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TO PTS LOADING CONDITIONS*
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ABSTRACT

Several calculational procedures are compared for predicting
cleavage arrest of a deep crack in the wall of a prototypical
reactor pressure vessel (RPV) subjected to pressurized-
thermal-shock (PTS) types of loading conditions. Three
procedures examined in this study utilized the following
models: (1) a static finite-element model (full bending); (2) a
radially constrained static model; and (3) a thermoelastic dy-
namic finite-element model. A PTS transient loading condi-
tion was selected that produced a deep arrest of an axially-
oriented initially shallow crack according to calculational
results obtained from the static (full-bending) model.
Results from the two static models were compared with
those generated from the detailed thermoelastic dynamic
finite-clement analysis. The dynamic analyses modeled
cleavage-crack propagation using a node-release technique
and an application-mode methodology based on dynamic
fracture toughness curves generated from measured data.
Comparisons presented here indicate that the degree to which
dynamic solutions can be approximated by static models is
highly dependent on several factors, including the material
dynamic fracture curves and the propensity for cleavage
reinitiation of the arrested crack under PTS loading condi-
tions. Additional work is required to develop and validate a
satisfactory dynamic fracture toughness model applicable to
postcleavage arrest conditions in an RPV.

INTRODUCTION AND BACKGROUND

Analysis of pressurized-thermal-shock (PTS) events in reac-
tor pressure vessels (RPVs) requires an understanding of
conditions that govern initiation, rapid propagation, arrest,
and ductile tearing of cracks. In PTS scenarios, inner-
surface cracks in an RPV have the greatest propensity to
propagate because they are located in the region of highest
thermal stress, lowest temperature and greatest irradiation
damage. If such a crack begins to propagate radially through
the vessel wall, it will extend into a region of higher fracture
toughness due to the higher temperatures and less irradiation
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damage. Because a finite probability exists that crack initia-
tion will occur in a PTS transient, assessment of vessel in-
tegrity requires the ability to predict all phases of a fracture
event. This paper examines several of the issues related to
developing and evaluating fracture mechanics methodologies
that can be used for performing these ussessments.
Specifically, procedures for predicting cleavage arrest and
reinitiation of a deep crack in the wall of an RPV are consid-
ered, including circumstances under which certain quasi-
stitic methods cun be used to approximate results from dy-
namic formulations. Levels of conservatism associated with
applications of these methodologies to code-based analyses
of RPVs will also be discussed.

Based on results from the Integrated Pressurized-Thermal-
Shock (IPTS) Program [1-3] and other studies, the Nuclear
Regulatory Commission (NRC) established the PTS rule (10
CFR 50.61) [4] to insure the integrity of RPVs under PTS
transients. Plant-specific analyses must be performed for
any plant that is intended to operate beyond the screening
criteria. Furthermore, Regulatory Guide 1.154 [5] provides
guidance on the methodology for performing plant-specific
safety analyses, including references to the IPTS study as an
acceptable methodoiogy for the probabilistic fracture-
mechanics (PFM) portion of the analyses.

A typical quasi-static methodology for performing determin-
istic and probabilistic fracture mechanics analyses is em-
bodied in the OCA-P computer program [6], which is ref-
erenced in the IPTS study. The OCA-P program was devel-
oped at ORNL specifically for simulating the cleavage frac-
ture response of an RPV subjected 0 2 PTS event. The pro-
gram is based on linear-elastic fracture-mechanics (LEFM)
theory and on a static equilibrium description of the crack
propagation/arrest events in an RPV. As a consequence of
the static model, any dynamic effects associated with events
in an RPV are excluded from OCA-P analyses. Generally, it
is perceived that the OCA-P approuch produces conservative
cleavage fracture predictions, even though the dynamic
effects of a complete crack propagation event (involving
interaction of cleavage and ductile modes of fracture) are not
precisely understood. It should be observed that the current
version of OCA-P also excludes from the analysis the pos-
stbility of pre-cleavage ductile tearing. (Such events were
demonstrated in the second HSST pressurized-thermal-
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Several recent studies [8,9] have suggested that the method-
ology incorporater- into OCA-P for predicting crack arrest
(i.e. LEFM principles and static equilibrium assumptions)
may be ovérly conservative when used in conjunction with
the American Society of Mechanical Engineers Boiler and
Pressure Vessel Code (ASME Code, Section XI [10)).
Specifically, results from dynamic calculations are used in
Refs. 8 and 9 to argue that currently accepted ASME code
procedures are overly conservative in crack arrest predictions
for the case where an initially shallow crack arrests deep in
the wall of a vessel. The argument is based on .the observa-
tion that the time interval for crack propagation is consider-
ably less than the fundamental period of the structural
response. In particular, the bending response of the struc-
ture that provides additional loading of a deep arrested crack
in a condition of static equilibrium is small during the crack
propagation event; bending does not develop until well after
crack arrest has occurred. Consequently, analyses such as
those performed with OCA-P, which incorporate influence
coefficients based on full bending of the structure, predict
larger crack extensions and a higher required material tough-
ness for crack arrest than would be predicted by a dynamic
analysis.

