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- ABSTRACT

A study of biaxial fatigue of woven roving glass reinforced polyester (GRP) subjected to in-phase and
out-of-phase cyclic bending and torsional moments is presented. To evaluate failure theories for this
material, tests are conducted on two fiber orientations [0,90] and [45,45] tubes. The results showed
that for [0,90] composites the S-N curves in pure bending and in pure torsion are sufficient to predict

~ life. While, for [45,-45] tubes the value of the normal stress interaction component of a strength
tensor Hy, has to be obtained. If the ratio of the global flexural stress amplitude A to.the
accompanied global shear stress B is less than 2, the value of H;, may be taken as presented by Tsai--
‘Hahn theory. But,if A/B > 2, the value of H;, has to be obtained from [45,-45] pure bending S-N

~ curve,the reason is that the failure mode is a combination of interfacial shear and matrix failure. The .
out-of-phase loading results showed that the lives of the specimens at high stress levels are less than -
that for the in-phase loading with the same peak values A and B. SR

Keywords: Fatigue, Composite materials, Combined stress.

Nomenclature

oy Global normal stress due to bending
moment in the longitudinal direction.

A Amplitude of o,.

Tyy Global shear stress due to torsion.
B Amplitude of 7

wt Angular displacement

Z Phase shift

in the

0y, 05, 0 Normal and shear stresses
direction of the principal material axes.

Fio Fre

20 Fpc  Strength in the principal material

directions (t for tension and c for
compression).

Fg Shear strength.

Hy, . Normal stress interaction component of

a strength tensor.
1. INTRODUCTION

The design of light weight structures requires the
use of materials having high strength / density ratio,
composite materials satisfy such requirements. In
addition they should have sufficient resistance to
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fatigue loading when fluctuating loading conditions
exist.

Although - R.M. Jones [1], and many other
investigators [2], [3] suggested that composite
materials offer substantial improvement over metals
in cyclic loading, more results and investigations are
required to minimize the effect of the scatter in
fatigue life data. P.C. Chow [4] reported that the
fatigue life can vary by a factor of 1000 between the
most and least durable ones. One can question this
figure since this factor includes the effect of stiffness
degradation in the absence of the failure definition.
The amount of fatigue data on tubular specimens is
quite limited [2]. Fatigue data of Woven roving
glass/polyester composite tube is rather scarse.

M.]J. Owen, et al., [5],[6], predict the biaxial stress
failure surfaces for a glass fabric remforccd resin.
They compared several failure criteria under hoop
and axial stresses with zero shear stress. Their work
included a failure contour for the onset of a damage
in tubes at 10% cycles. In this contour the tension-
tension region had values less than that of tension-
compression region (about 50% in some cases). They
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did not give any explanation.

In the present work, the failure contours for
fatigue of woven roving GRP under combined
bending and torsional loading are presented for two
fiber orientations. It is our aim to find a fairly
accurate and applicable failure criterion. The effect
of stress state on the expected failure mode is also
presented in-phase and out-of phase.

2 - EXPERIMENTAL WORK
Materials

Test specimens were made of woven roving E-
glass (Product of the scandinavian fiber-glass Co.,
Sweden)/polyester tubes. The intensity of the glass
fiber in both fill and warp directions is equal to 60
strands in each roving [ASTM D 2150-63]. The
polyester resin is Siropol 8231. The properties of this
resin are given in Table (1). This resin is
prepromoted with special accelerators. Just prior to
use the M.E.K. peroxide was added only at a level
of two percent.

Table 1. Resin properties.

Viscosity Cps (25 deg.) 450
Percent styrene 40
Specific gravity 1.04
Gel time (25 deg.) (MINS) 25
Cure time (HRS) 3
Tensile clongation 1.7
Heat distortion temp. (resin) 70 deg.
Heat distortion temp. (Laminated) 200 deg.

