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ON THE APPLICATION OF THE Lio=(Kc/ovs)” CRITERION TO FRACTURE
' OF CRACKED PIPES

IM MIHOVSKY (SOFIA)

The results of certaio experiments on propagation of cracks in internally pressurized pipes
are analysed as a known criterion based upon using the quantity L;c as a parameter governing the
conditions for crack growth initiation. Formally, L. is egual to the squared ratio of the material
plane strain fracture toughness to its yield stress in pure tension. It is shown that such a criterion
is in good agreement with the experiments on crack growth initiation in pipes fabricated from
typical ductile stitictural steels. The' crlterlon is apphcable to both through-wall and part- through-
-wall {surface) cracks.

INTRODUCTION

An interesting qualitative approach to establishing the crack growth initiation
criterion for ductile material has been recently proposed-in [1]. This approach
consists in .using the material plane strain fractue to_its yield “stress ratio. It is
shown in the present work that the arguments in [1] lead to real crack growth ini-
tiation criterion at least for the class of cylindrical pressure vessels (prpes) fabricated
from commercial, ductile structural steels. :

1. L;; FRACTURE TOUGHNESS

When applied to an opening mode crack, the linear elastic fractuyre mechanics
criterion provides for the failure stress value o and the cr1t10al crack length size L
an equation of the iype

(1 n .- . . | Krcﬁo'Ll’zf(aifL)

where K, is the plane strain fracture toughness of the 'mate 1'13.1 of the body contain-
ing the crack and f(ayL) is a dimensionless function depending upon the ‘body
geomctly through the dimensionless ratios of its typlcal linear dunensmns a;, z—-l'
=1, 2, ..., n to the crack length size. . c Lo AR

In prlnmple, the linear elas.ic fracture mechanics criterion is a'pplit:a’ble to dustile
materials provided the ¢rack and the body dimensions are sufficiently large, ie:
enormously large when compared with the dimensiofis of the real structural eléhients
fabricated from commonly used ductile steels. For this reason thé linear ‘elastic
fracture mechanics criterion is not in fact f great practical importance when crack
growth initiation conditions for ductile materials. are consideréd: The- Tattercon-
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clusion is well illustrated by the case of an opening mode crack in an infinite body.
In this case Eq (1.1) feduces to the form

(1.2 Kie=al.'1?,

A simple comparison between the failurc stress values (the dashed line in Fig. 1)
predicted by Eq. (1.2) and those usually observed in ductile matermls (the conti-
nvous live in Fig. 1) is the proof of the above conclus:on

ol

Oys

" Fic. 1. Foulure stress level o versus crmcai crack length size L for a ducttle material; I—K; 2 —azl,
2—experiment.

Figure 1 leads at the same time to another important conclusion concerning
_crack growth iritiation and failure in ductile materials. This is the existence of
a certain specific length parameter Ly which may be firts regarded as a material
constant. For a given ductile material-this- parameter defines a specific maximum
crack length size L. beyond which the existing crack causes a substantial decrease
of the material failure strength, that is, of the stress at-which failure of the uncracked
material takes-place. Since for a ductile material the latter stress is actually the
stress at with a developed plastic flow takes place, then the failure strength of such -
a material is presented by its yield stress oys. This implies the following presentation
of the L, parameier (Fig. 1): o

{1.3) S Lic=(Kiclovs)*.

When cracks are present in a ductile material, its failure stress appears to depend
strongly on the L{L;. ratio. If such a material contains small cracks (L/L;c<1), then
its failure is of a ductile type and is governed entirely by the plastic flow mechanism
of the material with its yield siress ays as a. basic plastic flow characteristic. Cracks
which are large enough (L/Lyc3 1) lead to. brittle fracture; this is governed by the
linear-slastic fracture mechanics criterion through the plane strain fracture tough-
ness Ky of the material as its basic characteristic of brittleness. Of utmost impor-
tance are obviously the cases in which:the crack length size is of the order of magni-
tude of Iy. (F/Lic~1). In these cases crack growth-initiation takes place when
a certain amount of plastic deformation is already present.-it is reasonable to suppose
that in such cases the crack behaviour will extremely depend upon the interaction
between the meationed mechanisms of rupture with their basic characteristics o'ys
and Kjc. In accordance with Eq. (1.3) and with the latter considerations, the Ly
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parameter may now be regarded as 2 measure of the interaction of those mechanisms
or, equivalently, as a measure of the sensibility of ductile materials to the presence
of cracks.