In the following sections, several of these issues are ex-
amined quantititively through static and dynamic analyses of
a hypothetical RPV subjected to a PTS transient. Static
analyses were performed with the OCA-P code to identify
shallow cracks that initiate in cleavage and arrest deep in the
wall of the RPV. The OCA-P predictions are compared with
application-mode dynamic analysis results based on postu-
lated dynamic fracture toughness models generated in the
Heavy-Section Steel Technology (HSST) wide-plate testing
program {11,12]. The propensity for cleavage reinitiation of
the arrested cracks is investigated using both static and dy-
namic initiation toughness relations. A radially constrained
static model [13] developed to approximate boundury condi-
tions from the dynamic model at the time of crack arrest is
applied to the same PTS transient, and the results are com-
pared with those from the dynamic analyses. Finally, some
observations are made concerning important issues that have
been identified for further development.

ANALYSIS TECHNIQUES
1] Bending Model

The thermal, stress, and fracture-mechanics analyses in the
OCA-P computer program are performed in various analyti-
cal steps. The specified transient, which consists of the
reactor primary-system pressure and the reactor vessel
downcomer coolani temperature as functions of time, is the
input to OCA-P. The coolant temperature and a specified
time-dependent fluid-film heat-transfer coefficient are used in
OCA-P for a one-dimensional (1-DY thermal analysis to
obtain the radial temperature distribuiicn: in the vessel wall as
a function of time. Radial variations in material thermal
properties are permitted, and thus cladding can be treated as
a discrete region. Also, as an option to calculating the wall
temperatures with OCA-P, these temperatures can be
obtained by other means and then used as input to the
program.

Once the wall temperatures have been determined, OCA-P
performs a 1-D stress analysis for the unflawed vessel to
obtain the circumferential and longitudinal pressure and
thermal stresses as functions of time and radiai position in
the wall. If, however, the stresses are available from
another source, they can be used as input rather than
calculated.

The stress-intensity factors (Kj) are calculated using a super-
position technique that makes use of influence coefficients
based on a 90° model and the above stresses, as described in
Ref. 6. The calculated Kj values are obtained as functions of
crack depth and time in the transient. In a deterministic anal-
ysis, values of the static crack initiation toughness (Kjc) and
the crack-arrest toughness (Kjy) are also evaluated as a par
of the fracture-mechanics analysis for all crack depths and
times in the transient. A comparison of Kj with Kyc and K|,
permits an evaluation of flaw behavior.

i nstrained Model

Fabi and Ayres {13] argue that the structural response of an
RPV is slow compared to the time of cleavage crack exten-
sion, and that the crack extends into a vessel which is, 10 a
considerable degree, constrained from motion by its inertia
and has not responded to the new crack geometry. The
conditions on the boundary remote from the criack are essen-
tially the same as those existing prior to crack extension,
i-e., the crack loading is displacement controlled for the
short time prior to and during arrest. It would appear, there-
fore, that a static analysis with the appropriate displacement
control would enable a simple calculation of the Ky at crack
arrest. In order to find appropriate loading conditions, it is
necessary to determine the nature of the motion of the vessel
during the dynamic crack-extension event. Results of dy-
namic analyses presented in Ref. 13 imply that the motion
of the point on the outside surface of the vessel ncar the
plane of the crack during the time of crack extension is a
very small part of the eventual peak motion. Also, the time
of the peak motion response corresponds to the time of the
peak crack-tip response. Thus, the stress-intensity factor
during the crack extension is approximated in Ref. 13 by a
static elastic finite element analysis performed for the various
crack lengths, but assuming that the outer surfuce of the ves-
sel does not move radially from its position at the beginning
of crack extension.