Specimen Preparation

Sections of a woven roving sheet were cut from a
roll of sufficient length to give two turns around a
winding mandrel plus 5 mm for circumferential
overlap. The width of the sheet was sufficient to
cover the desired specimen length plus 30 mm to
ensure a nearly void free part of the fabricated tube.
It is obvious that the fiber direction was checked
before cutting the glass sections from the roll. To
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avoid angular distortions, the ends of each section
were fixed using cellutape before cutting. Figure (1),
shows the wooden winding mandrel with the
grippers of the fabricating machine. This mandrel
was rotated slowly against a teflon rod free to rotate
and secured to the fabricating machine through
adjusting screw in order to control the gap between
the teflon rod and the specimen. The resin was
poured gradually during the rotation till the fibers
were completely wet. Then the teflon rod was
readjusted to roll out the surplus resin and to get rid
of air bubbles. This operation took about 15
minutes. Another cellophane sheet was inserted
between the winding mandrel and the teflon rod and
was wrapped around the tube mandrel carefully to
ensure a void free glazed surface. After two days,
this sheet was removed. The tubes were cut to the
desired length after removal from the mandrel and
left for more than three weeks before testing to
ensure stability of their mechanical properties.

Wooden mander]
Woven Roving glass sheet
Cellutape

Cellophane sheet

Figure 1. The winding mandrel covered with the
woven roving glass sheet and the cellophane release

film.

The glass content was kept 60% + 4% by weight
and was calculated by successive weighing of the
mandrels with the release cellophane sheet then
with the fiber then with the cured composite tube.
Few burn tests were conducted to make sure that
this procedure is accepted. Figure (2), shows the test
specimen dimensions which were used here bearing
in mind that there is no standardizaton of the
specimen dimensions used in testing composite GRP
tubes subjected to combined bending and twisting
moments [7], [8] and [9].
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It consists of a driving pulley (13) connected to two
couplings [12],[18]. Coupling [18] produces twisting
moment through the connecting rod (8) with spring
3 _lj steel plates fastened to the twisting arm. This
SRR = arrangement acts as a _slider crank mechanism with
. p a crank length equal to the eccentricity of the
. ! . N connecting arm which is controlled by means of a
Flgure 2. Test specimen dimension 1n mms. power screw inside the coupling. The rim of this
S - : coupling is adjustable to give a phase shift with
& The Testing Machine respect to the left coupling (12). The intermediate
L h . . . shaft (9) is used to convert the axial displacement of
‘ ’The gesung machine, Figure (3), designed to . the mechanism into equal displacements on the two
‘ ll:l(:lee dell)tell:éingu;re)d ?:rr;?(:ggv,vhgrl::r i:‘o_f;’;:;e :’; \ bending arms (6). These displacements give uniform
RO phase. The machine is fully described in [10] benc!mg moment through the whole length of the
ey 3 At 22 5 - specimen, Figure 4).

-

11

ELEVATION SEC. SIDE VIEW ( X - X )
;' Supports A 11. Twisting arm
2. Deep grove ball bearings 12. Bending coupling
3. Specimen holder . 13. Driving bulley
4. Main frame 14. Guide shaft
5. Self—aligning deep grove B. Br. 19. Main shaft
6. Bending arms 16. Deep grove ball bearings
7. Bending Transducer 17. Loading arm :
8._ Connecting arm 18. Torsion coupling
9: Intermediate shaft 19. Torsion Transducer
1 10. Supports B 20. Specimen o

F e, v 21. Proximity Switch
_:A‘:__;gu‘rg 3 : General layout of the testing machine . ‘
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/

transducers.
Test Procedure

The test procedure was as follows:

1. The strain indicator was connected to the
transducers to adjust the mechanical and electrical
zero level under no load.

2. The test specimen was inserted into machine
gripping system through slotted sleeves and two
wooden plugs were inserted inside tube at both
ends to ensure gripping.

3. The eccentricity of the engine mechanism was
adjusted to ensure alternating loading condition
(strain controlled).

4. The reading of the strain indicator was calibrated
to measure the bending moment and torque.

5. The signal was transmitted to an oscilloscope to
observe the change in strain amplitude.

6. The failure of the specimen was considered, if
the strain reading was decreased by 20% of the
original reading. This value is in accordance with

- Herrington et al. [11], to avoid the effect of
stiffness degradation.

