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COMPARISON OF FRACTURE METHODOLOGIES FOR
FLAW STABILITY ANALYSIS OF STORAGE TANKS

P.-S. Lam and R. L. Sindelar
Westinghouse Savannah River Company
Savannah River Technology Center
Aiken, South Carolina

ABSTRACT

Fracture mechanics methodologies for flaw stability
analysis of a storage tank were compared in terms of the
maximum stable through-wall flaw sizes or “instability
lengths.” The comparison was made at a full range of stress
levels at a specific set of mechanical properties of A285 carbon
steel and with a specific tank configuration. The two general
methodologies, the J-integral-tearing modulus (J-T) and the
failure assessment diagram (FAD), and several specific
estimation schemes were evaluated. A finite element analysis
of a flawed tank was also performed for validating the J
estimation scheme with a curvature correction and for
constructing the finite element-based FAD. The calculated
instability crack lengths show that the J-T methodology based
on a center-cracked panel solution with a curvature correction,
and the material-specific FAD, most closely approximate the
result calculated with finite element analysis for the stresses at
the highest fill levels in the storage tanks (less than 124 MPa or
18 ksi). The results from the other FAD methods show
instability lengths less than the J-T results over this range.

INTRODUCTION

A comprehensive review of fracture mechanics methods
that are appropriate for the carbon steel storage tanks at the
Savannah River Site (SRS) is provided. A comparison of these
methods at a range of stress conditions at a specific set of
mechanical properties for A285 steel is made in order to
identify those fracture methodologies that provide for the
maximum flaw stability lengths.

The SRS tanks are operated at temperatures above 21 °C
(70°F) to avoid the potential for brittle fracture. Fill limits for
these tanks were previously developed based on a limit load
methodology to avoid crack instability leading to a large
rupture. This paper applies the J-integral and FAD fracture
methodologies to evaluate flaw stability for a postulated

through-wall axial crack in the Type I tanks, a specific type of
storage tank.

A comparison of the J-integral-tearing modulus and
several FAD methodologies recommended in the API-579
(American Petroleum Institute Fitness-for-Service, first edition,
January 2000) [1] Level 3 analysis has been performed. The
API assessments include (1) Method A: General FAD based on
the CEGB (Central Electric Generating Board, U.K.) R6
(Assessment of the Integrity of Structures Containing Defects
[2]) Option 1; (2) Method B: Material-specific FAD which is
the CEGB R-6 Option 2 using the actual stress-strain curve of
the material [3]; (3) Method C: J-based FAD utilizing the finite
element fracture mechanics calculations (CEGB R-6 Option 3);
and (4) Method D: Ductile tearing FAD with assessment points
evaluated with an actual fracture resistance (J-R) curve [4].
The geometry of a through-wall axial flaw in the storage tank is
used as a benchmark to illustrate the various fracture
methodologies. Only a hoop stress loading is considered and
no factors of safety are applied.

Using the finite element analysis to calculate J is the
“best-estimate” method to determine the instability flaw size.
However, it is labor-intensive to build finite element models for
each flaw configuration in a structure. Therefore, estimation
schemes are typically developed. The finite element analysis
described in this paper was performed to validate the J
estimation method that is based on a center-cracked panel
(CCP) solution [5] with a curvature correction for the tank
geometry [6,7]. The finite element result was also used to
construct a failure assessment diagram following API 579
Level 3 Method C [1]. The instability crack lengths derived
from these approaches were compared. The comparison is
made within a range of fracture energies (e.g., Jic and J3,,,) and
applied stresses to ensure equivalency and to justify use of the
FAD approach for flaw stability analysis.



MATERIAL PROPERTIES

The E400 heat of A285 steel was chosen for the material
input to the analyses. The tensile tests in Reference 3 followed
the American Society for Testing and Materials (ASTM) E8-99
“Standard Test Methods for Tension Testing of Metallic
Materials.” The fracture testing [4] was based on ASTM
E1820-99 “Standard Test Method for Measurement of Fracture
Toughness.” The true stress-true strain curve along with the
Ramberg-Osgood idealization is shown in Figure 1. The data
are from tensile test specimen E400-31 [3] which was tested at
27 °C (80 °F) with tensile axis parallel to the plate rolling
direction. The J-R curve in Figure 2 was obtained with a
compact tension specimen E400-L1 [4] tested at 21 °C (70 °F).
The notch was perpendicular to the rolling direction of the
plate. The power law fit of the J-R curve can also be found in
Figure 2. The Young’s modulus of the material is 207 GPa
(30,000 ksi), the 0.2% yield stress is 249 MPa (36.1 ksi), and
the Poisson’s ratio is 0.3. The J-R curve in Figure 2 provides
Jie= 191 kJ/m?® (1093 in-1b/in*) and Jymm= 625 kJ/m* (3567 in-
lb/inz), where Jic is the J value at crack initiation and J3, is the
J value evaluated at 3 mm crack extension in the fracture
testing.

