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,. RACT: The crack instability evaluation is a fundamental step toward confirming 
i 'ciicability of leak -before -break (LBB) concept in nuclear power plant piping  

Different approaches have been used to assess stability of cracks: (a) local flow 
(b) limit load (LL), (c) elastic-plastic fracture mechanics (EPFM) as J-

nite~?rii versus tearing modulus (J-T) analysis, and (d) aeformation plasticity failure  

went diagram (DPFAD) analysis. The first two approaches are used for high 
aa.rìe materials, when it is assumed that remaining ligament of the cracked pipe section 
ze crnes f city plastic prior to crack extension. EPFM is considered for low ductile piping 
-tea -ze material reaches unstable ductile tearing prior to plastic collapse in the net 
sem cn. In this paper, the LFS, LL, and EPFM methodologies were applied to calculate 

,i;re (cads in circumferential through-wall cracked pipes with different materials, 
zecme`y configuration, and loadings. This paper presents a comparison among the 

t:.its obtained from the approaches cited before, and also compares these results with  

we-^rrr____ _ntal data  available in the literature. 

:  IN-7a. 	C1:TQN  

The rs  lity evaluation of cracked pipes is an estimate commonly used to verify the 
rite rfty of hizh-energy lines of nuclear power plants in a leak-before-break (LBB) 
7r.:szrani. The systems of a nuclear facility for which LBB is generally applied must be 
Marie cì -tile materials_ Ductile fracture mechanics' methods employ analytical 

riéues. These analytical techniques extend from elaborate finite element models  
r_c various elastic-plastic fracture mechanics (EPFM) estimation procedures, such 

-inter -al versus tearing modulus (J-T), EPRI-NP-6301-D (1989). Also from 
rmarion plasticity failure assessment diagram (DPFAD), EPRI-NP-243 1 (1982), to 

die '.izrit 1cad (IL), EPRI-NP-6301-D (1989), and local flow stress (LFS), Roos et al. 
inaivses. FEZ analyses are expensive and very time consuming. The purpose of 

mPi e methodologies is to ease the performance of the analyses in terms of time and  

IFS 'a a theory used by Siemens/KWU to conduct LBB evaluation in German nuclear 
3eá ;áq,,  Bartholome et al. (1989). LL, in the format presented in the Standard 

ew Phan 3.6.3 (1987), has been applied in LBB programs in the United States , 

e euer, the appLiicatian of LFS and LL concepts is restricted to high ductile piping  
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(austenitic wrought and non flux welds) when the material has high resistance to cr ack 
propagation. If the ductility is not so high (austenitic flux welds and ferritic materials), 
the material will reach the unstable tearing stress prior to the limit load. In this case, the 
applicability of EPFM approaches, such as J-T and DPFAD, may be mandatory. 

Although all simplified methods are based on the extent of the theory, it is necessary 
to include certain idealizing assumptions related to crack shapes, consistent crack 
geometry, and crack behavior. The crack behavior assumption presupposes that the 
crack initiates and grows as a result of increasing loads. Also, under most circumstances, 
it is necessary to obtain other material property data than those of the component being 

evaluated. 
In reality, however, actual flaws may assume complex shapes. For example, the 

component under evaluation may deform under high loadings, particularly in the vicinity 
of the flaw (e.g., a pipe may ovalize and its wall may become thinner near the flaw). Also 
a growing crack may develop shearing lips. These facts together with the inherent 
variability of the material properties from specimen to specimen lead to a simple and 
obvious conclusion: perfect correspondence between analytical and experimental results 
should not be expected at all. On the other hand, to make analytical methods always 
useful, such methods should be able to predict results within an acceptable uncertainty 
band which can then be accounted for by appropriate margins. 

In this paper, evaluations of circumferential through-wall cracked pipes, using the 
simplified methods mentioned above, are performed. An in-house computer code was 
developed to conduct the assessment of crack stability. The results obtained from LFS, 
LL, J-T, and DPFAD analyses are also compared with experimental data available in the 
literature. At the end of the paper, some comments and conclusions are addressed based 
on the comparison of results . 

2 LOCAL FLOW STRESS AND LIMIT LOAD CONCEPT 

According to LFS or LL concepts, a circumferential through-wall crack in high ductile 
piping will fail by plastic collapse. In such a case, the flawed structure can be evaluated 
on the basis of the material strength rather than fracture mechanics. It means that the 
limit stress or moment at the cracked section are computed only by equilibrium 
considerations. 