7. At this stage the electronic counter had recorded
the number of cycles through the proximity
switch (21) and the failure was checked. If the
failure was out of the gauge length, the result of
this specimen was dropped because the crack
may be initiated under the grip due to heavy
tightening.

8. The resulting number of cycles and the
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1gure 4. The bending moment diagram of the specimen and

corresponding stress were used to plot S-N curves
and failure contours.

3. RESULTS

More than 230 test specimens were tested. The
frequency of the testing machine was 16.7 HZ for all
tests. The results were divided into two group,one
for the in-phase tests, while the other were
conducted under phase shift of 90 degree between
the torsional and the bending moments. For all
conditions the relationship between the fatigue
strength and number of cycles to failure N was
fitted to a power function in the form

o =C1 N<?

Where: C1,C2 are the constants of the S-N curve
fitting in each case.

Table (2), shows values of C1 , C2 and the
corresponding stress state for each curve. Figures (5)
to (8) represent the S-N curves for pure bending and
pure torsion for each fiber orientation, while Figures
(9) to (14), show comparison between the in-phase
and the out-of-phase S-N curves having the same
peak values of A and B.
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Figure 9. S-N Curve of 0,90 woven roving GRP in-
phase and out-of-phase for A/B=1.
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roving GRP.
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Figure 11. S-N Curve of 0,90 woven roving GRP
in-phase and out-of-phase for A/B=0.5.
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Figure 12. S-N Curve of 45,45 woven roving GRP
in-phase and out-of-phase for A/B=1.

10°

“©80 :

Qﬁ ] é5 Ggovejlp Rlovintg

e r ~Gilass

= ] A/B:'zy” x

) L anaos 2=90

e . terex 2=0

§ .

@ 40 -

B

-]

<

=

s

S i

z ]

0 Ty v
10° 10 108 10°*

NUMBER OF CYCLES

Figure 13. S-N Curve of 45,45 woven roving GRP
in-phase and out-of-phase for A/B=2.
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Figure 14. S-N Curve of 45,45, 0 woven rovin
GRP in-phase and out-of-phase for A/B=0.5.

4- THEORETICAL ANALYSIS

The experimental results were compared wit
several theories of failure. These theories are liste
in Table (3). Since the fiber intensity is the same in
both directions, then

Fie=Fp and Fy =F,

For bending loading through half of the loading
cycle one side is under tension and then through the
other half of the cycle it is under compression, the
flexural strength F; and F, (which are mechanical
properties) are used .

Then replacing F,,, F;. by F; and F,,, F,_ by
Fz or F 1
The previous theories will be reduced to four criteria

- Hill criterion

2
(0, - 9 | o

-1 (1)
Fy Fg

- Tsai-Hill, Norris distortional energy, Hoffman
theory and,T'sai-Hahn

=P=1 @

- Norns and Mckinnon
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02 * 0'2 02
‘_2_2 + _‘ 1 3)
Fl F6

- Cowin

(o] + 20,0, + o;)

F. Y

From [0,90] bure bending test, the stress state is
ogp=A and og;=05=0
Substituting with these values in any of the

theories of failure listed in table 3, will give the
value of F;. For example, the T'sai-Hill yield criteria.

0,0

o - ’
(R - (2P (SR =1
F, 7 Fl2 E, Fy

Will be in the- form

Ay -0+0+0=1
Pl

Similarly [0,90] pure torsion will give Fg. Now, the.

failure contours representmg each of the prcvmus
theories can be drawn since F; and F are given as
functions of life N. Referring to the values in table

2.

F, = 185.1 N*118 \p,
F6 = 64.9 N0:063 Mp,y

5- DISCUSSION AND CONCLUSION

For [0,90] composites, Figure (15), shows the
failure contours as constant life diagrams with the
axis representing the global bending and shear
stresses. For this fiber arrangement all the previous
criteria give the same result since the interaction
term gy 0, is always equal to zero because g, = 0 in
all conditions. It is also clear that the experimental
results are generally in good agreement with the
theoretical values especially at longer lives therefore,

30
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= : S 24040 2=0
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]
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dealing with [0,90] woven roving GRP under
combined bending and torsion requires only two S-N
curves to get F; and F¢ and then the failure contour
is obtained. ' :

' 10 10°* 10

NUMBER OF CYCLES = .. .
Figure 15. Theoretical and experimental _failure
contour of 0.90 woven roving GRP.

