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ABSTRACT

A Tracture experiment under biaxial loading and theoretical analysis has
been used to study the fracture behaviour of cruciform specimen, made of
a Chinese Industrial Standard steel 16MnR, with a centre penetrated crack
and the Failure Assessment Diagram (FAD) for  evaluating the safety margin
of cracked structure under biaxial loading is explorated. The fracture
parameters J-integral based on elastic, Je, and elastic-plastic, Jep are
calculated by finit element method and the instantaneous load of initiation
of crack growth is examined by the method of local D.C. electric potential
measurement, Upon the researf? work ment%gned above,‘the modified methods
of failure assessment of CEGB £6 and EPRI Engineering Approach for biaxial
loading have been proposed respectively in  the  present  work.
The experiment results reveal that the J-integrals based on the measured
instantanous load of initiation of crack growth, Ji, under different ratio
of biaxial load are, in general, almost identically equal, however, the
JR curve of J-integral based on the contralling condition of crack propaga-
tion is affected by different ratio of biaxial load. In comparsion, it is
found that the modified Failure Assessment Diagram of FEPRI methed for

the biaxial loading proposed is more agreed with the experiment

result than the others.

KEY WORDS: fracture, biaxial,  cruciform, Failure Assesment Diagram, J-
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1. INTRODUCTION

In recent year several proposals have been developed which are aimed
at assessing the safety of the nuclear and chemical industries structures
which might fail by ductile mechanism., The CEGB's R6 and the EPRI's JFAD
are the important methods of failure assessment, Biaxial and multiaxial

stress states are common in presSure vessels and piping. A large number




- 38.2 -

of investigation of failure assesment are based on uniaxial stress states.
Experiments are carried out in uniaxial specimens such as C§, CCP, SECP,
DECP. ‘When the results of the‘investigations are used in engineering, some
questions will be raised, e.g. whether the results in uniaxial stress states
are completely available to the biaxial and multiaxial stress states in
engineering, whether they are conservative or not, how much the errors are.
To attempt answer these questions, the fracture experiments in biaxial
stress states are carried out in present work., The centre cracked cruciform
specimens are made of a Chinese Industrial Standard steel 16MnR for pressure
vessels. Based on the result of the numerical and theoretical analysis, the
modified methods of failure assessment of CEGB's R6 and EPRI's JFAD for
biaxial loading have been proposed respectively in the present work.
2. BRIEF INTRODUCTION OF FAILURE ASSESSMENT METHODS
The CEGB R6 failure Assessment Method

The CEGB failure assesment diagram uses the 'non~ dimensional load and
stress intensity parameters Kr and Sr defined by '

Kr=K/Ke=(K2/EJc)? M
Sr=P/P (0) (2)

where Kc is the material tonghness and PL( T ) the limit load defined for
yield or flow stress @ . Ior a centain structure, given loadings and defect
sizes, the two parameters Kr and Sr are evaluated from EQ.1 and EQ.2, if
assessment point (Sr,Kr) 1lies within the failure assessment curve, the

defect is acceptable. The assessment curve is

9 2 fB o maT

Kr =Sr-JqﬂzvlnsecG§Sr)] . (3)
[3

Milne ]modified the assessment curve in consideration of strain hardening

as

Srz‘r/oo +(1—Kr%)(cu/0b -1) 4)

whereg, is the ultimate stress and (Iythe yield stress.

EPRI Failure Assessment Diagram
Bloom [4) gevived JFAD using the J estimation scheme proposed by Kumar

The stress-strain curve may be described by

¢/e,=%/ao+ (% /g )" (5)

For a material obeying EQ.5, Kumar suggested the value of J

2 n+l (6)
J=K (ae)/E'+OtGOEOCh(a/w,n)(P/PO)
The J-contralling condition for stable growth

(7)
Jep(a,P)=JR( a)
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can be written as

J(a ) (P/P ) 243 (a,n)(B/B) " ed (aa) 8)

The normalized coordinatates are defined by

;2 -
Kr"=Je/Jy Sr=P/P (9)
Failure assessment curve can be devived

2 2

Kr2=8r2/ (HeSr 24tnsr ™1 )=F (Sr) (10)
where He=J(ae)/J(a) Hn=J(a,n)/J(a)

3.EXPERIMENT

Material Properties

~The specimens were machined to a thickress of 5 mm, made of a Chinese
Industrial Standard steel 16MnR. The mechnical properties and‘composition
of 16MaR steel are given in Table 1.

