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OUGHNESS BY DEVELOPED DEFORMATION AT CRACK
. ARACTERIZATION OF FRACTURE T
: g:TENSION; COMPARISON WITH ENERGY BALANCE CONSIDERATIONS.

H.C. van Elst,
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stress
deflection
performed work
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with J -determinations. A comparison with energy balance considerations
e jication of these fracture resistance

the case of ductile behaviour involving a fully yielded

Index To observable Refers to

elastic energy

kinetic energy

dissipated energy
absorbed energy

compliance

width (of specimen)
thickness (of specimen)
height (of specimen)

crack extension resistance
crack initiation resistance

average (global) crack
extension resistance for
complete separation

average (global) crack
resistance including
initiation for completa
separation

deformation

0 a,w,h,b initial value
o] 'gross’ stress
] centre pipe diameter
e R,W crack extension
i W,f crack initiation
u f,C,R elastic
W f,C.R plastic
Vv R kinetic
a r,R,W dissipative processes
required by crack
processes only (crack
initiation and crack
surface realization at
extension)
f cracklength a
r,R,W dissipative processes
due to material resction
forces of external
load, causing yield
{and accompanying the
crack (a)-processas)
w f cracklength a=w
~ 0,€ circumferential
B V.8 elastic plastic

boundary
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Nomenclature (cont'd]

Symbol Refers to observable Index To observable Refers to
E! effective deformation K, J R,r.D.Ox relevant term
3 — indication for
gy y coefficients in
n strain hardening exponent series expansion
of W,R,0,p,pP
k constant of Davidenkov-Ludwik in [a-aol and (or)
g polar radius from crack tip w-ao
origin
8 angle between g and a
Y g/a
uniaxial yield strength

1. INTRODUCTION

Our interest is the resistance against ductile fracture propagation, in
particular with respect to such failure of gaspressurized pipelines under
steady state conditions. This (large scale) shear fracture implies
instability not due to a relaxation of elastic energy stored in the material,
which would be quite insufficient in magnituce, but due to the continuous
performance of work drawn on the energy of the compressed gas at crack
extension. This phenomenon has been reviewed in literature by several authors.
Cf. a.o. [1]. [2]. [3]. [4]. [5]. [G]. [7] For an appraisal of the risk of
such a failure the knowledge of the energy dissipation per unit crack
axtension (and per unit pipe wall thickness) will be of paramount importance.
To evaluate this fracture resistance for the ductile mode, displacement
controlled tests on fracture mechanics (like CT-, DCB- and CN-) specimens

of linepipe steel were performed. By suitable instrumentation it proved
possible to record in a synchroneous way: load, displacement and cracklength
in time. An energy balance analysis as glaborated sub 3 will then allow to

determine the dissipated energy as a function of crack extension. Two
difficulties arise:

1. A marked influence of geometry and dimension (in particular ligament

size) is present.

2. The energy dissipation proceeds by two types of macro mechanisms; viz.:

a) by the from conventional fracture mechanics well-known development
of the plastic zone at the crack tip, as required for the realiz-
ation of fracture surface. (This accounts for the 'real’ fracture
resistance corresponding with the effective surface energy:

'a-dissipation’ related to the crack a.).
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b) by material reaction forces to the external load, these becoming
so high in this ductile material to achieve crack extension, that
they cause yield also in absence of the stress intensity action, i.e.
remote from the crack. (An increase of the radius of the crack tip
would hardly influence this ’'g-dissipation’).

Both types of energy dissipation presumably obey different geometrical
laws. If p, the crack tip radius increases, the g-energy dissipation
contribution will increase. For f.m.-specimens involving bending (like
SENB-, CT-, DCB-specimen) the compressed region at the free surface
opposite to the cracktip, when yielding, involves 'g-dissipation’.

The plastic bending of the torn parts in DCB-specimen when inducing crack
extension by increase of displacement - and also the flattening of the
torn pipe part behind the moving cracktip fer a failing pipe - adds in
an unavoidable way to the energy dissipation during crack extension in
a 'g-process’ fashion. While the a-dissipation refers to an effective
energy surface times crack surface, the g-dissipation refers to an
(average) energy density times a volume.

