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Fig. 1 Theoretical curves of K; and Ky
predicted by existing criteria
g—Strain energy density criterion;
b—Energy release rate criterion;
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Fig. 2 Brittle behaviour of GC-4 steel
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Table 1 Specification of specimen and result

Specimen size, Parameter at ir}itial Fracture
N mm growth point angle Remark
B w a P Ky Ku deg.
1 21 27 147 1.26 151 0 0 after ASTM-E399-74

il 18
2 21 27 14 76 158 69 545 13
24 °
78
o P
3 18 631 3356 30 84 251 635 DI i
o
120 40

4 18 631 33.56 35.6 0 300 70.5 by extrapolation

b

Note; P is the total load in t; K1 and K are the critical stress intensity factors at initial
growth point in kgf/mms/z,
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Fig. 3 Crack tip plastic zone shapes under different conditions
Arrow showing cracking direction
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Table 2 Calculated finite element results

Specimen N 1 2 3 4
Critical value
K; , kgf/mms/2 151 158 84 0
Ki1, kgf/mms/2 0 69 251 300

Element 1
2

3
4
5
6

Element 1
2

[ 7 B N )

Element 1

N AN

Element

Element

Hydrostatic tensile stress, om, kgf/mm:?

26.73/35.24 53.53/72.49 89.99/201.81 92.49/215.33

37.41/51.15 53.94/72.76 85.51/144.29 71.56/132.74

35.78/47.32 48.20/63.24 54.20/74.76 37.24/59.91
48.39/64.52 46.88/109.77 38.23/99.55
46.21/63.81 25.96/79.88 14.01/63.83
23.65/29.56 —31.27/—63.18 -52.31/-114.13

Equivalent stress, o, kgf/mm:?

69.72/55.0 128.48/100 162.82/143.3 170.1/145.5
81.37/60.5 102.31/67.78 151.63/137.55 155.94/138.6
60.98/34.0 83.55/ 137.01/104.45 142.42/136.4

99.51,/70.62 136/136.94 141.3/138.8

101.18/75.53 137.06/138.79 142.13/139.9
60.90/46.81 137.35/138.38 145.49/140.9

Ratio on/o
0.383/0.641  0.417/0.724  0.553/1.41 0.544,/1.480
0.460,/0.845 0.527/1.073 0.564/1.05 0.514/0.958
0.587/1.392 0.577/ 0.396/0.716 0.26/0.366
0.486,/0.918 0.345/0.802 0.271,/0.717
0.457/0.845 0.189/0.576 0.099/0.456
0.388/0.631  —0.228/-0457  —0.36/—0.811

Strain energy density, S, kgf-mm.mm-3

0.12/0.098 0.76,/0.36 28.92/9.86 41.50/16.70

0.18/0.15 0.58/0.25 19.27/4.78 24.96/1.35

0.11/0.077 0.32/0.14 3.99/1.54 7.08/3.34
0.47/0.22 1.87/4.12 5.24/1.16
0.48/0.23 2.65/4.35 6.29/7.16
0.16/0.07 3.61/4.04 10.43/9.47

Volume-strain energy density, Ey, kgf-mm.mm-3

0.0068/0.012  0.0243/0.05 0.302,0.388 0.340,0.442
0.013/0.025  0.0296/0.051 0.185,0.198 0.172/0.168
0.012/0021 002370038  0.032/0.053 0.017,0.024
0.023/0.04 0.021/0.115 0.016,0.094

0.021,/0.039 0.007,0.061 0.0024/0.039

0.0055/0.008 0.011/0.038 0.042/0.124
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Table 2 (continued)

Specimen Ne 1 2 3 4

Critical value
K1, kgf/mm3/2 151 158 84 0
K11, kgf/mm?3/2 0 69 251 300

Distortion-strain energy density, E4, kgf+-mm.mm-3

Element 1 0.11/0.086 0.70/0.31 28.61/9.47 41.16/16.26
2 0.16/0.13 0.55/0.19 19.09/4.58 $24.78/1.18
3 0.10/0.056 0.29/0.038 3.96/1.49 7.07/3.31
4 0.44/0.18 1.85/4.01 5.22/7.06
5 0.45/0.20 2.64/4.29 6.29/6.71
6 0.16,/0.062 3.60/4.01 10.39/9.34

Ratio Ev /Eq

Element 1 0.06/0.14 0.035/0.16 0.011,0,041 0.024/0.027
2 0.08/0.20 0.054/0.26 0.0097/0.0433 0.007,0.023
3 0.12/0.38 0.076/0.388  0.0081/0.036 0.0024/0.0072
4 0.051/0.219 0.011,0.029 0.0031,0.013
5 0.045/0.199  0.0028/0.014 0.0004/0.0057
6 0.035/0.134 0.003/0.0095 0.004/0.013