To take account of the post-arrest motion of the vessel which
would increase the load on the crack, the restraints are
removed from the static model to compute K at the crack tip.
The peak Kj due to the load up after arrest is predicted by
multiplying the statically computed Ky by a dynamic amplifi-
cation factor determined from dynamic analyses of similar
structures. This factor was estimated to be 1.2 for an RPV
in Ref. 9. The resulting K is used to estimate if reinitiation
would occur by comparing it to the appropriate initiation
toughness value. The procedure was applied to a series of
crack initiation and arrest events in the ORNL wide-plate
tests in Ref. 13.

namic Anglysis Techniques

Thermoelastic dynamic analyses described in this paper were
carried out using an ORNL modified version of ADINA
[14,15] for dynamic crack analysis. The modified ADINA
code is capable of performing both application- and
generation-mode dynamic analyses. In the application-mode
analysis, the crack tip is propagated incrementally when K,
the dynamically computed stress-intensity factor, equals the
specified dynamic fracture toughness value, Kjp. In the
generation-mode analysis, the crack tip is propagated incre-
mentally according to a prescribed crack position vs. time
relationship, with the values of fracture toughness deter-
mined from the dynamically computed Kj. For both modes,
the dynamic stress-intensity factor is determined in each time
step from the dynamic J-integral containing the appropriate
inertial and thermal terms. The crack-growth modeling
technique of modified ADINA is based on that of Ref. 16, in
which the finite element immediately ahead of the crack tip is



divided into N subelements (typically, N = 5-10). During
propagation, the tip is moved through these subelements
along the crack plane in discrete jumps. The position of the
crack tip relative to these subelement divisions is determined
from restraining forces which are placed on the crack-plane
nodes of the element adjacent to the crack tip; these forces
are postulated to vary linearly with crack tip location within
the element and are released incrementally as the tip propa-
gates through the element.

The application-mode analyses of the present study em-
ployed two empirical dynamic fracture toughness relations
which were developed in support of the HSST wide-plate
testing program [11]. The first of these relations (pretest
model) was developed by Kanninen et 2l. [17]) from
Japanese wide-plate data [18] primarily for use in pretest
planning analysis of the wide-plate experiment. The rela-
tion, detailed in Ref. 19, is taken to have the form

Kig =Kia + A(a)? , where 1))

Kia = 29.5 + 1.344 exp [0.0261(T - RTnpT
+160)], and 2)

A(T) =[329.7 + 16.25 (T - RTnp) I x 106 ,0r  (3)
A(T)=[121.71 + 1.2962 (T - RTnpT)] x 106, )

if (T - RTnpT) is greater or less than —13.9°C, respectively.
Units for K, A, 4, and T are MPa m!/2. MPa s2 m-3/2, nys
and °C, respectively. In Eq. (1), it is assumed that the equa-
tion for Ky, can be chosen independently; here Ky, represents
the ASME Section X1 lower bound toughness curve [10].

The second relation (posttest model) was developed by
Schwartz [12] from dynamic data generated in the WP-1
series of HSST wide-plate tests, which employed specimens
fabricated from good-quality A 533 grade B class 1 steel. In
Ref. [12}, a linear form was assumed for the Kip (d, T)
relation, the coefficients of which were estimated from test
data using generation-mode computational methodology.
The resulting function is given by

a=Co(+Ci1(T) x (KYKra) KiKpa21 %)
a=0 KyKn<1 (6

where the temperature-dependent coefficients Cg and Cj are
in m/s and have the functional form depicted in Fig. 1, and
Kpais taken to be the ASME Section XI lower bound crack
arrest toughness curve [10]. In Ref. 12, the relation given
by Eqgs. (5)-(6) was successfully applied to a wide-plate
expenment [12, 20] that was not included in the data base
used to derive the model. In Reference 20, the two fracture
toughness relations were used to analyze wide plate test
WP-1.7. The two measured crack lengths at arrest were
0.528 and 0.635 m. The pretest model predicted arrest at a
crack length of 0.666 m whereas the posttest model pre-
dicted arrest at a crack length of 0.538 m, which is close to
the first measured arrest value.