It was tried to seperate the 'real’ fracture mechanics fracture
resistance Ra‘ directly linked to the crack, from the total {'apparent’)
fracture resistance: R = Ra + Rq. Stiffened and side grooved specimens
were used to suppress g-energy dissipation. By a plastic stress-strain
analysis an evaluation of the g-energy dissipation (as e.g. in the case
of the tearing pipe) can be tried. Thus if Ra is founc from experiments
the 'appereng' R can be estimated. In the performed experiments, the

g-processes were always already present before initiation.

2. ON THE RELATION BETWEEN THE (REAL) FRACTURE PROPAGATION RESISTANCE RaAND
THE STRESS-STRAIN-STRAIN RATE PERFORMANCE OF THE MATERIAL UNDER
UNIAXIAL LOADING

If a crack extends the accompanying movement of the plastic zone at the
cracktip leaves a wake of plastically deformed material along the sides of
the crackpath. Without interfering with the principle of the following
argument a crack extending with constant velocity ; in the x-direction
(e.g. in an unstable way) is considered and the plastic zone at the crack
tip is assumed to be contained and to remain the same; unit thickness is
taken and deformation gradients in the thickness direction are neglected.
The above-mentioned wake of plastically deformed material will be caused by
the sweeping of a 'curve' T = I'(x,y) within the plastic zone, beirg the

locus of points showing maximum density of energy dissipation e, (x,y) on

r
lines parallel to the crack for the static case and in & conventional
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schematic 2-dimensional picture. Cf., fig. 2.1. Apperently I emerges in two

directions from the cracktip and ends on those points P1 ~ of the elestic-
d 24

plastic boundary vg = yB[x) for which-aéi= 0. With:

e; (x,y) .
erlx.y) = é YEER o e e e (2.1)

this locus will otey:

aer Ssﬁ*tx.y]
(3;—)y = Y( )

sow (2:2)

S R R R

9x y

X . - . :
Here € = effective deformation. Thus with e1 and €, principal natural strains:

x _Zyf 2 2
de” = 3 3/é 1 + d€1d€2 + dez
X 2 / ) .
As here 52 =0, de" = 3V3 051 ( y= uniexial vield strength).
Apparently the energy dissipation pro unit of crack path has been:
X o
€p (x,y)
R=/fdy S tie” =il ey boyd = AAVAT . o v o mman e v BE
r o y

Here Y = V(x.yl is the_average Y, when in {x,y) on T the effective strain
varies up to E!(x.y); Y is the average Y along I'. Approximating erx by

% J3€1. along T', pending a refined plasticity analysis not pursued here, the
last equation of (2.3) was written, with Ary the elongation of the y-
component of the original length FO of the I'-curve. Comparing (2.3) with the
well-known expression R =BYS , (with § = crack opening displacement) a

contribution to the interpretation of the in literature controversially

discussed B appears to héve been made. Approaching Y = Y(EXJ by Y = ksx "
ke X M keXs) ™7 R

R =/ dy I =/ L de* = LS o1 e . (2.8)

T n+1 T geX T deX

(n+1) L (n+1) (n+2)__L
» cy dy

dsr

with & = effective strain gradient along I'.
x
erxtip / der! ff,tip —
w i —i = 2

R == tipl @y ° with ey o E Kep dep ... . (2.5)

This relates R with etip' the effactive strain at the tip, the effective
strain hardening exponent and the (averags) effective strain gradient

in the plastic zone. The locus I'= T(x,y) can be approximated by straight
lines from the crack tée to the points P1‘2 on the elastic plastic boundary

= yE[x) for which B. 0.

y
B dx
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For sufficiently small plastic zone size ya[x) can te approximated from
the goniometric (Sneddon) approximation of Westergaard's description of the
stress configuration at the cracktip and the Von Mises flcw criterion.