For [45,45] tubes, the failure contour is quite
different as shown in Figure (16) except for a
specific point where A/B=2. Mentioning that at this
point the stress state is the same for [0,90] and [45,-
45] as shown in table 2. The results of the two S-N
curves with A/B=2 for [0, 90] and [45,-45] had nearly
the same values ‘which prove that the experimental
work is quwe well.: e L

[
[~}

45 Woven Rovings

‘a ] E-Glass/Polyester
& 7 Phase angle=0.0
= s Upper N=10;
e P . Lower N=10
g s <l P
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- *\
20 o
S ] "\
3 Y

b I t/ :’ggcl—ihhn
+ Experimental

0 oo

0 20 40 80
NORMAL STRESS (A) (MPa)

L LI R I B (I

Figure 16. Theoretical and experimental failure
contours of [45-45] woven roving GRP.

It is observed that this contour may be divided into
two regions:
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Table 2- Test Results and Stress State

Fiber [No. off A/B} CI C2 1 Z | Stress State i ]
[;rientatjo_r_L Pomtsj (MPa) (dea )| ol G2 G6
[0oo] [ 18 TrofigsiJor2] o A 0 0
[0.90] 15 101049 1000} © 0 0 B
[0.90] 13 J 05} 42510091 O A 0 2A |
090] | 13 ] 1 |8cojoi]f o A 0 A
[0.90] 13 2 112021 0.1 0 A 0 AS2
[45.-45] 19 1/0 12551 0.12) O A/2 A2 A/2 W
[45.-45] 14 101 §1lo8}0.121 O B -B 0
[45.-45] 13 105103510153} © 23A -1.5A A2
[45.-45] 14 1 11e 10.14) O 1.5A =As2 AJ2
[45.-45] 13 2 1117110093 0O A 0 A2
[000] | 15 105 354000} 90 AS 0 IAC
[090] | 13 [ 1 | 682 |008] % | AS 0 AC |
[0.90] 13 2 115310097 90 AS 0 SAC
[45.-45] 15 03] 563 J0.11) 90 | SAS+2AC]SAS-2AQ  SAS
[45.-45] 17 1 91 JO11} 90 | SAS+AC | 5AS-ACYL 5AS
S 15 : 4.510.091 90 |5AS+3AQ5AS-5AG SAS

Where C =cos wt, S = sin wt and wt is the angular position.
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rable 23:

Failure theories

 Name

and Refernce

Fatlure Criterion

Prmii s -

CHilL t
CHELI[ 12

criterion
]

2 2 2
H ; _‘_Ll(_] (_) o
F, F, F, F, Fg

\
\

I'sai1-Hill vield
criteria
(Azzi & Tsai) |13}

(Norris&Mckinnon)[14]

Norris distortional
energy (Norris)[15]

Hoffman Theory

b e

(76 2
+ 2Hj0, 0, + (=) -1
Fs

SR -
Plt Flc thh

- Hp> 0 for stability

(Hoffman) [16] o o2 0,0 F, - F
‘ ( 1 ) i ( 2 _ 12 6 ( 1e¢ lt)ol
i Flt Flc kah FltFlc FltFlc
: F, - R o
; + (=)0, + () - 1
! F.Fy, Fe
(Tsai and Wu) [17] 5 - -
| ; _
; 1 1 1 1 9y 93
(— - =)o, + (— - =)o, + +
Fll Flc Fh FZI: Fll'Flc FZI F?,c

gTsai—Hahn[IS]

"The same criterion as
1of Hl2 s

tsai-Wu but the value

% R
: l 1 1 :
: H, - -05 e }
i u X
i FltFlc FszZc ¢
1 b
S :Cowin[fg] i The same criterion as Tsai-Wu but the value |
fof H is ‘ i e : C I

s E 12 . i
% ' ¥ Hu _ l ) l n 1 g
| | ‘] F /P J F,F 26 i
| | i
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(a) If A/B <2

The stress state is (tension-compression) i.¢ ¢; and
0, have different signs and the experimental results
show a close agreement with Tsai-Hahn criterion
and the theories listed in Eq.2. This is not true in
case of the other criteria.