J-INTEGRAL METHODOLOGY

An overview of the J-integral methodology is described
below. An estimation method for evaluating J-integral in a
curved structure is discussed. The residual stress (or other
secondary stresses) can be included in a general estimation
procedure.

Flaw Stability

The fracture properties and J-R curves are normally
determined by the testing methods described in the ASTM
standards. The J-R curve represents the material resistance of
ductile crack growth and the test data are typically fit with a
power law expression:

J=C(Aa)™ (1)

where C and m are curve fitting parameters (Fig. 2).

The tearing stability of the material is characterized by the
tearing modulus (T) which is proportional to the slope of the J-
R curve (dJ/da) and is defined as

T:%ﬂ
o, da

where J is the value of J-integral, o, is the 0.2% yield stress,
and E is the Young’s modulus. Instability flaw lengths are
evaluated based on the loading conditions of the structural
component and are determined by an elastic-plastic J-integral
or J-T analysis. The crack growth (J > Jic) is stable if T < Tg,
where Ty is the tearing modulus of the material. The
intersection point of the applied J-T curve and the material J-T
curve will define the stable crack growth limit [8-10].

WSRC-MS-2004-00209

70,000

60,000
50,000
E
= 40.000 Ramberg-Osgood:
g Yoo oo o
& 3 n
30000 T £-04 (X(L)
E € Op (o
20,000 a=3.2 n=5.0
« Test data from extensometer
10,000 — Ramberg-Osgood fit with typical E = 3x10” psi
O Data points chosen for FEA input
0 : t t t t t t
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
True Strain
Figure 1. True Stress-True Strain Curve of A285 E400
Steel

6000

E400 L1
5000 +

4000 +

3000 + /
/

2000 + Jer = 16534(Aa)° 777

/ Aa=3mm

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18
Aa (inch)

Joee (in-1b/in?)

1000 £ Jic = 1093 in-lbfin®

0

Figure 2. J-R Curve of A285 E400 Steel

Cut-off for J-controlled Crack Growth

The designs of specimens for J-R fracture property testing
ensure that a certain amount of stable crack growth can be
obtained. Typically, the specimens do not generate data to the
point where unstable crack growth begins.  Therefore,
extrapolation of the data could be made to determine the flaw
instability. However, a conservative approach is to “cut-off”
the material toughness data and to apply that cut-off value in
the flaw stability analyses as shown in Figure 3 for a typical
case of the storage tank. Under these circumstances, a cut-off J
value at 3 mm crack extension [4] may be conservatively used
(rather than extrapolating to a much higher J value) to
determine the instability crack length. The design of the
fracture testing specimen has allowed valid data up to
approximately 3 mm extension in crack length [4]. The Jic (J at
crack initiation) was also used as a very conservative cut-off
value to estimate the instability crack length. In this case no
credit was taken for the stable crack growth expected in ductile
materials.
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J-Integral Estimation Method

The analytical solution of a center-cracked panel (CCP)
[5] is used to construct an approximate, engineering solution
for an axial crack (length 2a) subject to hoop stress loading (cy)
in a large cylindrical storage tank with radius R. The width of
the CCP (2b) and its height are, respectively, set to the height
(L) and the circumference (2nR) of the cylinder. The CCP is
under a remote tension of oy. For a circumferential crack in a
large cylinder, similar approach was applied [6,7,11].

The material constitutive equation for the J-integral
estimation scheme utilizes the Ramberg-Osgood power law
idealization:

i:im(iJ @
€ (o} (e}

where o, is a reference stress or the 0.2% yield stress, g, is
o,/E, E is the Young’s modulus of the material, o is the yield
offset, and n is the hardening exponent. Both o and n are
obtained from curve fitting of the tensile test data. Figure 1
shows the true stress-true strain curve and the Ramberg-Osgood
fit for the present analysis.

