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Probabilistic residual strength model for composite materials considering stress levels
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Abstract: To address the problems of low generalization and high testing costs of most current residual strength
models for composites, a probabilistic residual strength model that accounts for the effect of stress level and is
independent of stress level was proposed. Firstly, the normalized strength reserve was defined and a deterministic
residual strength model was derived based on the normalized strength reserve. Then, a fatigue life probability
model was coupled into the deterministic residual strength model, and then a new residual strength probability
model was derived. Finally, the accuracy and applicability of the proposed probabilistic residual strength model
was verified using constant-amplitude and variable-amplitude residual strength experimental data from the open
literatures. The results show that almost all the constant amplitude experimental data points are distributed
between the upper 95% confidence limit and lower 5% confidence limit of the prediction curves, and the prediction
curves with 50% reliability have high goodness-of-fit values for the experimental data: 0.94, 0.84 and 0.97. The

proposed model accurately describes strength degradation at multiple stress levels using only one set of model
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parameters, with sufficient consideration of the statistical characteristics of the residual strength of the composite.

The relative error between the predicted values of the proposed model and experimental values for both ascending

and descending variable-amplitude loading is less than 6%.

Keywords: composite; strength reserve; residual strength; probability; fatigue life; constant and variable amp-

litude; stress level
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Table 1 Static tensile strength of VARTM E-glass/vinyl ester
with a lay-up sequence of [0/+45/90/-45/0] >

Test number oy/MPa Test number oy/MPa
1 338 11 343
2 342 12 333
3 350 13 333
4 333 14 327
5 321 15 323
6 328 16 338
7 326 17 331
8 353 18 332
9 341 19 341

10 332 20 321
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Table 2 Static tensile strength of T300/934 graphite/epoxy
with a lay-up sequence of [0/45/90/-45,/90/45/0],*"

Test number oy/MPa Test number oo/MPa
1 427.49 14 481.96
2 444.04 15 481.96
3 445.42 16 486.79
4 445.42 17 486.79
5 449.55 18 491.61
6 455.07 19 492.30
7 455.07 20 495.06
8 466.10 21 496.44
9 468.86 22 500.58

10 477.82 23 503.33

11 477.82 24 511.61

12 477.80 25 519.88

13 480.58
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Fig.5 Cumulative probability distributions of static strength for VARTM
E-glass/vinyl ester™: (a) Experimental and calculated static strength;

(b) Mixed static strength
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Table3 Non-linear cumulative damage of T300/934 graphite/epoxy in comparison to linear cumulative damage'”

oy oy T, n 7, ns Ref. Eq.(14) Eq.(15)
H-L 345 290 — 20 000 40 000 — 0.76 0.63 0.45
L-H 290 345 — 40 000 20 000 — 0.67 0.63 0.50
H-L 400 345 290 4000 8 000 20 000 0.86 0.62 0.48
L-H 290 345 400 20 000 8 000 4000 0.70 0.62 0.46

Notes: o,—Peak stress of the first loading; o,—Peak stress of the second loading; o3;—Peak stress of the third loading;
n,—Number of cycles for the first loading; n,—Number of cycles for the second loading; n;—Number of cycles for the third loading.
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Fig. 7 Residual strength prediction of T300/934 graphite/epoxy under

variable amplitude loading containing 2 stress levels: (a) H-L; (b) L-H
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Fig. 8 Residual strength prediction of T300/934 graphite/epoxy under

variable amplitude loading containing 3 stress levels: (a) H-L; (b) L-H
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Table 4 Load spectra for variable amplitude testing of
VARTM E-glass/vinyl ester®”

Load cycle Stress/MPa Load cycle Stress/MPa
337 535 74 394 157
182 664 81 213 150

98 852 88 115 164
53 496 95 62 170
28 950 102 34 177
15 667 109 18 183
8478 116 10 190
4588 123 5 196
2483 130 3 203
1344 144 2 209
727 137 1 216

262 MPa, AHXFR2% 0 1.9%, ka0, 40
JE PR 50% B, BT 4 AR R R T S R AR R
i v B U0 A 3 56 (R ) RH X R 22 AN B i 6%
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Fig.9 Residual strength prediction curves of VARTM E-glass/vinyl ester
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Table5 Model parameters involved in the two cases
(VARTM E-glass/vinyl ester and T300/934 graphite/epoxy)

a B Y S M v
Case 1 0.0544 0.1730 490 20 0.2 0.25
Case2  0.1909 0.1932 3406 2099 0.1 0.13

Notes: @, B—Model parameters of the S-N curve; y—Scale
parameter of the Weibull distribution of static strength;
6—Shape parameter of the Weibull distribution of static
strength.
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