2
PG =1,2) + (= B + (B, = P) (T
SOy =
H 7,2 — 1,2
p 2 p 2 (P p )(rinOZ)
iri"—FoTo™—Fo =i\ =™ 75—
N oy = - —, (A4.15)
PiTiZ_Poroz‘l'(Po _Pi)(ri_zrorz)
nO, = m— - (A4.16)
Oy — Oy
Y Toax = > atr =,
(Pi_Po)rizroz
“ Tmax — m (A417)
e 2 2
Lo = iy ~PoTo” for closed cylinder (A4.18)

roz—riz
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~o,=0 foropencylinder

From equation A4.2:

'Eu— P
o ;—[UH—U(UL— )]

“o0=u =E7"[O'H —v(a, — P)]

[ r%1,2 1:%7,2
VS = 1 Piri2 - Po‘r'o2 (PO N Pi) (17”_20> Pi‘r'i2 - Po‘r'o2 (PO N PL)( l‘l"zo )
cO=2T R 212 v R v 72— 12
1 _Piriz _Poﬁr'o2 (Po _Pi)rizro2
nd==r|————1 —-v) — 1+v)
E ! roz 9 7"iz 7"2(7"02 - riz)
. _ (1-v) Piriz_PoTo2 (1+v) (Pi_Pa)Tizroz
“ 6= E ( roz—rl-z )T + E ( r(roz—riz) ) (A419)
Special case (tube):
For the tube P, = 0
Piri? ro?
0= o212 (1 + r_z)' (A4.20)
Piri® To®
‘o = (1-%), (A4.21)
2
Lo = rpzlilr.z for closed cylinder (A4.22)
~ o, =0 foropencylinder
. _ (1-v) P;r;? 1+v) [ Piri%ry?
~O= E (roz—rl-z)r + E (r(roz—rl-z)) (Ad.23)

A4.2 Theory of multilayer thick-walled pipes

The outside radius b of the internal layer was larger than the inside radius of the middle
layer by an amount ¢ 1.5, creating the interface pressure Py, between the internal layer and
the middle layer after assembly. Also the outside radius b of the middle layer was larger
than the inside radius of the external layer by an amount ¢ ,3, creating the interface
pressure P,.3 between the middle layer and the external layer after assembly, see Figure
A4.3. Its value may be obtained from:
0 1.2 = Increase in inner radius of middle layer (61) + Decrease in outer radius of internal

layer (J-) (A4.24)
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0 2.3 = Increase in inner radius of external layer (63) + Decrease in outer radius of middle
layer (d4) (A4.25)

Figure A4.3 Three-layer thick-walled pipes.

Calculation of interface pressures and hoop stresses
1) For middle layer 6 1.:
In equation A4.19 putting:

B, =P,_3, P, =Py,

r=r =b, = (.

. _ (A-vy) (P1_2b?—P,_3c (1+v2) (P1_2—Py_3)b%c?

a 51 - E; ( c2—h2 ) ( b(c2-b2) ) (A426)
2) For internal layer :

In equation A4.19 putting:

Po = Pl_z, P = P

r=r,=>b, ;= a.

. __[a- U1) Pa%—p;_,b? (1+v1) (P—P1_3)a?b?

* 0z = ( b2—a? ) ( b(b2—a?) )] (A4.27)

3) For external Iayer:
In equation A4.19 putting:
P0=O, Pi=P2_3,
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. _(1_U3) P2_3C2 (14v3) P2_3(,‘2d2
03 = E3 (dz_cz)c-l' E3 (C(dZ_CZ)) (A4.28)

4) For middle layer ¢ ,.3:
In equation A4.19 putting:

P, = P;_3, P, =P,

r=r, =c, r; = b.

. __ [Q=vy) (P1_ab?—Py_3c? (14v3) ((P1_2—P,_3)b%c?

v 64 o E ( c2-p2 )C + E ( c(c2-b2) )] (A429)

Substitute the values of §; and d, into equation A4.24:

S = (1-vy) (Pl—zbz—P2—3C2) b+ (14v3) ((P1—2—P2—3)b262) _ (1-vy) (PaZ—Pl—zbz) h—
e c2—p2 Ey b(c2—h2) Eq b2—q?