Although the CCP in this case can be considered as an
infinite plate, for continuity the original development for a
tensile crack in a finite plate is retained. —The general
expression for J has an elastic portion (J°) and a plastic portion

(") [5]:
1=1%(a.,P)+I%(a,n,P)=J(a, \P/P, )’ +I(a,n)P/P, )™ (3)

where 2a is the crack length, 2a. is the adjusted crack length, P
is the applied load, P, is a reference load or the limit load for

the cracked configuration, and j is a function of crack length
and the material hardening exponent (n).
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For a Ramberg-Osgood material (Eq. 2) which obeys
deformation theory of plasticity, Shih and Hutchinson [5]
showed that

J
c,e.a(l—a/b)

P 2 a P n+l a

eff eff
= —_— ’n—l + o] — ’n
W[POJ gl( b j (POJ gl( b j

Therefore, its elastic portion is

2
a) P a
Ja© = WGOSO:{I_EJ{EJ gl(_{:’ff ,n= lj

and the plastic portion is

n+l
P
I =ao,g,a -2 = g deft
P b\ P, b

where a is the half crack length, b is the half specimen width,

“)

€, =60,/E
acq =a+d¢r, when P<P,,!
Aefr = (a eff )P:Po when P>P,,

|
T 1+(P/P,)>

P, =2(b-a)c, is the lower bound limit load,

P =2bc” is the applied load corresponding to a remote stress

[e'e]

G b

1 (n—l) K, 2 a n—lj aj PY (a j
ry =—— —| =5z ==l - &=l
2n\n+1 /A o, 2n\n+1 b\ P, b

for plane stress,
v = Aofr ( b-a \J
a (b—ay

1 This equation is a modification of the one that originally appeared in
Reference 5 by introducing a parameter ¢ which was proposed in "Fully

Plastic Crack Solutions, Estimation Scheme, and Stability Analyses for the
Compact Specimen,”" by V. Kumar and C. F. Shih, in Fracture Mechanics:
Twelfth Conference, ASTM STP 700, American Society for Testing and
Materials, 1980, pp. 406-438.



and

a a a : a . ’
gl(—,lj —n 1—0.5-—0.37(-) —0.044(-)
b b b b

For the A285 Grade B carbon steel, the tensile properties
were obtained from an E-400 heat specimen [3]. The Ramberg-
Osgood exponent n is 5 and the yield offset a is 3.2 (Fig. 1).
Therefore, the values for gi(a/b, n=5) can be calculated
according to the procedure described in Reference 5:

a/b g1(a/b, n=5)
0 7.515
1/8 4518
1/4 3.195
12 1.811
3/4 1.208

1 0.835

Curvature Corrections

A curvature correction is applied to estimate the J-integral
values for the through-wall flaws in the sidewall of a tank. In
the linear elastic fracture mechanics, the stress intensity factor
(K) of a crack is usually expressed in a general form,

K = Yo+ ra , where o is the applied stress and Y is a function
of crack size and specimen dimensions. In the linear elastic
regime, J oc K*. The curvature correction factor, for estimating
J-integral of a crack in a curved structure based on a
corresponding infinite flat plate solution with the same crack
length, is therefore Y?.

The curvature correction factors for a tank or a pipe can
be obtained with handbook solutions, such as Reference 12 by
Erdogen, and Reference 13 by Rooke and Cartwright. The
solutions provided by Tada et al. [14] are simpler to use and the
solutions are more representative in some cases. For an axial
(longitudinal) crack, the solution in Reference 14 is used. The
stress intensity factor of an axial crack with length 2a subjected
to a hoop stress oy in a cylinder with mean radius R and
thickness t is

K, =oyJraY(L)

where A = 2

JRt

Y(A) =1+1.252% for 0<A<I, and
Y(L) =0.6+0.9% for 1<A<5

In this case the curvature correction factor for the J-integral of
an axial or a longitudinal crack is Y7, as noted earlier.
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General Procedure for
Contributions

The J-integral is typically calculated with only the
primary loads acting on the structural component.2 However, a
procedure commonly used to readily combine the secondary
stress and/or residual stress contributions to the J-integral was
developed previously [6-8]. This procedure is summarized in
the following:

Combining  J-integral

(1) For a given applied stress, calculate the CCP solution of
Shih and Hutchinson [5] for various crack lengths. The J-
integral (J°P) is composed of an elastic portion (J5,") and a
plastic portion (J i), thatis, J°® = JgP +JP.

(2) The plastic zone size correction (or small scale yielding

ccp
el

(3) The CCP solution is corrected for the curvature of the shell
or cylindrical structure. The approximated J-integral

correction) is applied to J

values for cracks in a tank (Jg"and J3') are

ST =YISP and T = Y2ISP,

(4) The contributions of the stress intensity factor (K) from the
other sources, such as the thermal stress or the residual
stress, can be combined in the sense of linear elastic

respectively.

cur

fracture mechanics. The elastic portion of J-integral (J¢;

in (3) above is first converted to K", the Mode I stress

intensity factor due to the applied load. Therefore,

K}‘ppl =4/EJg" under plane stress condition.