PROBLEM DEFINITION

The PTS event selected for analysis from the USNRC/IPTS
studies is the H. B. Robinson transient 922.B [1] (modified
for a constant value of the heat transfer coefficient and
depicted in Fig. 2). The geometry of the vessel is given in
Table 1, the mechanical and fracture properties in Table 2,
and the thermophysical properties in Table 3. The PTS shift

equation for ARTnp described in Table 2 is given by:

ARTNDT = 0.56(38.0 + 470.0 x Cu + 350.0 x

Cu x Ni)(F x 10-19)0.27, @
and
F= FO e(-0.0UQ“ » a) (8)

where, ARTNDT is in °C, F is the attenuated fluence, Fg is
the fluence at the inner surface of the RPV, and a is the crack
depth in mm.
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Fig. 1  Temperature dependence of crack-speed regression
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Table 1. Geometry of vessel used in PTS analysis

Inner vessel radius 1981.2mm (78.0in.)
Wall thickness (with cladding) 236.474 mm (9.3 in)
Cladding thickness 5.587 mm (0.22in.)

Table 2. Mechanical and fracture toughness properties
of pressure vessel materials

Cladding Base Metal

Modulus of Elasticity (E) 1862000 MPa 193100 MPa
(27000 ksi) (28000 ksi)

Poisson’s ratio (v) 03 0.3

Thermal expansion 1.782E-5/C 1.44E-5/C
coefficient () (9.9E-6/F) (8.00E-6/F)

 Fracture toughness curves: ASME lower-bound Kj¢ and
Kia curves.

* RTnDTg = -17.7°C (0°F).

« Fluence at inner vessel wall surface = 3.15E+19 n/cm2.

* ARTNDT predicted by PTS shift equation (see Eq. (7) in
text].

« Fluence attenuation constant = 0.0094 mm-! (0.24 in.-1).

« Copper (Cu) = (.22 weight %.

« Nickel (Ni) = 0.80 weight %.

Table 3. Thermophysical properties
of pressure vessel materials

Cladding Base Metal

Thermal 17.3 watt/ym-C 41.52 watt/m-C
Conductivity (k) (10 BTU/Mr-ft-F) (24 BTU/hr-ft-F)

Specific Heat (cp) 502 Joule/kg-C 502 Joule/kg-C
(0.12 BTU/Ib-F)  (0.12 BTU/Ib-F)

Density (p) 7830 kg/m3 7830 kg/m3
(489 Ib/ft3) (489 1b/f13)

Initial vessel temperature: 288°C (550°F)

Coefficient of convective heat transfer; 2270 waty/m2-C
(400 BTU/hr-ft2-F)

Based on an OCA-P analysis, an infinitely long flaw having
a depth of ag = 0.024 m (a/w=0.10) is predicted to initiate in
cleavage at time t = 36 min and to arrest at a depth of
af =0.119 m (a/w = (.50). The hoop stress and tempera-
ture distributions through the vessel wall at the time of the
crack run/arrest event are depicted graphically in Fig. 3. In
Fig. 4, crack initiation is predicted to occur at the intersection
points of the applied Kjand the Kj¢ toughness curves.
Crack arrest occurs at the intersection point of the applied K
and the Kj, toughness curves shown in Fig. 5.
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Fig. 3  Hoop stress and temperature distributions through
the vessel wall at time t = 36 min: (a) hoop stress:
(b) temperature.
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Fig. 4  Predicted crack initiation in PTS transient.
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Fig. 5 Predicted crack arrest in PTS transient.