One deduces for the polar =quation gB[SJ of the eslastic plastic boundary:

g.(0)

Y@ =B sqeos?@e3sin® L @)

a 2 2

02 02
with @ = —— (1+ —=) for 0 = gross stress, Y = uniaxial yield stress

2 2

2Y 2Y

(and using the Irwin-correction 5 for half the plastic zone size to
27

indicate the ma:hematical aecuivalent crack)

ay
- B _ dy . _ . cos@ 2
In P1‘2 is T 0 or Te] f3Trg -ttt (2.7)
As also from (2.5) : %% = 10sin@(3c030 -1) . + v v v o . . . . (2.8)
2

s 5in”0

. Y o= 0 = # N 2.
one has in P1'2 't iQ 55 0 (1-3cos0 ) (2.3

From (2.5) and (2.8): 9 cos’d - 4cos®® + 11cos® +2 =0 . . . .(2.10)

Far the intasrssctions P1 2 of T with the elastic plastic boundary one thus
,
finds:
O 4 X L
= 79 . = ;) = = 0, ; L= 1,29,
e 72,8 o 1.31 5 7, 0.23 5 § =1 23

This implies that T can be approximated by a line from a point of the plastic
wake boundary towards the crack path under an angle of ca. 80° with the crack
direction. Of course shear lips and other irregularities will unfavourably
interfere with the Ra-estimate according to (2.3) for which a mesh can be
applied to the plate before fracture. For the dynamic situation the relevant
Y = Y(e‘] diagram has to be used and the cdescription of the elastic plastiec

boundary accordingly adapted.

3. THE EVALUATION OF THE CRACK EXTENSION RESISTANCE R FGR THE DUCTILE CASE
UNDER DISPLACEMENT CONTROLLED COMDITIONS FROM ENERGY BALANCE COMSICERATIONS

If a crack with length a extends in a plate (e.g. a CT specimen) submitted

to a displacement rate f transversal to the crack, the energy balance offers:

W W U U W P
= = (557 = = =5 = (=5 o
AA = PAF (?E‘]P Ba+ (s )a AP+(aa)P Aa+[ap)a AP‘*BalP Aa+ BP]a &P (3.1)
A = performed work U = elastic potential energy
P = load YV = kinetic energzy
£ = deflection we= energy dissipated during crack extension

3 = cracklengtn
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The cdissipated energy during crack extension NE can be separetecd in

W= W + W, with
e e& eq
wea = dissipz2ted energy required for crack extension
qu = diesipated energy unavoidably accompanying W__ in & given dimensional

and geometrical situation, if ductility is 55$ficiently present and
due to the matierial reaction forces causing yield at the load values
required For crack extension.

aw
3
R = .— = 'aposrent' fracture propagation resistance = R_ + R
ca a q
dwga
Ra " G = 'real' frecture propagation resistance
dwe
R = — 9 - 'resctive' fracture resistance
q da :
Be f = {U + fw with fu = elestic reversible part of f
fw = plestic reversible part of f -

From the recording of the (F,f,a)-reletion in time (e.g. by filming of a,
simultaneously with & usual electronic recording of P and f in time, cf.
fig. 3.1, one heas:

aC ag 3¢
B Sz o, 2, W %
BA = POF = PT == be+P {(557) Batlgo ) AP} + PCy APYPC AP . . . . (3.2)

Here ¥ = CP = fU +fy CUD + CyP, with

compliance = C + C
u v

£y T
" "

u Cu[a] = elastic compliance

@)
"

W Cw[a,P) = plastic compliance

Thus with U = 3 C P2 from (3.1) and (3.2):

u
ac dr 3
. fom 2%, 0p 2 Pu 2 %y L
R, = 1PQ + Pilgpm) ) G5+ #P7 g5- + Pl 0
w W
= _eg eq, dP 3V 9V, dP 3
0 gr;a_ o ety e X E-(_Bﬁlp PR g ke (33
Ry R,

Mote: 1. For the elastic case and in absence of kinetic energy:

= s = s W = s =} e
\Y 0; Cw 0; keq 0; R 3P

the well-known l.e.f.m. result.