(5) Note that K;* (stress intensity factor due to the residual

stress) is saturated to a maximum value (K

max ) When the

crack is extended in length only a fraction of the plate
thickness [15,16]. Therefore, the residual stress of this
type is not subject to curvature correction. A series of
numerical solutions for the stress intensity factors were
obtained by simulating the welding process and taking into
consideration the effect of residual stress redistribution as a
result of crack growth [16-18].
(6) The total elastic portion of J is calculated as
Je :%(Kalippl +Kres )2

max

(7) The plastic portion of J remains unchanged, that is, J° =] :ﬁ“

(8) Finally, the total J-integral at the crack tip is combined as
J=J°+7JP

It is noted that a similar combination scheme involving
the conversion between the J-integral and the stress intensity
factor (K) was adopted in API 579 (Section 9.4.3 of [1]). This
conversion , such as those used in (4) and (6) above, is strictly

2 To calculate the J-integral accurately, a rigorous finite element analysis would
be performed to simultaneously combine all the stresses including the residual
stress. This is not done in practice due to the intensive modeling time required.



valid when the material is linear elastic. This has also been
recognized by API 579 Appendix F.4.2.1 [1]: “For most
materials and structures covered by this document, it is possible
to measure toughness only in terms of J and CTOD; valid K¢
data can only be obtained for brittle materials or thick
sections.” The stress intensity factor at crack initiation, K, is
commonly referred to the fracture toughness of the material.
Under plane strain small scale yielding conditions, the
equivalent fracture parameter converted from the J-R data is
denoted by K.

FINITE ELEMENT VALIDATION

The finite element method was used to assess the degree
of validity of the CCP solution with curvature correction. In
addition, the numerical results were used to construct failure
assessment diagrams based on API 579 recommendation [1]
and to establish equivalency between J-T and FAD fracture
methodologies.

Finite Element Modeling

The Type I storage tank (22.86 meters or 75 feet in
diameter, 7.47 meters or 24.5 feet in height, and 12.7 mm or 0.5
inches in wall thickness) at SRS was used as a typical geometry
in the analyses. A through-wall axial crack is assumed to exist
in the mid-tank location. Due to symmetry, only a quarter of
the tank is modeled as shown in the overall finite element mesh
in Figure 4. This model contains 1893 eight-noded shell
elements (ABAQUS [19] Element Type S8RS) and 5880 nodes.
It was optimized to accommodate five crack lengths of 0.25,
0.51, 0.76, 1.02, and 1.27 meters (10, 20, 30, 40, and 50
inches). This allows separate analysis be performed for each
crack size with the same finite element mesh; only the
boundary conditions were modified for the respective crack
length. The finite elements were heavily refined in the cracked
region and highly concentrated near the crack tips. Around
each crack tip, at least five J-integral contour integrations could
be performed (Fig. 4). In general, the J-integral value from the
first contour is inaccurate. The J-integrals reported in this
report were the average of the rest of the four contour integral
values.

For the A285 Grade B tensile response, two material
models were used: 1) actual stress-strain test data (Fig.1) with
incremental plasticity; and 2) Ramberg-Osgood stress-strain
law (also see Fig. 1, n=5.0, a=3.2) with deformation plasticity.
The uniform hoop stress was generated by imposing internal
pressure to the tank wall. Note that the ABAQUS shell element
formulation excludes the pressure loading to the J-integral
calculation, but all the in-plane stresses are included. That is,
the local bending caused by the bulging of the flawed areca
resulted from the internal pressure is ignored. However, this is
exactly the case in the present analysis, which compares the
instability crack lengths for an axial crack under hoop stress
only.
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Axial Crack

Figure 4. Finite Element Mesh for Type | Storage
Tank Containing an Axial Crack

Accuracy of the CCP Solution

Linear elastic finite element solutions with E= 207 GPa
(30,000 ksi), o,= 249 MPa (36.1 ksi), and v= 0.3 are shown in
Figure 4 for various remote stress levels. The J-integral
obtained in this analysis is the elastic portion of the J-integral
which is proportion to the square of the applied stress. This
quantity can be compared with the curvature-corrected first
term of the CCP solution:

2
r 2 2 a) P Aofr
gil =Y szp =Y \}1(50803(1 _BJ(P_] gl( lej , = lj

[

where the symbols were defined earlier and Y is an appropriate
curvature correction factor. It can be seen in Figure 5 that the
estimated (labeled with CCP) and the finite element (labeled
with FEA) solutions agree very well.