(1+v1) ((P—P1_2>a2b2)
E1 b(bz—az)

1
w0 = 5@ 00 [(1 = v)(Pi_zb? = Py_3¢®)b + (1 + v) (Py_ — P,_3)bc?)]| —

s (A= v)(Pa? = PLobDb + (L +v) (P~ Py_p)a?b)]

b
A 51_2 = m [Pl_zbz(l - Uz) - P2_3C2(1 - Uz) + P1_2C2(1 + Uz) - P2_3C2(1 +
b
Uz)] — m [Paz(l - Ul) - Pl_zbz(l - Ul) + Paz(]. + Ul) - P1_2a2(1 +
v1)]
a8y = —2222 121 —u,) + 2(1 +vy)] — —222[c2(1 = vy) + c2(1 +v,)] —
172 7 By(c2-b?) 2 220 Bp(c?-b?) F 2
_Pb ro20q _ 2 _Pi2b o 2
T —a?) [a*(1—-v) +a*(1+v)]+ i 7—a?) [b“(1—vy) +a“(1+vy)]

1

1
& 01_p =P;_5b (m [bz(l - Uz) + Cz(l + Uz)] +

——  [h2(1 —
El(bz—az) [b (1 Ul) +

a?(1+)]) = Posb (s (21— v) + 21 +v,)]) -

Pb ( ?(1 - ) + (1 +vy)])

;[
Ey(b%2—-a?)
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51_2 = P1—2b (W [b (1 - Uz) + Cz(l + Uz)] m [b (1 - Ul) +

az(l + Ul)]) Pz 3b (m) Pb (m) (A430)

Substitute the values of dzand d,4into equation A4.25:

w8y 3=
(1-v3) (P2—3CZ) c+ (1+v3) (P2—3C2d2) (1-vy) (P1—2b2—P2—3C2) c (1+vz) ((P1—2—P2—3)b262)
E3 dZ—c2 E3 c(d2—c2) E, cZ—b2 E, c(c2-b2)

“ 83 = m [((1 = v3)P,_5¢2) + ((1 +v3)P,_3d?)] - m [(a-

V)P ob% — Py 3c?) + (1 +v2) (P, — P,_3)b?)]

A8 62_3 m[PZ 3C —U3P2 3C +P2 3d +U3P2 3d] m[zpl Zb -
P,_3¢% +V,P,_3¢* — P_3b® — 0P, 3b?]
. — _Pasc 2 2 4 32 2 Pa_sc 2 _ .2 _he 2
o 62_3 —m[C — U3C +d +U3d ] —m[UZC —c“—b —Uzb ]—
2P1_;b%c
Ez(c2-b?)
1 1
82_3 = P2_3C Im [CZ - U3C2 + dz + U3d2] _W[UZCZ - C2 - b2 -
2 _ 2P1_2b2c
u,b ]] e (A4.31)

From equation A4.31:

5 2P1_ 2b2c
AT ;
Py 3= [Zov3c2+d%+03d7] [oze?—c2—b7—ub7]] 8, _3 is very small.
[ E3(d2—c2) Ez(cz—bz)
2P1_2b2
- P — Ez(cZ-b2)
ti2-3 7T [cz—u3c2+d2+u3d2] 1 [UZCZ—CZ—bZ—UZbZ]
E[ (d%=c?) _E[ (c2-b?) ]
2P1_2b2
- P _ Ez(cz—bz)
QRG220 €L Y EGAME G
E3[ (dz—c ) ] [ c 2_p ) ]
P = 2P1_zb?
o i2-3 7 (d +c2) (cz+b2)
Ep(cZ— bZ)(E3 (dz ) ]+E2[(cz bz) Uz])
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(A4.32)

“ Py 3= 792 7 72 7
£a(S1) L<C7_+1+ s ()
S el

C
p__

Substitute equation A4.32into equation A4.30:

58,y = P_yb (m [b2(1 = vy) + c2(1 +vy)] + W[b (1—v) +

| .
-

a®(1+ U1)]) — P b k

2

()

faz_\'s
(=)

Pb (El(lf;liaz))

o8,y = P_yb (m [b2(1 — vy) + c2(1 +vy)] + W[b (1—v) +

(14 0)l)  Prsh £ )<1l(§—§+l) 1[(5,—3#) D _

b_Z_l a 12 +v3 +§ 2 —V3
0
2a?
Pb (El(bz—az))
[ |
| o2 |
S =P [b[62(-vp)+c2(1+vy)] | b[p2(A-v)+a?A+vy)] 4(32)” [
2(c c )
Ep (bj-—l) E(ﬂ;_1>ld3 +E (_22_1> V2
c b
2a?
Pb (E1(b2—a2))
2Pba 2
812+ 57 a7
“ Py =
c2
b[bz(l—u2)+cz(1+v2)] ) b[bz(l—u1)+a2(1+u1)] 4<bj_>b
2_32 ' 2_,2
e T LB )
E2 (b—z——1> 3(742 tu3 +E 2 vl |
|< _1) | |< _1) |
1) 16 )]
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61—, is very small.