R v &5 v s 5 5 s s13:8)
da aU ¢

. clzstic-plastic cese in ebscnce of hinetic energy (e.g.
g eaperinsnie with a hydreulic slow loeging equipment),

rce cver a ligement w-a_ lor pert g(w-ac) of it) is
DJ (or g b(w-e.) resp.) The resction force will cause
]
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and in absence of waq (e.g. by suppression of W__, if otherwise

B
2q
being manifest, through stiffeners etc.) i.e. V = O; wnq = (O

2 9%y 2%, ac, dP

2
P —Ctg—:‘f‘ (’JE—)P* PCN*P(?F—]a E’

= ReU + Ra‘,\l s e s w e e e e 3.5) !
C - 1P - ——
(If (EE_JP/CW + P(EF_)a - fu ® Cue constant, in a certain region,

then R W 0 and R = Rau' suggesting possibilities for assessment of l.e.f.m.
a

values outside their field of validness conditions).

EU = Cuta] can be found axperimentally from a calibration specimen by racording
of the (P,f,a)-r=lation 3t unloading and reloading for saveral crack
axtensions. The small hysteresis observed at these loacding cycles is readily
attributed to an energy dissipation by plastic compression in a region near the
cracktip when unloading. This did not interfere with a sufficient estimate of
CU from the slope of these cycles in the (P,f)-diagram. CU can also pe
numerically asvaluated, using the finite elements method (for the elastic case).
The agreement with the phenomenolcgical method was usually excellent and the

experimental calibration could (often) be discarded. Cf. fig. 3.2, 3.3.

In absence of kinetic energy terms R = Ra + Rq as a function of a can be

directly found from (3.3). For g, ® Cu(a] can be assumed kncwn, and thus

dc
-Eli. while from the (P,f)-diegram C = C(f) = C(a) offers Sy T Cw(a.P).
a

Cf. fig. 3.4a, 3.4b; 3.5 and fig. 3.35a, 3.6b.
‘Another even more direct avaluation, sometimes more suitable to fit the
experimental date by the requirasd curves, can proceed by:

7a

W (ava_w,h) =L PaF-dcg(aP? ... ... (380
e Q Ty
c¥l (a,ag,w,h)
and R(a,a_,w,h) = —m—m—— cwmow W ow e W @ ww s s & s «(346B)
Q da

(f; = deflection at initiation, Aa = 0

£, = deflection at cracklength a ; fAa = a-aol Cf. fig. 3.7,

In presence of a substantial Rq. the evaluation of R = Ha + Rq, the apparent
fracture resistance, as a function of a, or a/w, during fearing till total
separation, shows :hat R usually rapidly cecreasss with increasing a in the
initial ohase, whilz2 in the terminal phaze when tne ligament apprcaches zero
(3/w—p1), R will =2zain clearly decr=ase (matarial to dissipate plastic enargy
ashead of the crack:sip Secomes lsss availatle). The disturbing influences of %he

initial and tarminal Skasz of the crack extansion (can) cverlap in tre
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investigated a/w-interval and the R/a-curve might even not reveal an
anticipated R = Ra-plateau, which presumebly characterizes the 'real' fracture

propagation resistance of,the material.SThis R-plateau is then shrunk into an

inflexion point, (with S5 = g, 2R coana Bg o).
2 da
da da3

Examples of fractured specimens without stiffeners, with stiffeners and with
stiffeners hinged outside the specimen opposite to the crack tip are shawn

in fig. 3.8 a,b,c,c.

When the initial notch was provided with a fatigued apex only a small decreasing
effect on the R-values during the first phase of crack extension was observed.
After a preambulary phase the R/a dependence appears rather independent of the
initial notech size ag: Side grooving introduced a clear lowering of the R/a-
curve, as could be expected, while the suggestion of a plateau value was
enhanced. Similar, though less pronounced effects, were introduced by the use
of stiffeners intenced to reduce 'g-dissipation’, but apparently also inter-

fering with 'a-dissipation’.