Table 1. Mechanical properties and composition of 16MaR steel

Material Mechanical Properties Composition 7
Ug Uy v d E v
16MnR e MPa oz g MPa C Si Ma P S

384.5 564. 57. 28, 2.05£5 0.28 0.14 0.47 1,46 0.01 9.17

Several Ramberg-Osgood fits were made to the true stress-strain data. One
fits the whole stress-strain range (l). The others (2,3,4,5,6) pass the
poinﬁs ((g’es)'(gO.Q'60.2)’(Gﬁ’eu) respectively. R-0 law is proposed as
£Q.5. These fits are shown in Fig.l, and corresponding R-0 coefficients
are tabulated in Table 2,

Table 2. Ramberg-Osgood Coefficients . . __

Methods 1 2 3 4 5 6
o 5.017 8.760 5.004 1.040 1f000 1.040
n 5.569 3.876 5.260 10.90 11.17 5,260

Geometry and Dimensions of the Biaxial Specimen

‘According to the cruciform specimen developed by K.J. Miller [5] and
the present results of [FEM analysis and the test machine in our lab, new

specimen was redesigned. See Fig.3

The specimen were equiped with strain gages. Strain data were obtained
for two crack sizes at biaxiality ratio k=0,0.5,1. (k:Pﬁ/Py). The edgem-
stress distribution was non-uniform due to the present of the crack, but

it was in pgood agreement with the stress distrbution assuming uniform dis-
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placement of the edge. The corresponding edge and centre uniform stressés.
have following relations.
f Ux=2(l‘0840xe”0'12750ye) (11)
| qy=2(1.0841§e—0.1275(58) (12)
& The thickness of the-éentre (working) part is 5 mm, and the clamping part
E is 10 mm,
| Fracture Experiments Under Biaxial Loading

Fracture‘experiments were undertaken with centre penetrated crack cruci-
form specimen. The total crack lengths ranged from 30 mm to 55 mm, including
‘ length of spark machined notch and fatigue crack. Experiments were performed
under load biaxaility ratio k=0,0.5,1 to investigate. the effect of biaxial
ratio on the initiation and growth of the crack,
a; Testing of crack initiation load

The thickness 5 mm will not reach the plane strain thicknessl2.5 mm. Local
D.C. potential measurement method was used to detect the initiation., The
initiation loads are tabulated in Table 3.

Table 3, init;ation load using local D.C. potential method

Specimen No. K a,q (mm) a,,(mm) a(mm)  Pi(T) Pipr(T?. Erro?%

Al3 0 18.08 18.01 18,55 20.50 19.35 5.9
Al4 0 16.30 16.98 17,14 20.63  19.35 6.3
Al 0.5 17,25 17.33 "17.79 21,50 23.7] 9.3
A3 0.5 16.90 17.02  17.46 23,38 23.71 1.39
A5 0.5 16.85 17,01  17.46 22,75 23.71 4.04
Al2 117.00 - 16.89 17.45 24,35 24,06 0.79
RS 0 21,97 22,03 22.50 -16.15 16.89 2.30
Bl 0.5 21.69 22,08 22,35 20.63 20.45 0.88
B3 0.5 22,07 21.75 22,41 20.88 20.45 1.22
B2 122,22 22,07 22,15 21.55 21.14 0.52
B4 1 21.26 21.93 22.30 20,75 21.14 1.84
C5 0 27.64 27,21 27,93 16,75 15.07 11,10
C3 0.5 25,98 26.01 26.53 17.50 17.45 0.28
C6 0.5 26,92 27.13 27,53 18.00 17.45 3.15
Cc7 0.5 27.42 27.57 28,00 17.63 17.45 1,03
c8 . 0.5 26.80 27.01 27,41 17.60 17.45 0.86
C4 1