2P
E1<I;2—1>
“Pp_, =1

2 b2 c2

[(1—v2)+bj—(1+vz)] [p—(l—vl)+(1+u1)} 4<b—2->
c? ’ bZ [(d2 1 [(<2 1
E2<b_2'—1> E1<;2'—1> ; 2<C2_1)2 L|<C7—+1> . I+LI<E_2_+1> . |
2 \pZ E3Kd2_1> 3} EZ <c2_1> Zj

Z b2

WP, =t 2k - (A4.33)

b2 c?
E1<;2——1)[(1—v2)+32—(1+v2)] b2
Heza—v+aoy)]

afi71) E22<c2_1)2(

Let: Ry =2, Ry=7, Ry=%
Py = e s (A4.34)
S i remyall)
T
WPy = GICIEED (A4.35)
[a-v)+Rz2+v2)] [a+vD)+R12(1-v1)] 4R 2

Ez(R2%-1) ' E1(R1%-1) (R32+1)|

l
|
b))

—_———

1
+E

Substitute equation A4.35 into equation A4.34:

4p
E1E3(R12-1)(R2%-1)

“ Py = 1 [(Ra%+1) 11 [(R2%1) [a-v2)+Rz2A+v)] [a+v)+R1*(1-v1) 4R2
<E3[(R32—1)'U3]+E2[(R22—1) UzD( E2(R2%2-1) E1(R1%-1) ) E22(R22—1)2
(A4.36)
For the same material of layers E; = E, = E; =FEandv; =v, =v3 =v
2P
Z_
S P, = (ra71) | (A4.37)
[a-v)+r22(+0)] [a+v)+r12(1-0)] 4R,2
(R2%2-1)  (r1%-1) 2 +2[(r3?+1) (Rz%+1)
(k1) (R32-1) (R271)
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((R32+1) . (R22+1)>([(1—u)+R22(1+u)] . [(1+U)+R12(1—u)]> 4Ry? (A4.38)
CREONCESD (R2?-1) (k") (R22-1)’

“Pg=

The hoop stresses in the internal, middle and external layers can be obtained by the
following relations:
1) For internal layer :

In equation A4.15 putting:
P, = P12, P, =P,
7, = b, = a.
212
Pa? —Pl—zbz—(Pl—z—P)<ar12j )

Pa* — P;_,;b* — P;_,b* (a—z) + Pb* (a—z)
1-2 1-2 r2 T

tom = (1+5) - i (1+%) (A4.39)

2) For middle layer:
In equation A4.15 putting:
Py, = Pp_3, P; = Py,

r; = b, 7, =C.

b2c2>

Py_,b* — P, 3c* — (P35 — Pl—Z)( )

SOy =
H2 C2 IR bz
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b%c? b2c?
Pi_3b* — P,_3c* — P, (r—2> + P (r_2>

S O—HZ = C2 — bz
2 2
P1_2b2 (1 + ;_2> - P2_3C2 (1 + 712_2>
“Op2 = c2 — p2
c? c? b?
. _P1_2(1+7"_2>_P2_3(b_2)<1+7"_2>
“OH2 = )
7z 1
C2 2 bz
i P, (1 + r_2> — P, 3R, (1 + r_2>
H2 =
R,> -1
. _ P ﬁ _ Py_3R* ﬁ
“OH2 = oy (1 + rz) Ry2-1 (1 + r2) (A4.40)
3) For external layer:
In equation A4.15 putting:
P0=0, Pi=P2_3,
T =c, r, =d.
c?d?
Py_3c* + P, (r—2>
S O-H3 = dz — C2
2
P2_3C2 + P2_3C2 (g—2>
S O-H3 = dz — C2
dZ
i Py_3 (1 + rz)
H3 — 2
@
c
dZ
i Py_3 (1 + rz)
H3 R32 1
Py d?
b Oy = R322_31 (1 n r_Z) (A4.41)
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