4. THE RELATION BETWEEN THE 'APPARENT' CRACK EXTENSION RESISTANCE R AND
CRACK EXTENSION [a—ao) FOR THE DUCTILE CASE UNDER DLSPLACEMENT CONTROLLED
CONDITIONS

From the experimentally found qualitative behaviour of R vs (a-aDJ, cf. fig.3.1,
follows that, if R is approximated by a polynomium in [a-aol. this is at least
of third degree, thus:

>3
R(a,a ,w,h) =L R (a-a)® with R
[a] k=0 Kk 3

® RU + R1(a-aD) + Rz(a-aolz + F13Ea-ao)3 + . P -

K = Rk(ao.w.hl

while:
w23 k-1
& C r kRk[a-aDl < 0. An inflexion point occurs for:
k=0
2 23
d'R < -
S eI k(e DR (am2)" 2 = 2R+ 6R,(ama) = 0,
da® k=G 2
* x ?
thus dn @ with ¢ @ ™=a, T =25 .+ « ¢ v« vt v v v 0 v e e e e .. (4.2a)
a 3R3
* X R 2R2 ?
wnile R(a ,aD,w,h) =R (aD,w,hJ 2R -== (R, "5~ ) ... ... (4.20)

0 3R3 1 SR

Corresponding with (3.1) the energy dissipated at crack extension,
Wp[a,ao,w,h). if approximated by a polynomium in (a—au]. is at least of

fourth degree:
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23 R
3 k+1
we(a,au.w.h] = E.U rve (a-ao)
R R R
2 2 3 3 4
= RD[a-aD) + 2—1- la-g)” + 5= (a-ay)” + 2= (a-gy) " + .. (4.3)
Assuming:
23 ]
= - =R ,(h
Rk(ao.w,hl §-0 Rkj[w aul with RKJ kj )
2 3
- = = = vee o0 (4.
Rklj . RM (w ao) + sztw aal + Rxa“‘ aol + 4.4)

the will have:

23323 " p
R(a,a_,w,h] =T R, ,(a-a 1 (w-a )
o k0 js0 KO 0
2 3
= RDO + Rm(w-aol + Roz(w-aal + Rostw—au)  sis

+ R,m[a-aol + R”(w-ao)(a-aul + R,Iz(w-eo)z(a-ao] L AP

2 2
+ Rzo(e-aal + R21(w-a0)(a-ao) * saa
3
+ RSO(a-aD) e
e e e e e .. (4.5)
and:
23 23 R
W (a,a ,w,h)= L L L (w-a ]j(a-e )k‘1
e %% ke0 gs0 &1 ] 0

. 2, 3
= Roo(ﬂ-aol * Rm(w-aglta-aul + Rgztw—agl [a-aD] + Roa(w-aul (a-eol * e

R R R
10 2 M, 32, 12012, 42
> (a-aol + —f—(w aOJ(a aU] + (w aU] (a aD) * iy
R R
20 3 21 3
+ = (a aOJ * =5 (w-ao)(a-aOJ * e
R
+ -—20(3-50]4 .

v o s e . . [@.6)

(4.6) experimentally proves convex upwards in (a-ao), as further
detailed in (4.2).

At complete separation:

>
- .7 k1 .
we(a W, ao.w.h) = wetao,w.h] i=uoe'“‘|(w aOJ , with
k R R R R
p = I _K.:J_‘.J.__'sﬂ + 1,k-1 2,k-2+ ‘_k‘_()__
e,k+1 k+1-3 0,k 2 2 k+1
=0 [ Rl Ri1 . Rag 3
we(ao,w,h) = Ruotw-ag) + Rg1 + g ) (w-aDJ + (RDZ t 3 J(w-ao) +
12 21 30 4
+ [RU3 + = =5 —4—] (w aO] + (4.7)
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(4.7) experimentally proves convex downwards in (w-aol. thus:

3
k(k+1)l p

(w-aalk-1 >0 or:
=0

3
(k+1) pe'k.,l(w-aﬂl >0 ;