18000
17000 +

16000 1 Elastic Portion of J-integral X
15000 +

14000 +

13000 1+ Type | Tank

12000 + ——FEAG6ksi oo CCP 6 ksi

11000 +
10000 +

9000 +
8000 | —o— FEA 24 ksi

—o— FEA 12 ksi -+ 0--CCP 12 ksi

—&— FEA 18 ksi --8--CCP 18 ksi

<+ ©--CCP 24 ksi
7000 + —a— FEA 30 ksi
6000 T
5000 T
4000 +
3000 +
2000 +
1000 +

—%—FEA 36 ksi

J-integral (in-Ib/in?)

=& --CCP 30 ksi % --CCP 36 ksi

0 10 20 30 40 50 60
Crack Length (inch)

Figure 5. Comparison of the Elastic Portion of the J-
integral Solutions



The total J-integral was also calculated for elastic-plastic
deformation. Two constitutive formulations were used. For
comparison to the estimated solution (CCP), the same
Ramberg-Osgood stress-strain law (Fig. 1) was input to the
finite element code [19] using the model shown in Figure 4,
and the mechanical response was calculated with the
deformation theory of plasticity. The finite element results
based on this formulation are labeled as “FEA R-O” in Figure
6. alternatively, stress-strain data (Fig. 1) from material testing
[3] could be input to the finite element code. This type of
elastic-plastic analysis employs the incremental theory of
plasticity. The results are labeled with “FEA el-pl” in Figure 6.
The values of total J-integral obtained from the estimation
method (CCP) and from the finite element analyses (FEA R-O
and FEA el-pl) are all plotted in Figure 6. As expected, under
low applied stress levels and for small crack length
configurations, all the solutions are very similar. In addition, it
shows a well-known trend that the incremental plasticity
predicts a more rigid material response. The discrepancy
among the solutions increases as either the applied hoop stress
or the crack length increases. The J-integrals calculated with
the CCP estimation method are very close to those based on
incremental plasticity (Fig. 6), especially in cases where the
applied stress is less than 18 ksi (50% of the 0.2% yield stress).
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FAILURE ASSESSMENT DIAGRAMS

The failure assessment diagram (FAD) is a crack growth
resistance curve plotted in L; (abscissa) and K, (ordinate) space
[9]. When the assessment point is below this curve, the crack is
stable. In the nondimensional L-K, coordinate system, the
stress ratio L, is defined as the ratio of the applied load (P) to a
reference load (P,); and K, and J; are the ratios of elastic force
to the resisting force:

L.=P/P, Q)
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K= K(a, P)/Kr(Aa) (6)
J, = I*(a, P)/Jr(Aa) 7)

where K is the stress intensity factor at the tip of a crack, and
Ky is related to Jg as K7 (Aa) = E Jg(Aa). This relation is
strictly valid for linear elastic deformation or under small scale
yielding conditions. The elastic portion of J-integral, J%, is the
elastic crack driving force and can be written as J* = K¥E’. In
these expressions, E'= E for plane stress, E'= E/(1-v?) for plane

strain, and v is the Poisson’s ratio. Under these circumstances,
K, and J; are related by

K?(a,P,Aa) =] (a,P,Aa) (8)

Original FAD
The original formulation for the FAD is based on the
Dugdale solution [20] or the strip yield model. That is

J(a, c” )= %Goeoa{ln{sec[ 72[(:) J‘|} )

where ¢” is the remote applied stress. When the stable crack
growth occurs, it is required that J= Ji, which is on the J-R
curve. Therefore, the FAD curve becomes

L
8 T
7z ln{sec[2 L, ﬂ

In the strip yield model of FAD, the reference load is the
yield stress of the material. For a given crack with length 2a
and tensile load P, the assessment point in the FAD can be
calculated with Egs. 5-8. If the point is below the curve
defined by Eq. 10, the crack is stable. If the point is located
above the FAD, unstable crack growth is predicted. The
original formulation of FAD is fully consistent with the J-
integral approach when the plastic zone is limited to a line
segment ahead of the crack tip (strip yield or cohesive zone
model) and the surrounding material remains linear elastic.

=J, =K} (10)

J-Based FAD

A more general formulation of FAD can be constructed
with the J-integral estimation scheme [5,21]. Under the J-
controlled crack growth and small scale yielding conditions, the
fracture criterion J(a, P) = Jx(Aa) leads to [22]

2
Lr

— v -] =K? (11)
2 1 r
H.L; +H, LY

T



where H, = j(ae)/j(a) and H = j(a,n)/j(a). The function

J has been defined in Eq. 3. In this case, the reference load
used to define L, should be consistent with that used in the J
estimation scheme, and it may depend on the crack length.