FINITE ELEMENT FRACTURE ANALYSES
Einite El Model

In the static and dynamic thermoelastic analyses, a 2-D plane
strain finite-clement formulation was utilized to model the
test vessel. The finite element model employed in these
analyses is depicted in Fig. 6 and consists of 1994 nodes
and 613 cight-noded isoparametric elements. The material
properties given in Table 2 were assumed to be constant. A
2 x 2 numerical integration order was used in all the analy-
ses. The values of the radial temperature distribution and
internal pressure at the time of cleavage crack propagation
for this transient (t = 36 min) were used as the boundary
conditions and assumed to be constant during the run-arrest
event. The pressure at crack initiation of 12.737 MPa was

981.2 mm
36.474 mm

1] T 1 |
| S S O | .

Fig. 6 Finite element model of the RPV.
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}';pplie& to the model using 2-D element pressure surfaces. In

.order to provide the proper constraint for the thermal

stresses, the material stress-free temperature was lowered to
184°C (reference temperature is 288°C) to produce a mean
out-of-plane stress through the vessel wall that approximated
an axial stress given by the relation (Pr/2t). The boundary
conditions of the constrained model were applied on the
outer edge of vessel as fixed displacements in the radial di-
rection, corresponding to the y displacement of the outer
comer at initiation.

ndin

Initially, quasi-static anatyses were performed with the
modified ADINA piogram for the initial crack depth
(a/w =0.10) and for two other crack depths (a/w = 0.49
and a/w = 0.51) which bound the arrest location deter-
mined by OCA-P. The computed Kj values compare well
with the OCA-P calculations (for a/w = 0.10, K; = 106
MPasvi (ADINA) and 106 MPaeviii (OCA-P); for
a/w =0.50, Kj= 316 MPasini (ADINA), 311 MPa+mm
(OCA-P)), and are reported in Table 4.

Application-Mode Dynamic Analysis

The first application-mode dynamic analysis was performed
using the ASME Section X! lower bound toughness curves
[10]. Equation 2 was used to calcuiate K, and the following
equation was used to calculate Kjg:

Kjc = 36.5 + 3.084 exp [0.036(T-RTnpT + 100)]  (9)

In this case, the crack was assumed to arrest if Kig fell below
K1, or if the crack velocity dropped below a threshold veloc-
ity of 2% of the shear wave velccity (~60 m/s). The
assumption that the crack will not propagate at a slow speed
is supported by analyses of the wide plate tests [11}; in
principle, the abrupt stopping of crack extension provides a
better correlation with observed results. 1n Ref. 20, the
velocity of the crack, which is measured by strain gages,
ranged from 200 to 500 m/s prior to arrest for WP-1.7.

Analysis results predicted crack arrest at a/w = 0.358 for the
pretest fracture toughness model given by Eqs. (1)-(4) (path
A to B in Fig. 7) and ai a/w = 0.31 for the posttest moxel of
Eqgs. (5)-(6) {(path A to D in Fig. 7). After the initial arrest,
Kjoscillates due to vessel bending and reaches peak values

of 262 MPas+/m at 19.5 ms (point C in Fig. 7) and 209

MPasvm at 2.9 ms (point E in Fig. 7) for the pretest and
posttest models, respectively. If crack reinitiation is
assumed to occur when the applied K increases above the
static K¢ value calculated from Eg. (9), then the results de-
picted in Fig. 7 do not predict reinitiation for either of the
fracture toughness models.

In general, the lower-shelf and transition fracture toughness
of siructural steels decreases with increasing loading rate.
So for any given temperature, the fracture toughness mea-
sured in a high rate loading test, Kyg, is generally lower than
the fracture toughness measured in a static test, Kie.
Typically, dynamic K¢ tests [21) are conducted at crack-tip
strain rates at the elastic-plastic boundary varying between
10 and 40/sec (K between 105 and 3 x 105 MPa++m /sec),
whereas static K| tests are conducted at strain rates at ap-

proximately 10-3/sec (K = 3 x 102 MPae+/m /sec).