X Mwv

e,k+1

R., *+ 2R , + R10[w—aal > 0 and ZR01 + R1O 0o 0 s o v o w v v s 14,8)

It also proves from the experimental data, that we[ao.h.wl can be
satisfactorily fitted, according to:

2
we(ao,w.h) = 01(w-aol + oztw-aul c et e e e e e e s e e e .. [(4.9)

implying:
R

10 E
£y ROO'DZ Rmo > >0andej-UFork*j>2......(4.101

The total energy, including the initiation energy, to achieve the crack
extension (a-au) will be:

w[a.ao.w.hl = wi(an.w.h] + we(a.a JWoh) o e i s s e e e e e . (4011)

0

Assume in analogy with (4.3]:

23 r k+1
- Kk (w-a_) with r, = r (h)
wi[au,w.h] T pYe 0 k 3
k=0
r r r
1 2 2 3 3 4
rulw aal * (w-anl + 3—(w—aul ‘T (w-an) + ... (4012)
then:
>3 r >3 R
. koo ket 29 Ry 3 k+1
w(a,an,w,h) }Z= (_kﬂ (w aOJ + §=0 pYe (w-a_1" (a-a.)" '}
R R R
10
= ® (e (a—aolz + -:2_3—0 (a-30]3 + —i—o(a-a0)4 +
R R R
~ ~ 11 2 "2 3,3, 4
+(w-a) (ro# Ryg * Rgqle ag) + - (aag)® + -5 (awaj)” + —4—-[a aD) }+
R R R
o 22:5 . 12 2, 22 3, 32 4
*+(w-ag) {2 * Rgpla aD] R (a aol % = (a-ao) + T(a-ao) }e
bo R R R
3.2 ) 13 .2 23 3, 33, .4
*+lw-ag) {55 * Ryalamag) + —= (a-ap)” + =5 (e-g))” + — (a-ay) 1+
52 R R R
4.3 ~ 18 .2 "2 3, 34 .4
+(w aol {—4 . R04[a ag) + - (a aol v (a—aD) * T (a aD] }+
o @ @ F3A43)
At complete separation:
>3 Ko
Wla=w,ag,w,h) = Wlag,w,h) = EBQ {—kﬂ * Da'K”}(W-aU)
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o R
1 10 2
= [ro + ROOI[w-aD) + (5— + R01 * = l(w-aol +
T R R
2 11 20 3
(§~ * ROZ +=sm do=g J[w—aol +
T R R
3 12 21 30 4
(4—+R03*2+—-3—+TI(WED) * W oW
ce . (4018

It further proves from the experimental data, that: (Cf. fig. 4.1a and 4.1b):
w[ao,w.h) can be satisfactorily fitted, according to:

= x- 3 * - 2 a
w(au.w.h] =0, (w agl + e, (w ao) W om W RN EEe e W e ® e e51B)
implying:

x x D Rio
= ; = — = - 1,15
4 gt ROD PPy 5 + R01 + > and RKj 0 for k+j > 2 . . (%.18)

wi presumably contains a part wiq due to dissipative material reaction

forces apart from the energy dissipation W at the cracktip required

ia
for crack initiation according to conventional fracture mechanics. As:

M, My q 1 ( e’ J b
e =+ is the analogon of Jrl=777J, W, _wi e
da d(w-aDJ T0a : & “Ie daDJ 1

accounted for by rqo(w-aol and the other terms in (w—aolk with < >1,

while ra = 0 for k >0.

k

dwi 2

- E;E = +trg” rqD + r[qJ1(w—aDJ # r(q)ztw-ao] L s
dUi
~is the 'apparent’ JIé_ E;—] analogon. Separating We, and R as well, in their

a- and g-contributions, (a%14) will read, if Ra ki = 0 for k+j >1.

i-- -
91 - JIc + qu + Ra,DO + Rq,DD ”‘JIC + Ra.OU e w W m e e wmw »04418)
20 % xR + R e e e e e 89)

27 Tq,1 T q,01 " Tqu10
For presumably rqO and RqOD

not to an effective surface energy. In fact one can define the difference

are zero, as this refers to energy density and

between a- and g-dissipation according to this.