It is well known that the L;c parameter as defined by Eq. (1.3) has already been
used in mumerous investigations concerning different problems of cracks in ine-
lastic materials such as the near crack tip plastic zone size [2], the geometry of
the specimens used for experimental determination of the plane strain fracture
" toughness Ky [3], the influence of the plate thickness on the fracture surface ap-
pearance {4], etc.

The Ly parameter has been considered in [1] as a measure of the material frac-
ture toughness first of all and used as the basis for establishing a crack growth
initiation criterion for ductile materials. The main assumption in [{] is that such
a criterion may be of the same form as Eq. (1.1) but with the function f{a,;/L)
now replaced by a now dimensionless function depending upon the plastic flow
characteristics of the material. Thus the proposed form of the criterion is

(L.4) (O'/O’IS)Z(P/LIC)f(P/LJC: /Ly, G),

where ¢, i=1, 2, ..., s are the mentioned dimensionless plastic flow characteristics
such as oys/ays (ous being the ultimate tensile strength), 6 — the elongation at
rupture, m — the hardening exponent, etc,

.Equation (1.4) accounts for the influence of the temperature and strain rate
changes on the crack growth initiation conditions through the quantities Ly, oyg
and G). In this respect the following important thing has been pointed out in [1].

|
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Fia. 2. Lyc and oys temperature dependence for A533BI steel (gys—48 kefrin™ ) I—Lc (mm)
: 2—agyg (kgfmm~—1),

Scemingly the temperature and strain rate dependence of the L, parameter are
much stronger than those of 645 and ¢ ,. Figure 2 for example shows a comparative
picture ¢f the temperature dependence 01 L, and o5 for typical ductile steel (A533BI
steef). It is seen from the figure that over a range of temperatures from - 150° C
to 50°C the L, parameter changes considerably while the order of magnitude of
Oys Temains practically unchanged. Similar observations have lead the authors
of [1] to the conclusion that the whole temperature and strain rate dependence of
the crack growth initiaticn condition as given by Eq. (1.4) might be considered as
entirely governed by the Iz parameter. But this means that, for a certain class of
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ductile materials with similar dependence of their plastic flow characteristics on
the temperature and strain rate changes, the proposed criterion may be.reduced
to the form

(s - (ofoys)* =(LiLe) S (LiLacs @ifLac)
.or equivalent‘ly, - '
(1 6) ' ' U/UYSMF(L/LJG &4 /ch)

It has been supposed in [1] that Eq. (1 6) is thus vahd over certain mtervals
of temperature and strain rate changes.

The following implications of Eq. (1.6) are of great lmportance First, it is rea-
- sonable to expect that Eq. (1.6) covers the class.of commonly used structural steels
such as medium-to low-strength steels. Next, if two geometrically-similar cracked
bodies are considered with ratios of their typical lincar dimensions a,;a, and crack
length sizes L'/L'" equal to the L/l ratio, then Eq. (1.6) predicts equal relative
failure stress values for these bodies, that is o'foyg==0""foys. This feature may be
extremely important since it makes it possible to determine the failure stress value
of a given real structural element by using smeil models.. - .

The problem of experimental determination of Ly has also been considered
in [1]. It has been shown that standard tests on small specimens of Charpy’s type
might be used for that aim. :

- 2.-EQUATION (1:6) AS A CRACK GROWTH INITIATION CRITERION

The most impressive feature of the considered equation seems to be the fol-
lowing. For geometrically-similar cracked bodies fabricated from a given ductile
material, this equation states a urique 6/ors Versus L/L;. relationship exists which,
in addition, governs the crack growth initiation conditions over a certain range
of temperature changes. In other words, once the function F(L/L,c, a;/L))c in
Eq. (1.6) is determined for a given structural element and thus reduced to the func-
tion F(L/L;.) of only one variable L;L,., then the same function may be used to
predict the failure stress values or the whole class o structural elements which
are geometrically similar to the considered one and abricated from the same ductile
malterial. '

These observations make Eq. (1.6) especially attractive as a crack growth initia-
tion criterion. However, this equation has not yet been proved to hold as a criterion.
On the whole it just summarizes, in quite a natoral way, though a number of obser-
vations and conclusions concerning crack growth initiation conditions in ductile
materials. Thus, from the practical point of view, the most important question of
whether that equation may be regarded as a real crack growth initiation criterion
is still to. be solved. To give 2 positive ansver to that question means to demenstrate,
basing-upon Eq. (1.6), the ability of predicting true failure stress values for given
structural elements containing given cracks. .
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.In accordance with the basic implications of Eq. (1.6) such an answer may be
obtained if it is proved that for a given class of geometrically-similar elements the
function analysed. above F(L/L;c) really exists as a single-valued function of its
argument. ‘ . .