This example shows that, in general, the J-based FAD is a
function of crack size. It is no longer a single curve as defined
by Eq. (10). More specifically, the FAD based on the J
estimation scheme depends on the crack length (2a), material
hardening exponent (n), type of loading (Eq. 3), and the type of
deformation (plane stress or plane strain). As the flaw
propagates, a new FAD should be constructed, unless it is
judged that the crack increment is small enough not to cause a
significant change in the shape of the FAD. Therefore, a family
of failure assessment diagrams must be constructed with
respect to each crack length. However, the family of failure
assessment curves may be shown to collapse to a single curve
by selecting a particular reference load [1]. This will be
demonstrated in later.

It appears that the FAD approach based on the elastic-
plastic J-integral (e.g., Eq. 11) may become more complex and
cumbersome when the material-specific curves are to be used
[22]. Similar information on flaw stability can be obtained in
straightforward approaches such as the J-integral-tearing
modulus (J-T) methodology described previously in this paper.

API Recommended FAD Approaches

The FAD methodologies recommended in API 579 Level
3 Analysis were followed to construct the failure assessment
curves. Figure 7 contains various failure assessment curves
that include 1) original FAD based on strip yield model; 2) API
general FAD (Method A); 3) API material-specific FAD
(Method B); 4) API finite element FAD (Method C); and 5)
two additional curves for idealized Ramberg-Osgood materials.
The instability crack lengths are obtained by increasing the
crack length under a specific hoop stress until the assessment
locus intersects the FAD. The assessment points can be
determined by the guidelines in API 579 Section 9, Appendices
B, C,and D [1].

Finite-Element-Based Failure Assessment Diagrams
Similar to the FAD formulations with the strip yield

model [20] or with the J-integral estimation scheme [22], the

FAD can be constructed numerically with the finite element
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method. In general, the J-based FAD is crack length-
dependent. The simplicity of the strip yield FAD [20] (a single
curve in the L-K; space) is lost as discussed earlier. However,
a reference stress can be properly chosen so that the FAD may
be insensitive to the crack length. The procedure is described
in API 579 Appendix B [1] and also in Reference 23. This
procedure is summarized next.

As discussed earlier, the coordinates of the FAD (K, and

[
L,) are defined as K, :\/gand L, :L, where J° is the
ref
elastic portion of J and can be obtained by an elastic analysis
(Fig. 5), ] is the total J-integral (Fig. 6) which is the sum of its
elastic portion and the plastic portion, P is the applied load (or
stress), and P, is the reference load (or stress). For each flaw
configuration, P is calculated according to

- =1+ + —
J P=Prer Go

J 0.002E 1 (1 .\ 12)

0.00215]_l

S

With this crack length-dependent P, (Fig. 8), the finite-
element-based failure assessment diagrams can be collapsed to
roughly a single curve for each of the two families of curves as
demonstrated in Figure 9, in which the coordinates of the
common point for all the curves have been determined by Eq.
12.

Two families of curves can be seen in Figure 9: one was
obtained with the Ramberg-Osgood power law (Eq. 2 or Fig. 1)
and using the deformation plasticity; and the other was obtained
by inputting stress-strain test data (Fig. 1) and employing the
incremental plasticity. A typical FAD from each family in
Figure 9 was selected and plotted in Figure 7, along with the
other failure assessment diagrams. It can be seen in Figure 7
that these three failure assessment diagrams are almost on top
of each other: 1) the Dugdale strip yield model [20]; 2) the
Equation 9.46 in the API 579 First Edition [1] for Level 3
Method A Assessment (or CEGB R6 Option 1); and 3) the
finite element results with the actual stress-strain curve for the
API 579 Level 3 Method C Assessment [1]. Because of this
similarity, the instability crack lengths based on the finite
element FAD were not calculated.
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Determination of Instability Crack Length Based on
Failure Assessment Diagram