If JIC is determined according to the single test piece method, using the

expression:

2H _ ﬁwia ’ wiq = H

blw-a_) _ < blw-a_) e v e e e e e .(4.20)
0 0 2W,

@ . ig
i 3 ) & . ' T e o
the discrepancy with the 'real ch is b[w-ao)
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If JIc is determined according to the multiple test piece method, using as
an estimate:

diw + W +U,)

ia ig i
- 3: T e 2
Ok 2ok
with H is the absorbed energy at initiation for some auk-values, the
dw
i & .
discrepancy with the "real” JIc is  _ ___E
"

If H(aDK] is found by the 'open break' method, i.e. by extrapolation
towards [AaDK]i =0 of H{aDK + [AackJi} values for some (AaD ], one

] k1
would expect in k!
o I S (4.22)
d[AaDK)i (Aag ), =0 dagy e :

; 2H
The discrepancy of BTW:EET (single testd:iece method) with the "real”
JIC-value might be smaller than that oF—da (multiple test piece

Ok

indication) with the 'real* J C-valua. For the latter will involve:

I

dWw, dw dw dw
ig _ é g } >> is - { ea }
daﬂk (AaGKJi (Aaok){ o} daoK d[AaDK]i [AaDK)i =0

while for the former: wiq = wia

Conclusion:

It might finally be stated that the Ra-estimate as RX = RX(aD,w.h] at the
inflexion point of ths R vs [a—ao) - curve is corroborated by the independent
R, -estimate from %v'SV AFy, with AFy the maximum of AFy = ATy(x] (in
CT-specimens), these estimates providing fairly equal. Cf. fig. 4.2a, 4.2b.
g-dissipative processes presumably will also effect AFy. In CT-specimens
compression will decrease Al and the maximum Al near the cracktip appears
to offer an acceptable estimate (as confirmed with Rx]. In central notched
specimen an overestimate of AFy might result from the superposed plastic

flow due to the material reaction forces (occurring if Y[w—ao)b< P).

A previous communication on this subject was given in [6], to which is
referred for preliminary experimental details; a more complete reporting
also from the experimental side, is planned to follow next. Work related

to the ideas sub 3 and sub 4 were communicated in [ﬂ. Dlﬂ. D1J .



- 110 -

ACKNOWLEDGEMENTS

The above ideas wers developed during activities for the phass IV part
(laboratory test programme) of the European Pipeline Research Group
(EPRG) programme on ductile fracture in gaspressurized pipelines. This
was sponsored by the European Community for Steel and Carbon under
convention 6210-456/6/601 and the EPRG-members Nederlandse Gasunie,
British Gas Corporation and British Steel Corporation. We are indebted
for fruitful discussions on the results by these sponsors. The
investigations were carried through as a joint effort of Metal Research
Institute TNO and British Steel Corporation, Product Technology, (of

which Messrs Priest A and Holmes 8, put forward e.g. eq 3.11).

REFERENCES

[1] Poynton, W.A. and Fearnehough, G.C., 'An analysis of shear fracture
propagation in gas pipelines’, Proc. of an International Conference
on Dynamic Crack Propagation, Part IIIL, p. 183, Leshigh University,
Bethlehem, Pa., USA, July 1872.

[2] Proc. of the 1st International Conference on Crack Propagation

in Pipeliines, New Castle upon Tyne, England, 1874.

Cf. a.o.:

Paper 1 Poynton, W.A., 'A theoretical analysis of shear fracture
propagation in backfilled gas pipelines’.

Paper 13 Mimura, H. and Cgasawara, M., 'Theoretical considerations
on crack propagation in pipelines’. -

Paper 14 Poynton, W.A., 'A theoretical analysis of shear fracturs
propagation in backfilled gas pipelines’.