. The be.more expllcu suppose that ample expemmental ddta exist on crack growth
initiation conditions for ductile materials. Let these data be obtained from tests
of a given-type and let the tested elements be fabricated fiom a-given ductiie material,
Let these elements be geometiically similar and the orientation of the crack that
each of the elements contains be one and the same, Both the crack length and the
test temperature are supposed to vary from one test to .another. Finally, Jet the
material yield stress oy and Ly fracture toughness be known functions of the tem-
perature at least in the range in which the test temperature varies.

“Then the graphical presentation of such data in the terms of /o, and L/
ratios is readily obtained. Equation (1.6) will then be proved to hold as a crack
growth initiation criterion if .the thus plotted data show a well-pronounced tendency
of forming a criteraia smooth o/ays versus LfL;c curve; thai is, if the (g/oyvs, Lilic)
points corresponding to those data form a well-pronounced point representation
of a certain smooth curve. That curve will then be an experimentaliy-obtained graph
of the specific (for the considered class of cracked elements) function F(L/Lyc),
the existence of which will therefore be proved. Referring to Fig. 1, it would be
reasonable to expect the function F(L/L:c) to be a montonically éiecreasing function.

In accordance with the above considerations it becomes evident now that in
order to prove the validity of Eq. (1.6) as a crack giowth initiation criterion, -one
should first ;possess a sufficient number of experimental data of the described’ type
Then the next step is appropriate processing of these data. ‘

3. PROCESSING OF EXPERIMENTAL DATA

Since the purpose of the present paper was to examine the possibilitics of applying
Eq. (1.6) as a crack growth initiation criterion to real structures, it was natural
first to check if appropriate data exist in the literature instead of performing new
expenments ' - ' '

1t is known that a whole range of full-scale experiments was conduced by A R.
Duffy and collaborators some 15 years ago. The experiments were proformed on
cylindrical pressure vessels (pipes under internal pressure) containing axial cracks.
Both through-wall and part-through-wall (surface) cracks were examined. It seems
that the data obtained in the course of these experiments are the most attractive
data for our purposes. The author found the most complete presentation of these
data in [5]. Parily these data are also given in [6, 7,-8). All the cylindrical pressure
vessels (pipes) tested in the mentioned tull-scale experiments were fabricated from
typical ductile materials such as medium- to low-strength steels with yield stress
levels ranging from 35 to.42 kgfmm~2. The experiments were conducted on pipes
of diameters ranging from 150 to 1500 mm and well-thicknesses ranging from 5
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to 22 mm. The test temperatures ranged from — 140 to 65.°C. The yield stress levels
ranged from 35 to 77 kgfmm—2.

It is essential to note that these data do not contain the whole mformatton
required for the present purpose. Iv fact, the work cited above [5] contains only
a description of the pipe geometrics and the observed failure stress levels and crit-
ical crack lengths. For a few cases only the test temperature with the corresponding
Kyc values are presented in [6]. In general, there is no information directly concerning
the plane strain fracture toughness Kj¢ of the materials. Instead, values of the thick-
ness dependent fracture toughmess K are given in [6]. For these reasons an additio-
nal processing of these data has been carried out.

The following procedure has been applied for deriving the necessary information
from the data presented in the works cited atove.

In [6] the observed failure stress values for through-wall axial cracks have :
been used for determining the critical values of the thicknes-dependent fracture
toughness K. For this reason the following equation has been applied:

' Ki=Le* M* (4—Kk);2 cos (a/25).