If the LFS approach as stated in Roos et al. 0989) is considered, the failure is 
assumed to occur when the effective stress S efr , at one single point, reaches flow stress. 
In this case one can write that: 

(1) Seff k a Pm  + k b Pb  <_ Sf 

where Pm 
 is the membrane stress due to axial loadings (pressure plus external loads), Pb 

is the bending stress due to the external moment, and Sf is the material flow stress 
(usually assumed as the average value of the yield stress Si,, and the ultimate stress SO 
In equation (1), k a  and kb are the membrane and bending stress magnification factors, and can be defined as: 
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where O is the crack opening half angle as shown in Figure 1. 

a 

Figure 1. Cracked pipe geometry 

For the global instability of the circumferential through-wall crack, the concept for IL is 
stated in EPRI-NP-6301-D (1989). According to the LL concept, the net section of pipe 
is assumed to have been completely under plastic yielding. Note that, if the pipe external 

radius is Ro  and the pipe thickness is t, as shown in Figure 1, and O  is as defined 

previously, the limit moment ML to predict the failure may be obtained using the 
following equation: 

2 
(3) 	ML = 4SfRpt 1—C + 	cosy — 0.5sinO) 

3 

where: 
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3 EPFM J-T ANALYSIS  

The EPFM is based on the concept of J-integral. The parameter J is employed to 
 

characterize the crack initiation and extension in ductile materials. The circumferential 
 

through-wall crack instability in pipes is predicted by J-T analysis, an approach presented 
 

in EPRI-NP-6301-D (1989). According to this reference, from the J-resistance curve  

obtained from fracture specimens tests (relationship between J and crack extension Aa), 
 

it is possible to compute the J-T curve for the material. The crack driving force in terms 
 

of the applied parameter J and the tearing modulus T is calculated for the initial crack 
 

length as a function of the loading. The intersection of this curve and the J-T curve, for 
 

the appropriate material, gives away the instability value of J, defined as Jinst The value 
 

of Jinst  , in a plot of the parameter J versus the load, provides the associated instability  

load value.  

(2a) 
	

(2h)  

Figure 2 - Crack instability evaluation (J-T analysis procedure)  

The J-T analysis procedure, represented in Figure 2, can be detailed as following  

From the J-resistance curve for the material, showed in Figure 2a, it is possible to find a  

correlation between Jmst  and Aa as expressed in the equation below:  

(4) 
 J mat 

= cam  

where c and m are curve fitting constants which are determined in an empirical waY•  
From Figure 2a, it is possible to get the J-integral at the initiation of the crack growth , 

 

J1c . In addition, the material tearing modulus as a function of Aa can be defined as:  

J 

JIc  
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dJ E 
(5) Tmat—

da S2  f  
where E is the Young's modulus, and Sf is the flow stress. For the appropriated 
material, the plot of J-T assumes the shape shown in Figure 2b. 

The J-T curve, for the applied loads in piping with through-wall crack, can be 
computed from the parameter J expressed in the following form: 

(6) Japp  (a) = Je (a) + Jp (a) 

In Equation (6), J e  (a) and J(a) are the J-integral in the elastic and plastic regimes, 
respectively. They are available in EPRI-NP-6301-D (1989). These values are functions 
of the loadings (axial and/or moment), the crack dimension (0 = a / R), the pipe geometry 
parameter (R / t), and also the material properties from stress-strain curve (E, Sy , 
Ramberg-Osgood parameters). 

The applied tearing modulus Tapp is evaluated with Equation (5) with dJ calculated 
from equation (6), as the variation of the computed J app (a) and Japp (a + ta) . For small 
crack growth the applied J-T curve is a straight line. Such line is obtained connecting the 
origin of the J and T axis with the point P defined by (Japp,Tapp). As illustrated in Figure 

2b, the parameter J, at instability of the crack, is identified as Jinst.  The value of J inst  
may be obtained from the intersection of the J-T curve, for the material, and the pertinent 
straight line representing the applied J-T. 

The load at instability corresponding to J inst  can be evaluated from Figure 2c which 
is a plot of J app (a) as a function of normalized applied load. 

4 EPFM DPFAD ANALYSIS 

The DPFAD analysis is applied to define the failure mode associated with the application 
of specific loadings, flaw size, and piping geometry configuration. It is based on the 
concept of J-integral. It reveals the instability of cracked pipes undergoing ductile tearing 
and also whether the failure mode is brittle or if the net section is under plastic collapse. 