A procedure was developed for this study to estimate the
dynamic initiation toughness from measured data in four

steps: (1) a representative high loading rate, K, can be
determined from the slope of Kj vs. time curve generated



Table 4. Results of static and application-mode dynamic analyses

Analysis ~ ayw  Temp Time Ky Event Nolte
€O Ams) Mpavm)
Static
Full bending 10 158 106 Initiation
.50 210 316 Arrest
Radially constrained 10 158 106 Initiate
30 187 130 Amrest
30 187 200 Reinitiate
Dynamic
Pretest model — LB9 10 158 0.00 106 Initiate i =250m/s
Egs. (14) 358 195 047 174 Arrest i <50 nvs
358 195 19.50 262 Reinidate 3 = 225 nys
46 20 19.70 261 Arrest a<50nys
24.50 33s Peak Ki=410torein
Postiest model - LB 10 158 000 106 Initiate i =525 m/s
Eqgs. (5}H6) 31 189 0.15 135 Arrest Ki<Kiy
3 189 290 209 Reinitate 4 =200 mys
36 196 302 202 Artest a < 50 nvs
19.30 263 Peak Ki =264 1orein
Posttest model - LBY .10 158 0.00 106 Initiate i=525nvs
31 189 Q.15 135 Arrest Ki <K
19.30 236 Peak K =254 torein
Pretest model - MEANY 10 158 0noo 106 Initiate a = 192 nys
.28 1S 16 I54 Artes a4« SOy
1940 08 Peak Kt =256 oremn
Posttest model - MEAN® 10 158 040 106 Initiate a=S11ms
23 178 0.08 119 Arrest Ky <Kjy
19.20 180 Peak Ki =200 10 rem

9K 14 calculated from extrapolated matenal propertv data and Kj¢ curve.
5K ja calculated from 30°C remperature shift in Kyc vurve.
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Fig. 7 K vs. a/w for application-mode dynamic analysis.

from a dynamic analysis; (2) at this K, the Kjg vs. tempera-
ture (T-RTNpT) relation can be determined from measured
data; (3) the relation of (T-RTNpT) vs. a/w is determined for
this material from the PTS transient at crack initiation; (4) a
Kiq vs. a/w curve can be constructed from curves generated
in steps (2)-(3). The applied Ky vs. time curve is shown in
Fig. 8 for the application-mode dynamic analysis with two

representative loading rates (K) of 104 and 105
MPas+/m /sec. Values of Kigata K of 105 MPa«+m fsec

(105 ksis/in. /sec) for A533 Grade B Class 1 steel at several
temperatures (T-RTnpT) are oblained from Fig. 9 [22] and
listed in Table 5. From the reference temperature vs. a/w
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Fig.8 K obtained from slope of K; vs. time for
application-mode dynamic analysis.
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Fig. 9 Kiyg vs. Kjq for A533B at several temperatures.
Source: W. O. Shabbits, Dynamic Fracture
Toughness Properties of Heavy Section A 533
Grade B Class 1 Steel Plare, Westinghouse R&D
Center, WCAP-8623, HSST Technical Report No.
13, December 1970.

Table 5. Values for Kig at various temperatures for a
loading rate (K ) of 105 MPa v'm /sec (105 ksi+/in. /sec)

T;RT};]DT Kia a/w
°CCR] [MPa+vm (ksi+/in.)]

0(0) 55 (50) 0.00
42 (75) 97 (83) 0.13
56 (100) 123 (112) 0.20
69 (125) 169 (154) 0.26

relation shown in Fig. 10, the initiation toughness was
determined for the selected values of a/w tabulated in Fig.
11. The Kyq curve in Fig. 11 is constructed from a curve fit
10 the K ¢/Kic values in the table of Fig. 11 using the relation

Ki¢/Kc = A exp (B = /w) am

where A is 0.923454, B is -2.10665 and Kjc is given by
Eq. (9).



Temperature (C)

0 v L ) L] v ]
{lime =36 min
— T (C)
essnsew Dmm(c’
e T.RTNOT (C)
20 _
~~-.~
-.-.~ ~
100 P il P h
--~...__
siw TRer K """ tveaal
000 0 55
0.13 42 97
0.20 56 123
026 69 169
o & 1 re i A 1 .
0.0 8.2 0.4 0.8 0.8 1.0
aw
Fig. 10 Temperature vs. a/w for analysis.
g Kic Kig
I

K
—19 . sexp(Beaiw)
Kic

A =0.923454

B = ~2.10665

K (MPa/m)
100.0

2.8
L
2
%

Kig Kic KiaKie

& .00 55 58 0.920

8 .13 97 139 0.698

.20 123 205 0.60t

.26 169 314 0.539

d T R T T T T T T T
0.0 0.} 0.2 c.3 0.4 0.5 0.6 0.7 0.8 0.9

alw

Fig. 11 Fracture toughness vs. a/w for analysis.