27.32 26,80 27.56 19.38 19.06  1.68

FIG 3. Biaxial Specimen
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By comparing these results with the data of multi-section method, it is
found that the intiation loads are in good agreement with each other, maxiam

error is 3.15 %, see Table 4. It shows the reliability of the local D.C.

potential method.
Table.4 Comparion of the data with potential and multi~section methods

Specimen No. C3 Ccé C7 8 Co
Pi (T) - 17.5 18.0 17.63 17.60 17.75
Error % 0.268 3.15 1.00__ 0.86  1.79

b. JR cur§é
According to experimental P-a curves, JR curves are devived by elastic-
plastic FEM. FLquations of JR curves are obtained for different biaxial ratio
by the regression of following expression:

Jeh 8" ' (13)

The values of A,B are given in Table 5.

Table 5. Fit coefficientsof JR curve

k 0 ' 0.5 1
a 30. 40, s0. 30. 40. 50. 30. 40. 50.
A 848. 1545, 1785, 85.9 346, 346. 213, 102. 140.
B " 0.49 0.56 0.76 0.22 0.35 0.49 0.18 0.32 0.31
. R 0.98 0.99 0.98 0.99 0.98 0.99 0.96 0.96 0.99
The JR data distribute in Fig.4
Fig.4 Distribution of experimental data for JR curve
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FIG 4. Distribution of experimented data

for Jp-curve
The ecxperimental results reveal that JR curves are related with not only

the original crack length but also the biaxial ratio. Uniaxial J, curves
(k=0) are higher than biaxial JR curves (k=0.5,1). When the JR curves are
plotted in the diagram of J-integral crack driving force calculated by
elastic-plastic FEM, the instability prediction will be obtained. see Fig.5.
4. FAILURE ASSESSMENT DIAGRAM IN BIAXIAL STRESS STATES

CEGB's R6 Method in Biaxial Stress States

Adam (6] proposed on extensive model(see Fig.6) to analyse the influence
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of bhiaxial loading, and took into account of biaxial effect, and modified
the restraining stress of Dugdale's model, by including the stress parallel

to the crack plane as follow.

cf—go’ a/mE lnsec( gm — ) (14)
o = o;$ o +T (15)
g, (16)
P 1 i
- Y .-
- o =
A B S N
] -*45Fr——45 -
T T T

FIG 6. Modlfled Dugdale model,

where E is Young's modulus,v *is the restraining stress.

For Von ques criterion
(0‘*—0“’)%0 -3(s; —0) % (17)

where o, is uniaxial yield stress. By substituting ‘o’ into EQ.14, d expre-

sion can be obtained for infinit plate.
For a square centre-cracked thin plate,it is considered that o°°x a“} in
the extensive Dugdale's model can be replaced by the average stress in the

net section area, and have such relations with edge distributed stresses,

as follows, -
o’x=dx‘f° ' Gy=0;°c/b (18)

Substituting into FQ 17, a*in square thin plate gives L
a "—[(cf b/c—0')+,A —3{0‘ b/c- 0’) ] (19)

Therefore,  of square thln plate can be obtalned
b. Biaxially Modification of CEGB's R6
By comparing'the modified R6 curve and test data assessment points, it
is found that biaxially modified R6 curve gives a cﬁnservative prediction.
See Fig.7.
By b1ax1ally modifying, Mllne s assessment curve can be written as
!\r—G/g{ lnqec(Zﬁ)]
Sr=9/0 +(1- Kr“)(d’ /o -1) (20)
Itisingood agreement with experlmental results for biaxial stress states,
as shown in Fig.8.
EPRI's JFAD in Biaxial Stress States
a. Fully Plastic Amalysis of Crack in Biaxial Stress States
M.Y.He[7} suggests that modified principle of complementry potential
energy can be used to generate upper and lower bounds to J~integral., Tor