(b) If A/B > 2

The stress state is (tension-tension) and (comp.-
comp.) ie. ¢; and ¢, have the same sign. The
experimental results are not in agreement with any
of the failure criteria. This was clear also in the
results of M.J. Owen [5] in zero shear condition
applied to several failure criteria as mentioned
before. That is because the tensile stresses acting
perpendicular and along the fibers in presence of the
shear stress help the micro cracks to initiate and to
propagate tangentially to the fibers. This is called
the interfacial shear mode.

Although there is no analytical expression for the
strength guarding against this kind of failure, it may
be contributed to the analysis by using the Tsai-Wu
theory in the form

01 0'2 06
(E)2 + (?;)2 + (FG)2 +2H,00,=1 (5

Applying [45,-45] pure bending test will give the
value of Hy,

hon H,=(2 -1 .1,

A* p? oR?

Where A is the amplitude of the global bending
stress of [45,-45] pure bending test which is a
function of N.
This value of stress interaction term which will be
evaluated from experimental test combines the
interfacial shear strength with the matrix shear
strength and the fiber flexural strength.

Referring to Figures (9) to (14), the comparison
between the S-N curves of in-phase and out-of-
phase loading conditions was based on the same
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(A/B) ratio for the two curves. But, for out-of-phase
loading the condition g, = A and 7,, = B will not
exist in the same time. Thus, it was expected tha
out-of-phase loading will give longer life - for the
same A and B- than the in-phase loading. But, this
did not happen except when the stress level was
low. And in contrast, at high stress levels for the
same peaks of A and B the life under out-of-phase
condition was shorter. This is because at high stress
levels the stress is high enough to initiate cracks in
the matrix and due to the out-of-phase condition,
the plane of maximum stress is rotating through the
cycle [20]. This rotation gives the chance to the
crack to be subjected to the maximum stress at multi
mode of loading. This leads to a higher speed of
crack propagation and hence shorter lives were
recorded. For low stress levels A and B were not
acting in the same instant, so the local stresses in the
matrix were not able to initiate cracks and then gave
longer lives. These results are in agreement with F.
Ellyin et al. [21]. They concluded that when the
applied loads induce a plastic deformation (high
strain), for the same strain amplitude, the fatigue life
decreases with increase of the phase angle .
However, for strain amplitudes less than certain level
the fatigue life of out-of-phase tests (Z = 60 deg., 90
deg.) is much longer than that of in-phase test.
Figures (17) and (18) represent constant life
diagrams for [0,90] and [45,45] tubes respectively to
compare between in-phase and out-of-phase loading
conditions.

>
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Figure 17. Comparison between failure contours of

0,90 GRP in-phase and out-of-phase.
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Figure 18. Comparison between in-phase and out-

of-phase failure contours of 45,45 woven roving

GRP.
CONCLUSION

The failure criteria applied to woven roving GRP
tubes under combined bending and torsional
moments may be wused safely with [0,90]
configuration. In this case only two fatigue tests are
required, pure bending of [0,90] to get F{, and pure
torsion of [0,90] to get Fy.

For [45,-45] tubes, if A/B < 2 the Tsai-Hahn
criterion is relatively closer and may be applied in
the form

o 0 o
(=) + (2P + (2 + 2H0,0, = 1
F, F, 6

where

- 05

H,, =
F}

But, if A/B > 2 the interaction term has to be
changed. Its new expression and value needs another
test. This test is pure bending of [45,45]
composites.

This gives
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where A is the amplitude of the global bending
strength of the [45,-45] pure bending test.

For out-of-phase loading conditions, as the stress
level increases the decrease in fatigue life is much
higher than that for in-phase loading condition. Yet,
no formula has been found and it needs more
experiments with several phase angles. But for lives
more than 20000 cycles, the out-of-phase conditions
give longer lives compared with that recorded for in-
phase conditions. Hence, ignoring its presence will
not be dangerous.
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