The diagram defines the safe/fail regions on the S r-K„ plane. The abscissa S, is the ratio 
between the applied stress a s  and the net-section collapse stress Q b, The ordinate IC, is 
the ratio between the elastic J ntegral, J e  (a) , and the applied J-integral, Japp (a) . 

The DPFAD method is illustrated in Figure 3 where the curve is called the failure 
assessment curve and represents the resistance of the material to failure. The straight line 
extending from the origin to the assessment point represents the potential for failure. To 
construct the assessment curve, K r  and S, are defined as 

(7) KT = { Je(a)/UJe(a) + Jp(a)} }'4 

(8) Sr  — crapp  / 6b  
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A plot of Equations (7) and (8) on S r -Kr  space defines the failure assessment curve The 
region below this curve defines the safe region. The reference net section collapse 

stress 
called ab  is obtained from EPRI-NP-63 01-D (1989) as a function of the load t ype, flab, 

 size, shape, and orientation, and also material strength properties. The vertical line  in the 
 end of the assessment curve is due to the limit of the maximum allowable applied stress 

Remember that the numerator in S r  is the flow stress S1.  

1.00  

0.80  

0.60  

Kr  

0.40  

020  

0.00  
0.0  1 .0  2.0  

Sr  

Figure 3. DPFAD diagram  

The determination of whether a crack is in the safe region or not can be confirmed  

from the assessment parameters calculated for specific combination of the applied  

loading, piping geometry, and crack size. The assessment parameters are defined below  

and they incorporate crack growth, if needed, in the analysis  

(9) Kr  (a+Aa) = ( Je(a+da)/[Jmat(a+da)]  

(10) Sr (a+Da) = crapp / ab (a+Sa)  

Once the DPFAD curve has been obtained and the assessment points determined, then  

the safe/fail margins are based on the distance that the assessment points are from the  

DPFAD curve.  
According to Figure 3, a loading line generated through the origin and an appropriate  

assessment point intersects the DPFAD curve. For initiation, the appropriate assessment  

point is determined when J 	equals J For instability, 	appropriate  assessment point ^,dt ^ 	J. 	 Y,  

is where the slope of the locus of assessment points equals the slope of the DPFAD  

curve.  

5 RESULTS  

Tests are performed in order to assess the integrity of cracked pipes and validate the  

analysis methods. In Brazil, all the experimental data are referred to J-resistance curve  
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evaluation and, at the moment, the results from the integrity tests are not yet available. 
Therefore, the approaches considered in this work to evaluate crack stability will be 
compared with the results from tests conducted in other countries and available in the 
literature. 

$efore presenting the results, it is important to notice that some information were 
inferred so that the material properties and the parameters required to perform the 
analyses were acquired. The reason for that is that, unfortunately, some data were not 
available in the test references. The material data information source used in this paper 
were (1) EPRI-NP-6301-D (1989), (2) Robert L. Cloud & Associates, Inc. (1992), and 
(3) Bartholomé et al. (1983). In order to infer the material properties and corresponding 
parameters, some recommendations of NUREG-1061 (1984) are followed. They are 
summarized as: 

a.) range of stress-strain curve that must be fitted to ensure proper results will vary 
with pipe and crack geometries. To define appropriate Ramberg-Osgood parameters, it 
was determined that strains of 1 percent and less comprised the region of interest for the 
ferritic steel pipe tests, while the appropriate strain for the stainless steel pipe test 
condition ranged from about 2 to 8 percent; 

b.) material resistance to ductile crack extension should be based on a reasonable 
lower-bound estimation of the material J-resistance curve; 

c.) fracture toughness specimens having approximately the same thickness as the pipe 
wall, and without side grooves, tend to model actual pipe behavior most accurately; 

d.) J-integral computational method has certain limits of applicability. Limitations are 
related to certain assumptions regarding the stress-strain conditions in the region near the 
crack tip. It is necessary to extrapolate the J-resistance curve in J-T space when those 
limitations are exceeded. 

The results from the methodologies LFS, LL, J-T, and DPFAD were examined on the 
light of the available experimental data. This was done considering the pipes with 
circumferential through-wall cracks under internal pressure, bending moment, and also 
internal pressure plus bending moment together. The comparison between analytical 
versus experimental initiation and instability loads is showed in Table 1 (internal 
pressure), Table 2 (bending moment), and Table 3 (internal' pressure plus bending 
moment). 