a crack infinite bodies. See Fig.9. For plane stress conditions, J-integral
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is J = av.® ¢,h(n)
Considering a material forhwhich the uniaxial stress strain(9-— ¢ )curve may
be discribed by e/e = alo/ag)" (21)
The tensile relation is generalized to multi-axial states J2 deformation
theory according to Eij/‘-0=3/2 o (Ue/ %)n_ Sij/o() (22)
where Sij is the stress deviator, N is the efficient stress defined by
T, (3/2813813)2 (23)
With an efficient strain defined by
ce=(2/3¢; )“ )
The values of h{n) are tabulated 1n Table 6.
Table6. Value of h(n)
a 1.0 1.5 2.0 3.0 4.0 50 7.0
h(n)  3.19 3.91 4.56 5.73 6.77. 7.75 9.56
For plane streess states m ./1 (O‘ = a°°)4+o' 2 oy2] .(25)
| He-txe (o, /U') et (26)
CJ=aopt, ah(n)(a o) (27)
When n=1, J =] = SN Oah(l)(o /00)2 . (28)

For square plate, it is considered that the biaxial effect on J-integral
is, in general, conservative, The values of h almost remain constant when
when k is changed from -1 to 1, thus J-integral is as follows,
- n+l
J= & gyegahi(a/v,m)(u /o) (29)

where hl{a/b,n) is the function of crack length and hardening constant.

The values of hl have been tabulated in Ref 2. Efficient stress is

o / (a b/c-a) +(a b/c) +G] (30)
b. JFAD of Centre Cracked Cruc1t0rm bpec1men under Blax:Lal Loading °
Upon the discussion above, Je can be written as 1
+
UNCURNICLE N 4ah(a/b,1)(9/¢0)? a0 ¢gahl(alb, (oo™ (31
Biaxial modlfled JFAB can be wrltten as
Kr=[J_/Jp (Aa)]Q“f(Sl‘) (32)

where Sr= /6-0, Oois biaxial modlfled limit distributed stress which can
be derived from limit load.
For centre cracked square thin plate, limit load PO can be derived by

using the principle of energy equilibrium in plasiticity theory. See Fig.l10.

PO=2AcrU {(33)
where A is biaxial coefficient.
A=b/(b-kc) {34)

Biaxially modified failure assessment curves can be plotted for different
crack lengths and biaxiality raties respectively,shown in Fig. 10-16. By

comparing these assessment curves with experimental results give a good




agreement with

crack lengths,
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the assessment results for different biaxiality ratios and

The FEM results give good agreements only in the range of

the experimental results, Errors appear in.- other range. The main reason

. is that 16MaR steel has a long yield platform. The Ramberg-Osgood fitting

method are choosen to mininize the errors between J-integrals calculated

by EQ.31 and by FEM only near the crack initiation point Ji' The other rea-

son is that biaxiality effect on hl isneglected.
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5,CONCLUSTONS

a, Experimental resulls reveal that the J-integrals based on the weasured
instantaneous load of initiation of crack growth,Ji, under different ralio
of biaxial load and crack length are, in general, almost identically equal,
however, the JR curves based on the controlling condition of crack propagé—
tion is affectedby different ratio of biaxial lcading and crack length. The
unixial JR curves (k=0) are higer than the biaxial JR curves (k=0.5,1).

b, In comparsion, it is found that the modified Failure Assessment Diagram
of EPRI method for biaxial loading proposed is more agreed with the experi-

mental results than others.

c, Experimental and theorétical anlysis reveals that biaxially modified

CEGB's R6 assessment method based on Dugdale's model gives a conservative
prediction, and the biaxially modified Milne's assessment curve gives a

good prediction,

it should be emphasised that all the experimental and theoretical analy-~

sis are based on biaxial cruciform specimen, Whether the results can be
used in pressure vessels and piping needs further investigations.
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