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ABSTRACT

Investigations were made on the fatigue properties of satin woven
glass cloth FRP under multi-step program loading of rotating bending,
with special emphases on the effects of the primary stress level, its cycle
ratio and the sequence of loading. Rotating bending fatigue tests under
constant stress amplitudes were also carried out to form the comparison
basis. In each case, fatigue test under a certain loading condition was
repeated several times so as to produce statistical fatigue life data for the
analysis of fatigue life dispersion of the material with the aid of a two-
parameter Weibull probability model.

To clarify the fatigue properties of the material under service loads,
the effect of stress wave form would be one of the most interesting sub-
jects which must be dealt with. Hence the associated investigation was in-
corporated in the present study. )

The following delineates the main conclusions:
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(1) According to the results of basic two-step program loading fatigue
tests, the cycle ratio at the secondary stress level, #:/Nz, is always equal
to or greater than unity. Futher, it is of practical interest to note that the
fatigue life at the secondary stress level is longer than that at the same
stress level under constant amplitude loading. This tendency was particu-
larly observed in the case of High-Low type loading sequence. Hence, it
would be considered that Miner’s rule could not be applied for fatigue life
estimation of the FRP under program loading. It has to be modified to
an appropriate form, thus giving the proposed prediction formula.

(2) Fatigue life estimation by the proposed equation indicates that
a fairly good agreement can be obtained between the experimental and the
estimated fatigue lives throughout the present study.

(38) Sinusoidal stress wave form can cause a longer fatigue life in

comparison with those triangular and/or pulse type.
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(a) Rotating bending fatigue test specimen.
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(b) Random loading fatiguetest specimen (canti-lever type),
Fig. 1. Fatigue test specimens.
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Table 1. Specification of the material.

Matrix Polyester resin (polylite FG-284)

Reinforcement| Satin woven glass cloth (SLS-212)

Catalizer Methy! ethyl ketone peroxide
Hardener Cobalt naphthenate 0.6% solution

Table 2. Properties of polyester resin,

Specific density 1.21 (g/cm3)

Tensile strength 5,80 (kg/mm?2)

Compressive strength 15.50 (kg/mm?2)

Young’s modulus 350.00 (kg/mm?)

Table 3. Glass fiber content of the specimen and its mechanical properties.

Type of test specimen | FPHRE Dencting fotigve | Eardon on peeimen
Weight content Wg 54.47% 40.99%
Volume content Vg 35.78% 24.83%
Tensile strength o 30.0 (kg/mm?) 21.0 (kg/mm2)
Bending strength o 40.2 (kg/mm2) 33.0 (kg/mm2)
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Fig. 3. Loading situation under three-step

program loading.
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(i) B¥z4% (Function generator)

(i) iEFhEIMIE (Vibration control amplifier)

(i) FTHHNE (Power amplifier)

(v) BrEFME# (Electro-dynamic transducer)
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Fig. 4. Block diagram of the equipment.
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Table 4. Fatigue test results under constant stress amplitude.