Paper 15 Dick, J.A., Jamieson, P.McK. and Walker, E.F., 'The
prediction of toughness requirements for the arrest of
unstable fracture in pipelines’.

Paper 17 Shannon, R.W.E. and Wells, A.A., 'A study of ductile
crack propagation in gas pressurized pipelines’.

and other papers.

[3] Hahn, G.T., Sarrate, M., Kanninen, M.F., and Rosenfield, A.R.,
Int. Journal of Fracture, Vol. 3, no. 2, 209, 13973,

Dﬂ Maxey, W.A., Kiefner, J.F., Eiber, R.J. and Duffy, A.R.,
'Ductile fracture initiation, propagation and arrest in cylindrical
vessels, fracture toughness’', Proc. of the 1371 Nat. Symposium
on Fracture Mechanics, Part II, ASTM STP 514, 70, 1372,

(]

(e]
bl
[]

-1 -

Kanninen, M.F. and Sampath, S.G., 'Crack propagation in pressurized
pipelines’, 2nd Int. Conference on Pressure Vessel Technology,
San Antonio, Texas, USA, II-6S, 1973, pp. 971-879.

Kiefner, J.F., Maxey, W.A., Eiber, R.J., and Duffy, A.R.,

'Failure stress levels of flaws in pressurized cylinders, progress
in flaw growth and fracture toughness testing', Proc. of 6th Nat.
Symposium on Fracture Mechanics, Philadelphia, 1872, ASTM STP 536,
1973, pp. 461-481.

Elst, H.C. van, 'Criteria for steady state crack extension in gas
pipelines’, Proc. of Int. Conference on Prospects of Fracture
Mechanics - Delft 1874, (Ed. G.C. Siﬁ. H.C. van Elst, D. Broek -
Noorchoff International Publishiné - Leyden).

Elst, H.C. van, Wildschut, H., Lont, M.A. and Toneman, F.H.,

'The evaluation of the resistance against ductile crack extension’,
Proc. of Fracture 1877, ICF 4, Waterloo, Canada, Vol. 3 Part IV,
pp. 155-167.

Garwood, S.J., Robinson, J.N., and Turner, C.E., Int. Journal of
Fracture 11, 1975, 528

Mai, Y.W., Atkins, A.J., and Caddell, R.M., Int. Journal of
Fracture 12, 1976, 381.

Fearnehough, G.D., Dickson, D0.T., and Jones, D.G., Int. Conference
on Dynamic Fracture Toughness (paper 289), London, July 5 - 7, 1S76.

CAPTIONS TO FIGURES

3.2

3.3

The development of the plastic wake of an extending crack by the
sweeping of the locus of maximal energy density on lines parallel

to the crack within the plastic zone.

Results of synchroneous load, deflection and cracklength recordings
for CT-specimens (with and without stiffeners).
Ditto, including crack velocity.

Experimental evaluation of elastic compliance as a function of
cracklength (partial) unloading and reloading for some increasing

crack extensions at recording of the load-deflection diagram.

Elements distribution used for numerical evaluation of dependence
of elastic compliance on cracklength, using f.e:m. with a suitable

substructuring technique.



3.4a

4.2a
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Comparison of calculated elastic compliance as a function of crack-
length using f.e.m. and experimental evaluation.

Ditto, including side grooved specimens.
Elastic and plastic compliance as a function of cracklength.

Evaluation of energy dissipation per unit crack extension from
eq (3.5).
Ditto, averaged over some specimens for 3 materials.

Dissipated energy as a function of cracklength according to eq (3.8a).

Examples of tested specimens without and with stiffeners and with

stiffeners, hinged outside the specimen (a,b,c,c resp.J.

Dissipated energy for total secaration as function ligament.
Average energy dissipaticn per unit cracklength as a function of
ligament and influence of strain rate (results mostly cbtained

by BSC-PT).

Elongation by plastic wake of propagated fracture transversal to
crack direction as a function of distance to load line and for
several gauge lengths after total separation for CT-specimen.
Ditto, as a function of gauge length with distance to load line

as parameter.
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