Note: Numerator-plane stress; denominator-plane strain. All data listed are taken at
initial growth point.
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Fig. 4 Detail of meshes in the vicinity of crack-tip
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Fig. 5 Plastic zone of specimen Ne 3 at initial growth point
1—Elastic elements, 5/0,>1; 2—Finite element, 1>>5/0,»0.9; 3—Cracking direction;
4—Estimated by linear elastic condition; 5—Crack

h. o S54%%

(1) BEN=ZFEARNNENETEANKGHSRATEAMRSY RN
SF 1 MNGY B AOMBIR, REENSY RE 5 SRR HRREHXR.
MIBRE Rt B R A PRI SIS sy Bk BB (0,) . MIFARIHTTHIO LR R
REEE S A MIAHBE K o/ K RO w3 m. (0,) NS FHARMEE K. G, 15
REER(0,). 0 56.32kef/mm?, WF2, 3. 4-SiREENISY B 2% 80.56kef/mm?, 192.3
kgf/mm? f1219.4kef/mm?, 1 5380 ) MEZRELLL, 4 SRBEMHS 1 Sk
BUAABRAM SRS, Wik, A TRI—ANTHTIERNHOEARNRNEDN, S565—
PEERATIRNSY B DB T REHE LA, MEFRER &K IER 8k EqE
BEANEARNSY BHEIGEE, WElIRASHE hFEEEEHARX, AL
BERRAR HRED LN R B

Besh, M2 BAFM, Ku/K EH¥KE, FRATH 0./ o EEUh, XXWK,

i1 R 8 I 5 IR Bz SR B A K.

(2) WA, HINPESKNERBRETHRHARIRE. HEENRNERK KT
e SR AR AR, B2 8707 Ay 38 i 39 40 TR 3 BB X R T DA B B SO A 2 B P T e A i 88
. Bk, TR SME R AN, AREBEXRTMEB M &
Kun/K R (LR R TN B hpy 2k, HRERY], Ak 3 HEEHEEA
TR GC-4 BEREMIRKE, ME Ko/ K EHB¥EK, FREEEEX R-FREH
K. EFFG R Lo 1T RIWHX R4 [ Bk — 15 B F, B HXHEHRag
ML BEABANRESR. RHEE Ko soEHK, KEITREGTRKE S Y Th H B 9%
m, Bilfm, FEMNERET, 4SRN SBEHINGN 3 SiREM 1.4 1.

(3) F—iA#, XmFmEHDRP.LFEREESHRTN 8 X, TR E



14 SR PAMERENT I B A TR BT S MR A BT 81

R RHFEZHNRE ). &£ I RERTHREZNEKR, EAPABRENZSE, F
WM bR AHE 5 &, BE Ko/ K EHEk, BERZENR/N, 8k 11 B
BT, TRBUXERERFNG R EBEXHER -, — &1 % 513 E 0.5 &L
F.

o ATinECE R p RO A B =5k N ELRER: EFEE HRHET, BL—8B
R, ZHEk DB IR M RAE R TR, SRR RRN L XIRN = M5k
HBmR; R, FEFEEREFET, BTN EETRE=05K 0 iE R Ror &
(it 6 /R). WA ABRTEEDRE T2k hiEhTREEES, EABYE
LAJG 25 51 3E i £ %k

150

100

O kgf-mmi2

S0

0
0 0.5 1.0

P/py
B 6 4SRN 2 T =4M3k hERFNEL
Fig. 6 Hydrostatic tensile stress of Ne2 element in specimen
Ne 4 ys load applied
Arrow showing yielding point of element
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A STUDY ON THE PLASTIC ZONE AHEAD OF MIXED-MODE
CRACK TIP FRACTURED UNDER LINEAR
ELASTIC CONDITION

by Gao Hua ond Zhang Xiaodi (Institute of Mechanics, Academia Sinica)
(Manuscript received 11 July, 1979)

ABSTRACT

The crack-tip plastic zone in mixed-mode brittle fractured specimens of different
K, /K, ratio of a high strength steel has been investigated under critical conditions.
Both elastic approximate analysis and elastic-plastic finite element method were used
to analyze the distribution of stress, strain and strain energy density in the vicinity
of the crack-tip. It is shown that:

(1) at the initial moment of crack growth, the (c,).and S, are notmaterial
parameters, but increase with K /K;;

(2) for all specimens fractured under linear elastic condition, the crack tip
plastic zone area of mode II is larger than that of mode I by two order of magnitude
and the total plastic work absorbed before brittle fracture markedly increases with
K. /K,

(3) the higher the K; /K, ratio is, the lower the 0,/0 in the vicinity of crack
tip and initial growth directions;

(4) under mode I condition, the area of the plane stress plastic zone at specimen
surface is larger than that of the plane strain plastic zone at the centre of the
same specimen by a factor of 3. However, with the increase of K;, component,
their difference decreases. Therefore, the influence of thickness on mixed-mode
brittle fracture toughness might be smaller than on mode I.

Besides, the increase of hydrostatic tension stress under plane stress condition
is quite different from that under plane strain condition. Once the crack tip zone
falls into plastic state, the increase rate of the hydrostatic tension stress in the
plane stress crack tip zone will become gentle instantanedusly, but scarcely any
such change would be observed under plane strain condition. It seems that at the
initial growth moment the hydrostatic tension stress in the plane stress plastic zone
is much smaller than in the plane strain plastic zone.