o(kg/mm?) 12.0 11.0 10.0 9.0
i=1 0.60<10* 4.17X10* 0.733 X 10° 0.7163x10°
2 0.96 4.32 1.096 0.7818
3 0.97 4,65 1,222 1.4936
4 0.99 4.67 1.551 2.1825
5 1.36 4.76 1,910 3.3380
6 1.36 4.81 2.390 4.1189
7 1.41 4.81 4.175 4.1298
8 1.43 4.99 4,833 4.6739
9 1.53 4.99 5.904 4.7352
10 1.54 5.04 7.105 5.4441
11 1.56 5.09 7.304 6.1742
T: 12 1.61 5,13 7.305 6.4128
13 1.61 5.18 8.256 6.5336
14 1.63 5.41 8.956 6.7953
15 1.68 5.41 9.006 6.8846
16 1.68 5,69 9.106 6.9807
17 1.70 5.88 9.357 8.0704
18 1.76 5.88 9.807 8.7914
19 1.85 5.88 10.157 9.0442
20 1.87 6.02 10.257 9.6766
21 1.90 10.558 11.8815
22 4.58 12.059 12.5972
23 13.209
24 21.470
25 21.866
26 36.087
a 3.327 10.517 1.178 1.440
B8 1.775% 104 5.399 X 10 9.838 % 10° 6.923 % 10°
E(T) 1.593 X 10 5.147 X 10¢ 9.300 X 10° 6.283% 10°
V(T 2.784 %107 3.486x 107 6.278 X 10! 1.963 X 10
V(T 5.276 X 10° 5.905 % 10° 7.924X10° 4.430%10°
cv 0.3312 0.1147 0.8520 0.7051
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Fig. 5. Original S-N diagram,
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Fig. 6. Fatigue life dispersions (Weibull distribution).
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Fig. 7. Fatigue life distributions (Log-normal distribution).
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Table 5. Fatigue test results under 2-step stress amplitude.
(High-Low type, n/Ni=1/2)
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i |oi(kg/mm?)| Np(x10%) | m(X10%) | N:(X10% ny/ Ny | 350/ Ne)
1 12 80 159.3 0.50

2 9 76220 76140 | 62830.0 1.21 1.7
1 12 80 159.3 0.50

2 9 90421 90341 | 62830.0 1.44 1.94
1 12 80 159.3 0.50

2 9 102807 102727 | 62830.0 1.63 2.13
1 12 80 159.3 0.50

2 9 156429 156349 | 62830.0 2.49 2.99
1 12 80 159.3 0.50

2 9 183953 183873 | 62830.0 2.93 3.43
1 11 257 514.7 0.50

2 9 71683 71426 |  62830.0 1.14 1.64
1 11 257 514.7 0.50

2 9 72828 79571 |  62830.0 1.16 1.66
1 11 257 514.7 0.50

2 9 73401 73144 | 62830.0 1.16 1.66
1 1 257 514.7 0.50

2 9 87203 86046 | 62830.0 1.38 1.88
1 11 257 514.7 0.50

2 9 99165 98008 | 62830.0 1.57 2.07
1 10 4650 9300.0 0.50

2 9 31087 26437 | 62830.0 0.42 0.92
1 10 4650 9300.0 0.50

2 9 36770 32120 | 62830.0 0.51 1.01
i 10 4650 9300.0 0.50

> 9 56344 51694 | 62830.0 0.82 1.32
1 10 4650 9300.0 0.50

2 9 79133 74483 |  62830.0 1.19 1.69
1 10 4650 9300.0 0.50

2 9 132080 127430 | 62830.0 2.03 2.53
1 10 4650 9300.0 0.50

2 9 132900 128250 | 62830.0 2.04 2.54
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step in the two-step program fatigue test.
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Table 6. Fatigue test results under 2-step stress amplitude.

(High-Low type; #;/MN; is varied.)

i oi(kg/mm?)| Ny(x10%) | #(x10%) | Ne(x10%) ni/Nq Si(ni/Ni)
3 5| oum oo | 62800 | 1 | L7
> 5| ems00 oove | aomsolo | Ly | 180
> | e yoonsy | eoms0 | oar | 24
> 3| 1eres ey | a0 | o | 2
2 5 157796 15760t | 62880.0 o5t 2.84
3 5 198099 107 | 62880.0 98 8.48
> 5| mes e | eesol0 | v | L4
; 5| reem o | eomso | 1 | 198
3 5 73401 rae | 62880.0 0% 1.66
3 5| sm08 scoss | emiol0 | as | L8
3 5 99165 o0 | 62830, 3 2.07
2 E 46253 s59%0 622%32(7) XA 1.40
2 % 56373 5600 ngég:g 3.5 1.56
5 5 63993 coon | 62880.0 oo 1.68
3 | e oty | e | Los | 10
2 g | zsss0 1233%? 62830.0 \(1)2325 2.63
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Table 7. Fatigue test results under 2-step stress amplitude.
(Low-High type; »/N; is varied.)