The application-mode dynamic analyses were repeated using
the generated Kyq curve in place of the ASME lower bound
Kjc curve to determine the propensity for crack reinitiation.
As shown in Fig. 12, the crack reinitiated for the pretest
model at a Kj value of 262 MPasvii, and then arrested at a K
of 261 MPa«m and a/w of 0.46 (path A-B-C-F). After
arrest K again oscillates with a peak value of 335 MPaevifi at
24.5 ms (point G) which is below the Kjg curve. For the
posttest model, the crack reinitiated and arrested because of
low velocity at an a/w of 0.36 (path A-D-E-H). KI reached
a peak value of 263 MPaevi at 19.3 ms (point 1), which

missed the reinitiation value by 1 MPasvini. If reinitiation had
occurred, the crack would have arrested at an a/w of approx-
imately 0.46 which is consistent with the OCA-P prediction.
This is shown as a dashed line in Fig. 12.

When the application-mode analyses were repeated using es-
timated mcan curves for Kj¢ and K, (obtained from the
ASME lower bound Kj¢ and K curves), both the pretest
and posttest fracture toughness models produced arrest at
shallower depths, a/w = 0.28 and 0.23, respectively; the
cracks did not reinitiate. These results are depicted in Fig.
13. Data from Ref. 22 imply that an initiation toughness
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Fig. 12 K vs. &/w for application-mode dynamic analyses
using the initiation toughness curve generated from
the ASME lower bound Ky curve.
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Fig. 13 K| vs. a/w for application-mode dynamic analyses
using the initiation toughness curve generated from
an estimated mean Ky curve.

curve valid for high loading rates could be generated by
shifting the lower bound Kj¢ curve 30°C to the right: appli-
cation-mode analyses based on this shifted curve resuited in
no reinitiation. Results of these dynamic analyses are re-
ported in Table 4.

i strain iter

As discussed earlier, it has been proposed [13] that the
stress-intensity factor during crack extension can be approx-
imated by a siatic analysis which assumes that the vessel is
essentially stationary. The technique proposed in Ref. 13
was investigated in the present study through an application
10 the same RPV model and PTS loading transient defined
earlier. A series of static thermoelastic analyses were per-
formed at various crack lengths, with the vessel fixed
radially on the outer surface at the radial displacement calcu-
lated for the initial crack depth. The results of these analyses
are depicted in Fig. 14, where the calculated K| values from
OCA-P (static-full bending), application-mode dynamic
analysis (posttest model and Kjg curve), and static (radially
constrained outer surface) are plotted as functions of a/w.
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Fig. 14 Comparison of K vs. a/w for the static and
application-mode dynamic analyses.

Note that the K; computed from the static radially con-
strained model intersects the Kj, curve at about the same
point as ihe first arrest of the application-mode dynamic
analysis using the posttest model (3% difference). The un-
constrained value of Kj at an a/w of 0.30 is 188 MPasviii,
and when this value is amplified by 1.2 the K| value is 226
MPa«vm which would predict reinitiation since Kig is 200
MPasvifi. Analyses to determine subsequent crack propaga-
tion and rearrest were not completed for inclusion in this
paper due to time constraints. A comparison of predicted
crack arrest values for some of the previously described
analyses is also depicted in Fig. 14. The differences in these
results are clearly dependent upon whether or not the crack
reinitiates.

DISCUSSION OF RESULTS

The near-term (i.e., a few ms after the previous arrest) reini-
tiation of a crack is determined by the dynamic loading on
the crack and the material toughness. The thermoelastic
dynamic analyses predict rapid oscillations in the applied K
about a value above 200 MPaeviii following the initial cleav-
age arrest, with loading rates on the crack that may be on the

order of 10% or 105 MPasviivsec. At these Kj levels, signifi-
cant plasticity may be occurring in the crack-tip region,
which is not considered in the present analyses; furthermore,
the strain-rate dependence of plasticity in A 533 B steel has
been well established (see Ref. 23). While strain-rate
dependent plasticity effects in dynamic fracture of A 533B
steel have been studied extensively (for example, see Ref.
15), theese models are not sufficiently developed or validated
for applications to the present study.