Figure 10 is used to illustrate the process of obtaining an
instability crack length for a given load (or hoop stress in this
paper). Two load cases are used for demonstration: 41 MPa (6
ksi) and 124 MPa (18 ksi). The crack length is increased
incrementally until the assessment locus intersects the FAD.
The calculation procedure for the (L, K,) coordinates of the
assessment point can be found in API 579 [1]. The crack
length corresponding to the intersection point is the instability
crack length under that applied load (or stress). Figure 10
shows the Jic-based instability crack lengths (1.69 and 0.51
meters or 66.4 and 20.2 inches, respectively) determined by the
general FAD (API 579 Level 3 Method A Assessment) [1].
Similarly, if a material-specific FAD is used (also see Figure
10), the instability crack length is then obtained by API 579
Level 3 Method B Assessment [1]. It is clear that at these two
loading levels, the instability crack lengths determined with the
material-specific FAD using the actual tensile test data in
Figure 1 are longer than those obtained by the general FAD.
However, if the Ramberg-Osgood curve-fit equation is used
(a=3.2 and n=5), the resulting instability crack lengths appear
to be too conservative (for the two stress levels considered in
Figure 10). This may be caused by the Ramberg-Osgood
power law performs better in the high stress region but is
incapable of following the linear response below the yield
stress (see Fig. 1). This observation is also evident in Figure
10, from which it can be seen that the two material-specific
curves (based on the actual tensile test data and on the
Ramberg-Osgood approximation) agree well when L, is less
than 0.2 or greater than 1.1.
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(depending on the amount of crack extension) that produces a
fishhook shape as seen in the inset of Figure 11. However, if
the J-R curve is cut off for practical reasons, as the J3,, in the
present J-T analysis, this type of FAD analysis is identical to

the standard procedure with K, =/J./J_; , in which Jo; is a

constant and is set to the value of J5,,,,. This is demonstrated in
Figure 11. The end points of the “fishhooks” lie on the
assessment locus defined by J.; = J3mm and the instability crack
length is where the end point (tangent) lies on the FAD. This is
equivalent to the result for the intersection of the assessment

General API Fig.9.20

12 (Level 3 Method A)
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Material-specific FAD

P
o
/ Ramberg-Osgood

Material-specific FAD

11
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Locus for oy = 18 ksi
and Jei=Jic

0.2

0.1

0.0
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Figure 10. Determination of Instability Crack Length
using FAD Approach

Another FAD approach for determining the instability
crack length is suggested by API 579 Level 3 Method D
Assessment [1]. It is appropriate for materials which exhibit
ductile tearing and the experimental J-R curves are available.
The assessment locus uses the J values on the J-R curve

locus and the FAD (see Figure 10).

FAD Assessment Points based on J-R Curve 35.in.

Initial Crack Length = 29.4 in

09
08
0.7 1API 579 Fig. 9.20 FAD
05

API 579 Fig. 9.20 FAD

Initial Crack Length = 10 i
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11 12 13 14
Cutoff for C-Mn Steels

Figure 11. FAD Approach Utilizing J-R Curve Data

COMPARISON OF INSTABILITY CRACK LENGTHS

The instability crack lengths determined from all the

fracture methodologies including J-T and FAD are listed in Table

1.

crack lengths.

Figure 6 was used to obtain the finite-element-based instability
Extrapolation was used to determine certain

instability crack lengths because the finite element mesh (Fig. 4)
was designed for cracks from 0.25 to 1.27 meters long (10 to 50
inches).

The finite element method provides the most accurate J-

integral results. However, the instability crack lengths based on
CCP solution or other estimation schemes are typically used
because it is an industrial practice to use approximate solution for

the J-integral.

Typical J-integral estimation schemes can be

found in Electric Power Research Institute (EPRI) publications

[e

.g., 21], with which the CCP solution [5] shares the same

technical basis.

When the applied stress is low, Table 1 shows that the crack

instability lengths based on J-T are greater than those determined
by FAD, as expected, since the FAD approach generally provides
a conservative assessment of flaw stability. However, when the
loading is near the yield stress of the material, the results of FAD
may overestimate the instability crack length predicted by the J-T
method.
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Table 1. Instability Crack Lengths based on Various Fracture Methodologies
(SRS Type | Storage Tank)
Summary of Tank Instability Crack Lengths (inches)
J crit:J IC J crit:J 3mm
Cappl J-T J-T J-T | FAD | FAD | FAD J-T J-T J-T FAD | FAD | FAD
(ksi) CCP | FEA | FEA CCP | FEA | FEA
R-O | RO | ¢g-¢ | API c-¢ | RRO | R-O | R-O o-€ API o-¢ | R-O
6 740 [67.0 | 71.0 | 664 | 68.0 | 61.8 | 118.0 | 110. | 114. 104. | 110. | 96.0
12 [39.7 [32.8 |38.0 |330 [350 [29.0 | 642 |475 |568 |49.6 |550 |432
18 | 23.1 19.0 | 248 | 202 | 22.0 | 17.0 [ 40.0 |30.1 [369 |294 |32.0 |258
24 | 114 100 | 167 | 12.8 | 15.0 | 10.2 | 23.8 19.1 | 244 18.8 | 18.6 | 16.8
30 |46 4.6 100 |74 8.8 5.8 124 10.8 | 16.3 11.8 | 8.6 10.8
36 | 1.8 4.0 7.4 36 |22 3.0 5.6 6.4 6.7 6.6 5.8 6.8