i oikg/mm®)| Nr(x10?) | #7:(X109) | Ne(X10% ni/Ny | Z(nai/Ni)
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Fig. 22. Miner’s value S(n:/N:) as regards the number of stress steps .
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Table 8. Fatigue test results under multi-step stress amplitude.

i si(kgmm?) | Ne(x10%) | #(X10%) | N:«(X10D ni/Ny | S/ N
1 12 80 159.3 0.50
2 9 76220 76140 | 62830.0 1.21 1.7
1 12 80 159.3 0.50
2 9 90421 00341 | 62830.0 1.44 1.94
1 12 80 159.3 0.50

“ 2 9 102807 102727 | 62830.0 1.63 2.13
1 12 80 159.3 0.50
2 9 156429 156349 |  62830.0 2.49 2.9
1 12 80 159.3 0.50
2 9 183953 183873 | 62830.0 2.93 8.43
1 12 53 159.3 0.33
2 1 9656 172 514.7 0.33 1.67
3 10 9431 9300.0 1.01
1 12 53 159.3 0.33
2 1 13284 172 514.7 0.33 2.06
3 10 13059 9300.0 1.40
1 12 53 159.3 0.33
2 11 15730 172 514.7 0.33 2.33
3 10 15505 9300.0 1.67
1 12 53 159.3 0.33
2 1 20818 172 514.7 0.33 2.87
3 10 20593 9300.0 2.21
1 2 40 159.3 0.25
2 1 129 514.7 0.25
3 10 24571 2325 9300.0 0.25 1.10
4 9 25077 | 62830.0 0.35
1 2 40 159.3 0.25
2 11 129 514.7 0.25
3 10 27055 2325 9300.0 0.25 1.14
4 9 24561 | 62830.0 0.39
1 ) 40 159.3 0.25
2 1 129 514.7 0.25
3 10 49489 2325 9300.0 0.25 1.50
1 9 46995 | 62830.0 0.75
1 2 40 150.3 0.25
2 1 129 514.7 0.25
3 10 86552 2325 9300.0 0.25 2.09
4 9 84058 | 62830.0 1.34
1 2 40 159.3 0.25
2 11 129 514.7 0.25
3 10 129293 2325 9300.0 0.25 2.77
4 9 126799 |  62830.0 2.02
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Table 9. Fatigue test resﬁlts under multi-step stress amplitude.