An important related factor is that toughness appears to be
very sensitive to loading rate, as depicted in Fig. 9. The data
in Fig. 9 were obtained with CT specimens loaded from
essentially no load to failure at a fairly uniform loading rate.
Studies [131] of crack reinitiation in the Electric Power
Research Institute/Combustion Engineering moment modi-
fied compact tension tests and the HSST wide-plate tests
imply that reinitiation Kj values were higher than would be
predicted by Fig. 9. Therefore, for PTS-type loadings or
loading in a large structure, some other mechanism may be
acting that would call into question the transfer of the phe-
nomena of Fig. 9 to the larger test structure situations.
Some research which has been performed to study the nature
and reason for rate effects on initiation values [24] suggests

that there may be an incubation time required for dynamic
initiation. In order to assess the relevance of the Fig. 9 data,
substantial wcrk may be required.

The analyses discussed above provide what is probably a
lower bound estimate of the influence of vessel dvnamic
response on crack arrest. The plane-strain analysis model of
Fig. 6 incorporates the assumption of an infinite flaw length.
Prior analyses (25} have shown that the stress-intensity fac-
tor at the deepest point of a semielliptical surface crack
remains less than that for an infinite flaw even when the flaw
surface dimension becomes very long. The stress-intensity
factor time history for the period following the initial crack
arrest will therefore be conservative for flaws of finite
length. Incorporation of finite length flaw stress-intensity
factors into the analysis, together with a statistical rather than
a lower-bound representation of Ky, would probably pre-
clude crack reinitiation in many cases. The initial crack
arrest would then become the final arrest at that time in the
PTS transient.

The analysis results of Fig. 14 show that without reinitia-
tion, the crack depth to vessel-wall thickness ratio (it/w) at
arrest would be (.31 (posttest model) rather than the value of
0.5 predicted by the OCA-P static equilibrium model. This
difference could be very important in a probabilistic fracture
mechanics analysis since, beyond a critical depth, the
arrested cleavage crack becomes unstable due to the onset of
ductile tearing.

Another post-arrest consideration is the effect of high-pres-
sure transients, which have been determined to be the most
probable from the IPTS studies. In these transients, Kycan
exceed Kjc for deeper crack depths, increasing the probabil-
ity of crack reinitiation at a later time in the transient. Thus,
even if an initial cleavage crack arrest takes place as a result
of dynamic effects, a series of reinitiation/arrest events can
lead to vessel failure.

SUMMARY AND CONCLUSIONS

Comparisons of crack arrest predictions from the static and
dynamic analyses indicate that the radially-constrained static
model shows good agreement with the posttest dynamic
model for the initial crack arrest depth, while the full-bend-
ing static model (OCA-P) leads to an over-prediction of the
first and second arrest depth. The magnitude of these differ-
ences is dependent upon whether or not cleavage reinitiation
is predicted by the dynamic models.

Several factors that influence post-cleavage arrest predictions
in dynamic models of the type employed in this study in-
clude (but are not limited to):

1. Dynamic initiation toughness of the vessel material,

2. Dynamic fracture toughness of the vessel material,

3. Pre- and post-cleavage ductile tearing (such as that
observed in the HSST/PTSE-2 experiment),

4. Constitutive modeling and fracture parameters of the
material (e.g., plasticity, strain-rate effects, etc.),

5. Geometric model of the crack (e.g., two-dimensional
Vs, Ll;ree-dimensional representation of the propagating
crack).

The differences in predictions of reinitiation of the arrested
crack are predominantly controlled by the assumed tough-
ness. This issue condenses to the relevance of the rate de-
pendency shown in Fig. 9 to the realistic situations of
interest.

Clarification of any one of the above issues represents a
formidable research challenge, but the development of an
effective model of the complete fracture event is dependent



upon substantial progress being made in several of these
areas.
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