A Comparison of the Prediction of the Stress Concentration
Theory of Fracture Mechanics with a Number
of Actual Failures of Large Plant Components

W. H. Irvine and A. Quirk

By way of introduction, the equilibrium of the simple system shown in
Fig. 1 will be considered. This figure shows a through thickness
crack of length 21 located in a flat plate loaded with a uniform
astress along the two boundaries parallel to the crack. The magnitude
of this stress, which will cause the crack to propagate and fracture
the plate is denoted by f,. The presence of the crack causes a
stress concentration in tﬁe crack tip region, and, considering unit
plate thickness, then at the failure stress the load shed by the
crack is 21 fg, half of which is carried in the material at each end
of the crack. The distribution of this load is shown schematically
in Fig. 1. Here the mean value of the stress in the region in which
fracture occurs is F, and S is the equivalent width of the region
over which it may be considered to acte That is (F - fg)S = cross
hatched area = fgl

This equation will only be of use if both F and S are jndependent of
crack length. That this is so can be shown by re-arranging to fg =

F - fsl/S, and plotting experimental data in the form f, against £,13
straight line plots are obtained, Refs. 1, 2 and 3. g value of %
is given from the ordinate intercept and for all materials for which
test data is available, is within experimental error equal to the urs
of the material as it should be to satisfy the limit condition that
10, £~ UTS. Although pressure components frequently experience
a bi-axi§1 or sometimes tri-axial stress system the unflawed bursting
pressure is normally that corresponding to the uni-axial UTS as
measured in an ordinary tensile test. The behaviour of Zircaloy 2 is
an exception since its UTS is raised above the uni-axial value by bi-
axial stress conditions and the plot in this case is a straight line
with the ordinate intercept equal to the bi-axial UTS obtained from
the unflawed bursting pressure. The value of S for the particular
material can obviously be determined from large flat plate tests as
in Fig. 1. However, it is desirable to be able to determine the
fracture characteristics of a material from small specimens. In

Ref. 3 it was shown that S= «(¢/£r)'¢ where ¢ is the Charpy V energy
at the test temperature, f'y is the yield strength, and are measured
in ft.lbs and T.s.i. respectively. The parameter &« is proportional
to the elongation and this dependency is shown in Fig. 2 which is
derived from published test data on various steels. (fg9 Fy 1, P fy
are given, hence & can be determined)- Here elongation is measured
on a gauge length of 4 /A

The application of this theory to more usual practical defects is
described in Ref. 4. The same principle is usedy thus if an embedded
penny shaped crack is considered, Fig. 3, the load shed by the crack,
considering a segment is fg.(area ABC). If fg varies, it is [ S 4R
This is carried by the ared CBED where CD = < Asc

In the ensuing pages the actual sizes of defects which caused failure
in various large plant items are compared with the sizes calculated
by this theory.
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These equations are then equated giving:-
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o PE: ence crack dept i i

‘he actual crack depth, as scaled from photogr:;)hwih;cg ;2"8.65".
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Because this is a through thickness defect a bending stress acts on
the material at the crack tip in addition to the stress due to membrane
stresses. Failure equation, Ref. 2, is:=

£, (1/s + 1) + kfglz/n2 = F (D = I. Dia.)

and £ = 8.25 Tuseisy 5 = X (P )"3 - 482", k = 12, F = 34.7
T.s.i> This equation solves to g¥ve 1= 6.25", hence total crack
length = 12.5" (318 mm) which may be compared with the actual overall
crack length of 312 mm.

Example 4 PVRC No. 1 vessel (Ref. 9) A105 nozzle, Fig. 6 refers.

UTs = Koeseie, £ = 351 Keseley Elongation 34.4%, Charpy V = 40 ft.
lbs. The hoop strgss at failure in the vessel shell was 39 Kes.i.
Since this is above the nozzle material yield stress it will be
assumed that the nozzle material is also at this stress level.

2
Load shed by crack:-— fg " 0/2 2 2
Load taken by area ABCD when crack formed =('='—€€D\_Q'*5) 8K — A 9/;_}

yere F = 6646 Keseie, £, =39 Kesei., S = 3.44" giving o = 3.66"
The actual crack radiusgas scaled from photograph is approximately 4".

ixample 5 Heavy Section Steel pressure vessel forginge. Ref.5, Fig. T
refers. Failure occurred from a g" deep fatigue crack which developed
in 1,550 cycles, at the base thread. The stress at the thread root
was of yield magnitude. So here fg = f,. UPS = 116 Kesei., fy = 96
X.s.i., BElongation 18%, Charpy V = 18 f'{.lbs. Yence S = 525", fg = 96
V.s.i., and using basic equation f (1/s + 1)= F, gives 1 = .11". Actual
size approximately &". &

Sxample 6 Ref. 10. Turbine Disc failure originating from 1/16" deep
% 5" long defect located at bottom of keyway machined in bore of disc.
vithout a defect stress was at yield level. So take fg = f_ and UTS =
55 TeSele, fy = 49 Teseie, Elongation 22.5%, Charpy Vv at fallure
temperature, 84°C, not given but at 20°C ig 13 ft.lbs and upper shelf
is 54 ft.lbs. A value of 30 ft.lbs is used here. (S is not very sen—
sitive to error in ¢ in this range). This gives S = .74" and equation
isi- 49(1/.74 + 1) = 55. Hence 1 = ,086".Actual approximately .063".
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