Here § is the failure stress level for the uncracked pipe, L is vne-half of the
crack length, k=3—4v for plane strain and k=(3—v)/(1-+v) for plane stress, v is
= the Poisson’s ratio, M is a curvature correction function introduced by FoLias [10]
as used in [6] in the form

M?=1+1.255 (L*/Rr)—0.0135 (L*/R? 1*)

where R and ¢ are the pipe radius and wall-thickness respectively.
Thus the K, values computed and presented in [6] have been used togethcr with
IrwinN’s [9] equation

(Ke/Kic)? =1+ 1.4 (Krcfoysy* 2

for computing the correspending Kie values for each of the experiments. For. this
reason the latter equation has been transformed to the form

(Kefoys)*=Lic (1 +L1¢ Fal

This equation has been solved graphically for each test, that is for each value
of the Kcjoyc ratio. This is why the obtained L, values do not satisfy the require-
ments of high accuracy. Nevertheless, this does not seem to be a great fault. The
point is that for each of the steels used in the full-scale experiments the data presen-
ted in [6] cover short intervals of temperature changes. This is why the obtained
L, values differ from each other slightly and in most of the cases corresponding
mean L. values have finally been used.

Most of the data presented in [6] concern failure of pipes with an R/t ratio ran-
ging from-40 to 50. For the series of tests conducted on pipes fabricated from APISL
X52 steel, 21 of the pipes satisfy the condition R/f==40. For the pipes. fabricated
form APISL X60 steel. 40 of them have a R/t ratio ranging from 40 to 50. The
results obtained for these series by applying the procedure described above are
presented in Table 1 and Table 2, tespectively, and plotted in Fig. 3. '
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Table 1

Steel APISL X52, £,,—31.6 mm, Rf¢=40,

‘ ' 1 '
oloys ’ 2L oloys E 2L{Lie | ofovs f 2L/ | ofoys ’ 2L L
0.45 7.0 1.20 0.8 0.55 5.6 0.45 i 5.0
0.45 70 .20 0.8 0.52 5.6 078 | 24
.43 7.0 (.92 2.7 0.60 3.6 025 ¢ 11,2
(.43 7.0 0.94 2.7 0.60 5.6 .63 5.0
— — — — _ — 0.76 3.2
Table 2
Steel APISL X60, L;.=28.2 mim, Rft=40—50.
a‘/(j:ys ZL/LIC fJ'fJYs ZL/LH; (7]’51-3 ‘! ZLIIL{C O'/O'ys 2L;’L1(_
0.48 4,8% 040 7.8 0.75 4.8’ 0,98 2.3
0.61 5.7+ 0.50 5.3 0.72 4,87 0.60 4.6{50)
0.60 5.7% 0.40 9,9’ 0.75 4.8 0.63 4.9 (50)
.56 5.7% 0.71 4.7 0.84 4.8 0.58 4.9 (50)
0.55 5% 0.70 AT 0.78 4.5 0.37 11.7 (50)
0.27 13.5% 0.70 4.7 0.85 4.8 .62 57{4D
0,24 17.0% 0.66 4.7 0.75 4.8” 8,70 4.8{47y -
0.76 4.8% 0.65 47 0.84 4.8 0.23 17.6.(42)
0.77 4.9% 0.68 4.7 0.80 4,87 0.48 7.1 (42)
0.32 G.5% 0.65 X 0.70 4.8’ 0.60 4.6{42) '
¥) Ryit=40, ) B/t=54, (—» Rft=(—)
- Table 3
Steel APISL X52, Rff=40.
ajays i 20fLie | Temp°C t Lyemm alays 2L{Lye ! Temp®C ; Lremim
0.43 I 7.6 24 29 0.31 9.6 —27 23
0.43 7.4 — 2 29 0.30 10.32 —60 255
0.45 7.4 -—19 30 0,08 26,1 —86 8.5
0.45 7.5 —20 29,5 — — — —
Table 4

Steel APTSL X52, L;0=31.6 mm, Rfr=40,

ofoys ! 2L/ dff cloys 1 2L dit ofoys \ 2L{Le ' dft

0.85 12.1 0.4 0.58 129 0.6 0.23 12.1 0.8

0.89 7.2 0.4 1.05 2.7 0.6 0.84 2.9 0.8

1.08 2.7 0.4 107 2.7 0.6 — — —

067 |11 0.6 G.38 7.3 0.8 — — —
Rozprawy InZyvnierskie — 12
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4
Of special interest are the results given in Table 3 where the £,c valuss are presen-
1ed together with the correspoading test temperatures. These resulis are also plotied

" in Fig. 3.
With the obtaiced values of L the data in {61 coucerning the behaviour of
A fC &

. Upart-through-wall cracks have been processed in a similar way. In this casc the
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condition of geomsirical similarity reguires that only pipes of equal R/i and dft
ratios be considered, @ being the crack depth. The resulis obtamed for surface cracks
are given in Table 4 and Fig. 4.