6 CONCLUSIONS AND COMMENTS 

All the methods used in this paper are "engineering approaches" based on fracture 
mechanics with assumptions related to crack shape, consistent geometry, crack behavior, 
load types and load combinations, material properties and parameters. In some cases, 
there was a good consistency between the analytical results and the experimental ones. In 
other cases, the harmony was not so good. The consistencies might be function of the 
adjustment of some parameters and hypotheses adopted. 

In general, the results show that analytical methods give initiation and instability loads 
smaller than the experimental methods. There is a good agreement between analytical 
and experimental results where the material properties and the parameters are defined in 
a more accurate way. It is meaningful to emphasize that material data used in the 
analyses have different reliability according to what was necessary to estimate for the 
Inputs to evaluate the material data. For example, NUREG 1061 (1984) has almost all 
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material data necessary to perform the analyses and, in consequence, the analysis result s 
 related to those tests are more precise and reliable. 

The experimental data tests should be used carefully. For example, the tests K1 a nd 
K3 of Table 1 (from the reference Kastner et al. (1981)) present equal exp erjmenta] 

 instability pressures for pipes with the same geometrical and material characteristics, on 
the other side, the initial crack lengths are completely different. 

The results from J-T and DPFAD analyses are almost equal because similar 
formulation for J-integral was used for both approaches with the same material data. 

The instability loads obtained from J-T, DPFAD and LL analyses are, in general, 
greater than those obtained from LFS methodology. Apart the difficulties in J -T and 
DPFAD analyses to define the material properties and parameters, these analyses enabl e 

 more appropriate conditions to evaluate the behavior of piping systems. This happens 
 because the methods allow to follow the crack growth from the beginning of crack 

growth up to the crack instability. 
The LFS and LL methods, although simpler in terms of formulation and material 

properties input, ended up in good agreement with experimental results for materials 
with high ductility. This was observed in Mattar Neto et al. (1994). But such methods 
may give instability loads values much greater than the experimental ones. This is the 
case where they are not fully appropriate, mainly with materials with low ductility. 
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Table 1. Analytical versus experimental results. Through-wall circumferential cracked 
 

pipes under internal pressure  

Tests K1 K3 K4 K5 K6 K7  

D0 (in)  6.98 

K2 	

- 29.85  6.98 _ 29.85 4.3 4.3 27.72  

t {in) 0.429 0.323 0.429 0.327 0.327 0.315 1.496 

M̂aterial A106B Carbon St A106B Carbon St 10CrMoNiNh 10CrMoNiAh , 20MnMoNi55  

Angle (  20) 34°  42°  68°  76°  156°  200° 	_  190°  

PExp (1cs ► ) 12.79 1.9'. 12.79 1.78 3.63 1.99 3.15  

PJ_T / PExp 1.30 0.75 0.95 0.58 1.71 1.18 0.73  

PDPFAD i  PExp 1.29 0.75 0.95 0.57 1.72 1.18 0.73  

PLL  / PExp 1.40 1.32 1.09 1.09 1.43 1.20  0.96 

. P1..FS i PExp 1.25  1.42 0.85 1.30 0.85 0.66 , 0.88  

Tests: K1 to K7 from Kastner et al. (1981) 

Pap: Maximum Experimental Pressure (failure of the pipe) 
PJ_T: Instability Pressure from J-T analyses 

DPFAD : 
Instability pressure from DPFAD analyses  

Pa: Instability Pressure from LL analyses  

Pus: Instability Pressure from LFS analyses  



Table 2. Analytical versus experimental results. Through-wall circumferential cracked 

pipes under bending moment  

Tests Dl 

1 6 

D 2  

16 

D3 

16 

1.6 

SI 

31 5 

1.85 

S2 

31.5 

1.85 

S3 

31.5 

1.85 

RI 

27.5 

1.858 

NI 

16 

1.0276 

N2 

4 51 

0.354 

N3  
2 .375    

0.237  

Do  (in) 

1.6 1.6 _Li)) 

Material SS316 SS3I6 SS316 20MnMo 

Ni55 

20MnMo 

Ni55 

20MnMo 

Ni55  

bainitic st SS304 SS304 SS304  

Angle (20) 1200 40°  40°  60 60 0  60 60°  20 ° 60°  132.3°  ° 133.56° ^ 133. 560   