The same conclusion can be drawn from Figure 12, in
which the J-integral is normalized by to, and the instability
crack length (a;) is normalized by the plate or shell thickness
(t). The comparisons are made between the J-T crack lengths
and the FAD crack lengths assessed from two J.;; values (Jic
and J3.m, respectively). It can be seen that the FAD solutions
are not always conservative with respect to the J-T solution.
For example, in Figure 12 when the applied stress is 2/3 of the
yield stress and Jic is used as the fracture criterion, both failure
assessment diagrams (the general FAD and the material-
specific FAD) show higher crack lengths than the J-T results.
When J5,, 18 chosen for the fracture criterion, FAD results are
mostly conservative, especially when the material-specific
FAD is used. Similar observation was discussed in Reference
9.

FRACTURE METHODOLOGY REFINEMENT

The fracture toughness of a material is known to be test
specimen size-dependent. For deep cracks, the plastic zone at
the tip of the crack is limited by the specimen uncracked
ligament. However, for short or shallow cracks the plasticity is
relatively unconstrained. In general, mechanical testing of high
constraint specimens yields lower J-R curves that would result in
shorter instability crack lengths. In the SRS storage tank
configurations, most of the flaws are less constrained than the
mechanical test specimens (e.g., ASTM compact tension
specimens) [24]. Therefore, the prediction of instability crack
length with the fracture toughness based on the ASTM plane
strain specimens may be overly conservative.

More accurate fracture toughness or J-R curves can be
obtained by identifying an additional fracture parameter based
on the constraint theories of fracture mechanics. The need for an
additional fracture parameter was proposed in 1957 by Irwin
[25]. To determine the additional fracture parameter for elastic-
plastic materials, finite element analyses of the specimens and
the large structure with a flaw should be performed. Specimens
with various crack lengths are tested to establish the functional
dependence of the J-R curves on the additional fracture
parameter. For example, Reference 26 used a J-A, theory [27-
29] (A; is the additional fracture parameter characterizing the
constraint level) and showed that the experimental J-R curves
[30] with different initial crack lengths could be predicted.

A similar approach using three-point bend test specimens
for the storage tank structural integrity program has been
adopted. The J-R curve is expressed as a function of A,. To
ensure the transferability of the fracture toughness from the
laboratory specimens to the actual storage tanks, the parameter
A, for the tank geometry is determined by the finite element
method. The detailed test data analysis leading to a constraint-
modified J-R curve is described in Reference 24.

The FAD approach can also be modified to include the
additional constraint parameter [30-33]. It is expected that the
constraint-based fracture methodologies would provide more
realistic predictions of the instability crack length. Because the
material resistance to cracking is higher in the less constrained
configuration of a tank than in the laboratory test specimens, a
longer instability crack length would be expected.

10
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DISCUSSION AND CONCLUDING REMARKS

The finite element method provides the most accurate J-
integral solution for the structural components containing
flaws under service loads.

Comparing the J-integral solution from the finite element
analysis with the actual tensile property input, the CCP
approximation with a curvature correction was shown to
be accurate for crack length less than 7.62 meters (30 in.)
and under hoop stress loading up to about - of the yield
stress (124 MPa or 18 ksi) of the material (A285 carbon
steel).

The predicted instability crack lengths depend on the
specific FAD methods.

The FAD constructed from the finite element results (API
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Figure 12. Comparison of Predicted Instability Crack Lengths from J-T and FAD for Given J.; in Type | Tanks

579 Method C Assessment) is consistent with the original
FAD based on the strip yield model and the general FAD
formulation in the API 579 Method A Assessment (or
CEGB R6 Option 1).

The ductile tearing FAD (API 579 Method D Assessment)
is equivalent to a standard FAD approach with a constant
Jcrit-

Instability crack lengths based on the FAD analysis are
not always conservative with respect to the J-T analysis
using estimation methods such as the CCP approximation.
Applying a factor of safety to the actual loads with the
FAD approach might lead to a non-conservative estimate
(with respect to the J-integral estimation methods) of the
instability flaw size. This is implied by the results in



Figure 12.

e The FAD-based instability crack lengths are bounded by
the results of the J-T method (specified in the API 579
Method E Assessments) with accurate finite element J-
integral solutions.

e The J-T method with an accurate finite element J-integral
solution will maximize the stable crack length predicted
for the storage tanks. As a result, the tank fill limit may
be increased.

e The instability crack lengths would be longer and the
safety margin would be increased if the constraint-
modified J-R curve is used, especially for large structures
such as the SRS storage tanks.
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