4, CoNCLUSIONS

Figure 3 shows firsi that the function F(L/L,c) in Eq. (1.6) rcally exists., Thus
the latter equation may be regarded as a real crack growth initiation criterion for
ductile maierials and called a Ly criterion. Figure 3 reveals at the same time the
raest impertant feature of that criterion: the fact that the L. criterion in a simple
way governs a great variety of coucrefe situations. The curve for APISL, X352 steel
series in that figure governs the crack growth initiation conditions for pipes of
diameters ranging from 350 to 450 mm and wall-thickness from 7 to 13 mm, crack

- lengths ranging from 15 to 500 mm and temperafizes ranging at least from —56
to 24°C.

Figure 4 confirms the applicability of the £, orirerion o mrf‘"‘c cracks as well.
“For three different geometries of pipes, that is for thy Hioremt values of the dft
ratio, the corresponding functions F{L/Lm“ are detesmined cxperimenizily and
compared with the fuonction governing the through-wall cracks growth imitiation
conditions. It is known that the growth of a surface crack once imitiated may be
followed by either “leakage” or a “bresk” [11]. To prevent the unstable (catastro-
phic) crack propagation meant to ensure, for a given depth of the cracl, such a length
that the crack growth initiation iz followed by “enkage”. It is intevesting to nofe
that, in general, the situations in which “break” hae been observed in the full-scale
experiments are presenfed in Fig. 4 by curves lying above the curve for the {hvough-
-wall cracks. The carve corresponding to d/i=0.8 is close to the through-wall cracks
curve but lies bellow it and corresponds to situations in which “leakage” has been
mainly observed. This observation suggests that i would be advisable to check #f
such situations will take place for larger series of tests on propagation of surface
cracks, If this is the case, then the L. criterfon may successfully be used for a simple

prediction of surface cracks propagation,
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STRESZCZENIE

O STOSOWANIU KRYTERIUM ZNISZCZENIA L;c:(‘*{r.cftfrs)z DO RURZE
SZCZELINAMI

Wyniki pewnych doswiadczet nad propagacja szczelin w rurach poddanych cidnienin wewngtrz-
nemu przeanalizowano w $wietle znansgo kryterium opariego na stosowaniu wielkodei L,c jako
parametru oktedlajacego waranki wzrostu szezeliny, Parametr ten rowny jest kwadratowi stosunku
odpornoici materialu na pekanie w plaskim stanie odksztalcenia do jego granicy plastycznosci
przy czystym rozeigganin. Wykazano, ze lkryterinm takie sprawdza sig dobrze w doSwiadczeniach
prowadzonych na tarach wykonanych z typowych ciagliwych stali konstrukcyjnych. Kryterium
stosowaé mozna w przypadku dcianek peknigtych na wskrod lub szezetin powierzehniowych,

PeszwmMme

O TIPUMEHEHMY KPWATEPWA PASPYIOEHMA Lic={Kic/oys)*
AnA TPYB CO WEIAMI

PeaysTaThl HOKOTOPHIX XCNEPUMEHTOR N0 PACIPOCTPAHEHHIO IigneH B TpyDax, HOABEPTHY-
THIX, BHYTPCHHEMY SABICHHIO, NPOAHANM3KPOBARE B CBETE H3BECTHOTO KPATEPRN, ONPUPRIOIIENoC
Ha OPUMEHERHKD BelHdusl Lic, XK HAPAMETPa ONPSRCIAICIIEro YCIOBHA POCTA INEIE. JT0T
GApAMETD DaBEH KBafpaTy OTHOUIEHHH CTOHKOCTH MATepHalna HA PACTPCCEHABANNE B ILIOCKOM
JedOpMANHONKOM COCTORMMA K 6r0 nPeeny NIACTHYHOCTH IPH THCTOM pacTaxenud: Tlokasano,
UTO TAKOH EPUTEPHIl XOPOLID IPOBEPAETCH B OXCUSPAMEATAK, NPOBCACHASIX HA TpyDax A3roTOBICH-
HLIX M3 TENGIGHGIN TACYYHX KOHCTPYKIMOHEHX cramcil. Kpurepail MoxHO HpHM@HHTL B CHAy4ae
CTEHOK DA3PYTNEHULIX HACKBO3b VAR (OBEPXHOCTHBIX weredt.
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