i |oikg/mm2)| Ny(x10?) | 7(x10%) | Ne(x10%) n/Ni | T(ni/ND)
1 12 80 159.3 0.50

2 9 76220 76140 | 62830.0 1.21 1n
1 2 80 159.3 0.50

2 9 90421 90341 | 62830.0 1.44 1.94
1 12 80 159.3 0.50

2 9 102807 102727 |  62830.0 1.63 2.13
1 12 80 159.3 0.50

2 9 156429 156349 |  62830.0 2.49 2.99
1 2 80 159.3 0.50

2 9 183953 183873 | 62830.0 2.03 8.4
1 12.0 53 159.3 0.33

2 105 | 40480 776 2330.0 0.33 1.30
3 9.0 30651 | 62830.0 0.63

1 12.0 53 159.3 0.33

2 10.5 | 55636 776 2330.0 0.33 1.54
3 9.0 54807 | 62830.0 0.87

1 2.0 53 159.3 0.33

2 10.5 | 79821 776 2330.0 0.33 1.93
3 9.0 78092 | 62830.0 1.26

1 12.0 53 159.3 0.33

2 10.5 | 79924 776 2330.0 0.33 1.93
3 9.0 79095 | 62830.0 1.26

1 12.0 53 159.3 0.33

2 10.5 | 86766 776 2330.0 0.33 2.04
3 9.0 85937 | 62830.0 1.37

1 ) 40 159.3 0.25

2 11 129 514.7 0.25

3 10 24571 2325 9300.0 0.25 1.10
4 9 22077 |  62830.0 0.35

1 12 40 159.3 0.25

2 1 129 514.7 0.25

3 10 27055 2325 9300.0 0.25 1.14
4 9 24561 |  62830.0 0.39

1 12 40 159.3 0.25

2 1 ‘ 129 514.7 0.25

3 10 49489 2325 9300.0 0.25 1.50
4 9 46995 | 62830.0 0.75

1 2 40 159.3 0.25

2 11 129 514.7 0.25

3 10 86552 2325 9300.0 0.25 2.09
4 9 84058 | 62830.0 1.34

1 % 2 159.3 0.25

2 1 129 514.7 0.25

3 10 129293 2325 9300.0 0.25 2.77
4 9 126799 | 62830.0 2.02

T—ETHD, ARREONB LI, 2B2EH, SHBIE 4B4FEIK

élni/Ni DEEF LY L &R TN B,
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Fig. 26, Stiffness decay during fatigue (Sinusoidal wave, 18Hz).
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Fig, 28. Stiffness decay during fatigue (Sinusoidal wave, 45Hz).
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Fig. 29. Stiffness decay during fatigue (triangular wave, 30Hz).
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Fig.30. Stiffness decay during fatigue (pulse wave, 30Hz).

Table 10. Repeated bending fatigue
test results. (Frequency;30Hz)
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Fig. 32. Deflection to be controlled vs. initial stress amplitude.
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Table 11. Repeated bending fatigue
test results. (Wave type;Sin. wave)
Frequency|oa(kg/mm?) N
14.19 8.26 X 10°
12.86 17.55
11.70 55.12
11.69 40.80
45 Hz 11.12 | 56.02
11.11 63.54
10.40 140.33
7.55 [1813.24
12.381 8.5610°
12.19 11.78
11.59 17.30
11.41 13.57
10.99 18.86
10.92 19.23
30 Hz 10.83 21.43
10.42 37.31
10.14 43.71
9.02 207.12
8.94 216.17
8.61 451.79
7.05 5140.15
12.89 3.55x 108
10.73 22.20
18 Hz 10.56 27.50
9.82 65.60
7.97 723.49
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Table 12. Repeated bending fatigue test result (High-Low type).
i loa(kg/mm?)] Ny(X10®) | #:(x10%) | Ni(Xx10%) ni/ Ny | B/ Ny)
1 12.10 0.928 7.42 0.125
2 11.46 1.750 14.00 0.125
3 10.83 3.390 27.12 0.125
4 10.19 6.909 55.27 0.125
5 9.55 | 2552.190 14.746 117.97 0.125 | 2-382
6 8.92 32.746 261.97 0.125
7 8.28 78.190 625.52 0.125
8 7.64 2413.531 1601.97 1.507
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Table 13. Repeated bending fatigue test result (Low-High type).

i |oa(kg/mm®)| Ns(X10%) | #(x10%) | Ni(X10%) ni/N; | Z(ni/Ny)
1 7.64 200.246 1601.97 0.125

2 8.28 78.190 625.52 0.125

3 8.92 32.746 261.97 0.125

4 9.55 347.970 14.746 117.97 0.125 9.999
5 10.19 6.909 55.27 0.125

6 10.83 3.390 27.12 0.125

7 11.46 1.750 14.00 0.125

8 12.10 9.993 7.42 1.347
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Fig 33. Programmed loading (8-step).
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Table 14. Randomly programmed fatigue test resuit.

i |oa(kg/mm?®)| N;(x10%) | #:(x10%) | N:(x10%) ni/Ni | (ms/Ni)
1 7.64 200.246 1601.97 0.125

2 11.46 1.750 14.00 0.125

3 9.55 14.746 117.97 0.125

4 10.19 353.985 6.909 55.27 0.125 2.938
5 8.28 78.190 625.52 0.125

6 8.92 32.746 261.97 0.125

7 10.83 3.390 27.12 0.125

8 12.10 15.308 7.42 2.063
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