MExp  

Ini[ 

(Ibf in  

5.656E6 1. 026E7 9.754E6 - - - 8.143E7 6.609E6 1.526E5 2.962E4  

MExp  

Mat 

(lbf in) 

6.665E6 1.250E7 1.19107 8.541E7 7.877E7 1.231E8 8.541E7 6.957E7 1.576E5 2.996Fq  

-  

M!-T Init  

+ 

MExp !nit  

0.83 0.89 0.70 - - - 0.33 0.76 1.03 1.01  

Mi-T Inst  

+ 

MExp Inst  

0.73 0.78 0.63 0.82 0.89 0.81 0.39 0.81 1.05 1.00  

MDPFAD  

Init 

+  

MExp Init  

0.82 0.90 0.70 - - - 0.32 0.77 1.03 1.01  

MDPFAD  

Inst 

+  

MExp Irut  

0.75 0.79 0.64 0.83 0.89 0.80 0.39 0.81 1.05 1.00  

MLL Inst  

+ 

ME 	Inst  

0.75 0.70 0.76 0.69 0.75 0.90 0.52 0.79 0.83 0.71  

MLFSInst  

+ 

ME 	Inst  

0.76 0.44 0.44 0.39 0.42 0.59 0.29 0.48 0.52 0.45  

Tests: D1 to D3 from Le Dellion & Crouzet (1990), Si to S3 from Sturm  

R1 from Roos et al. (1989), and N1 to N3 from NUREG-1061 (1984)  

MExp Init: Experimental initiation moment  

MExp Inst: Experimental maximum moment (failure of the pipe)  

MJ-T Init: Initiation moment from J-T analysis  
MJ-T Inst: Instability moment from J-T analysis  
MDPFAD Init : Initiation moment from DPFAD analysis  
MDPFAD Inst: Instability moment from DPFAD analysis  
MLL Inst: Instability moment from LL analysis  
MLFS Inst: Instability moment from LFS analysis 

 

et al. (1987),  
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Table  3: Analytical versus experimental results. Through-wall circumferential cracked 
pipes under internal pressure plus bending moment  

Tests  K8  K9 S4 R2 R3 R4 R5 
^ ¡in)  4.88 4.88 31.5 16.81 16.81 16. 27.5 
t̂  in  0.337 0.337 1.85 0.63 0.63 0.394 1.858  

Material  SS304 SS304 NiCrMo 

Special Melt 

ferritic bainitic 

St 

ferritic bainitic 

St 

ferritic bainitic 

St  

bainitic St  

^IeS20) 76°  135 °  60 °  90°  45 °  60°  60°  

Internal  

Pressure (psi) 2495 1049 2175 1160 1160 1160 2175  

MExp Init 

bf  in  

- - - -

H._ 

3.717E6 7.966E6 3.664E6 

MExp Inst 
in )  _____Obf 

1.221E5 8.348E4 4.868E7 7.028E6 1.133E7 4.903E6 4.868E7  

MJ-T Init  

+ 

MExp Init  
- - - 0.59  1.11  0.59 -  

MJ-T Inst  
+ 

MExp Inst  

0.88 0.80 0.43 0.34 0.79 0.47 0.57  

MDPFAD Init  

+ 

MExp Init  

- - - 0.59 1.10 0.59 -  

MDPFAD Inst  

+ 

MExp Inst  

0.88 0.80 0.44 0.34 0.79 0.47 0.58  

MLL Inst  

+ 
MExp Inst  

1.18 0.77 1.15 0.44 0.75 0.82 0.87  

MLFS Inst  

+ 
, 	MExp Inst  

0.79 0.85 0.34 0.24 0.35 0.24 0.29  

Tests: K8 and K9 from Kastner et al. (1981), S4 from Sturm et al. (1987),and R2 to R5 
from Roos et al. (1989) 

MExp Init: Experimental initiation moment 
MExp Inst: Experimental maximum moment (failure of the pipe) 
MJ-T Init: Initiation moment from J-T analysis 
MJ-T Inst: Instability moment from J-T analysis 
MDPFAD Init: Initiation moment from DPFAD analysis 
MDPFAD Inst: Instability moment from DPFAD analysis 
MI.L Inst: Instability moment from LL analysis 
MLFS Inst: Instability moment from LFS analysis 
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