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5.0 PROBABILISTIC FRACTURE-MECHANICS ANALYSIS OF
CALVERT CLIFFS UNIT 1 SEQUENCES

R. D. Cheverton
Oak Ridge National Laboratory

D. G. Ball

Martin Marietta Energy Systems, Inc.
Computer Sciences Division

5.1 Introduction

This chapter provides detailed information regarding the probabilistic
fracture-mechanics analysis of the Calvert Cliffs-1 reactor vessel and discusses
(1) the conditions necessary for failure (through-wall cracking) of a PWR pres-
sure vessel as a result of a PTS transient, (2) the fracture-mechanics models
used for evaluating vessel integrity, and (3) the results of a probabilistic
fracture-mechanics analysis of the Calvert C1iffs-1 reactor vessel for PTS
loading conditions. Supplementary information is included in Appendices K

and L , as noted in this chapter.

5.2 Description of Basic Problem

During a PTS transient in a pressurized-water reactor (PWR), the reactor
pressure vessel is subjected to thermal shcck in the sense that thermal stresses
are created in the vessel wall as a result of rapid removal of heat from its
inner surface. The thermal stresses are superimposed on the pressure stresses
with the result that the net stresses are positive (tensile) at and near the
inner surface of the wall and are substantially lower and perhaps negative else-
where, depending on the magnitude of the pressure stress. The concern over the
high tensile stresses near the inner surface is that they result in high stress
intensity factors (KI) for inner-surface flaws that may be present. To compound
the matter, the reduced temperature associated with the thermal shock and radi-

ation damage result in relatively low fracture-toughness values for the vessel
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material, particularly near the inner surface. Thus, there is a possibility
of propagation of initialiy very shallow as well as deeper flaws, and the
probability increases with time because of the time dependence of radiation
damage. |

The positive gradient in temperature and the negative gradients in stress
and fluence through the wall tend to provide a mechanism for crack arrest. Even
so, if the crack is very long on the surface and propagates deep enough, the
remaining vessel ligament will become plastic, and the vessel internal pressure
will uitimately result in rupture of the vessel. Thus, for each thermal tran-
sient there will be a maximum permissible pressure that is a function of the
time that the vessel has been in operation.

Crack propagation may also be limited by a phenomenon referred to as warm
prestressing (WPS), which has been demonstrated to some extent in the laboratory

1 and also in a rather large, thick-walled cylinder during

2

with small specimens
a thermal-shock experiment.“ In such cases, WPS simply refers to the inability
~¥ a crack to initiate while KI is decreasing with time, that is, while the
crack is closing. While this special situatiun is encountered during some
specific overcooling accidents, caution must be exercised in taking credit for
WPS because changeg in the pressure that affect little else can delay or elimi-
nate the requisite conditions for WPS.

The area of the vessel of particular concern in the event of a PTS tran-
sient is the so-called beltline region, that is, the area directly across from
the core where (1) the radiation damage is the greatest, (2) the thermal shock
could be severe, and (3) a rupture of the vessel could preclude flooding of the
core. Whether or not a particular degree of rupture associated with a particu-
lar transient could in fact preclude flocoding of the core has not been determined
but is under investigation. For the purpose of this report, it is sufficient to

predict whether a flaw will propagate completely through the wall of the vessel.



The radiation-induced reduction in fracture toughness of the vessel mate-

rial is a function of the fast-neutron fluence and the concentrations
of copper (a coi..aminant) and nickel (an alloying element). Furthermore, for
the same values of fluence, copper and nickel, radiation damage tends to be
greater in the welds that join the segments of the vessel than in the segments
(base material). In most PWR vessels the highest concentrations of copper are
found in the welds, and many of these welds have high concentrations of nickel
as well. Thus, for some PWR vessels the welds are of primary concern. However,
the much larger surface area of the segments may offset the difference in radia-
tion damage between segments and welds, if the density of surface flaws in the
segments is about the same as,or greater than,that for the welds.

The beltline region of reactor pressure vessels is fabricated using either
forged-ring segments or rolled-plate segments. Vessels made with forgings have
only circumferential welds, while plate-type vessels have both circumferential
and axial welds, as shown in Fig. 5.1. For plate-type vessels with staggered FS..
axial welds and for which radiation damage is much more severe in the welds
than in the base material, the final surface length of a propagating inner-
surface axial flaw tends to be 1imited to the length of the axial weld in which
it resides, that is, the height of the shell course. Furthermore, only that
portion of a weld that is within the axial bounds of the core need be considered
because of the steep attenuation of the fast-neutron flux, and thus radiation
damage, beyond the fuel region.

If the chemistry in adjacent plate segments is about the same, the extended
surface length of an axially oriented flaw in a plate segment is also limited
by the height of the core but not by the height of a shell course.

Because of an azimuthal variation in the fast-neutron flux (see Fig. 5.1)
and possibly in chemistry, the extended length of an initially short, ci;cumfer-
entially oriented flaw located in a circumferential weld or in a plate segment
also tends to be limited.
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The behavior of an assumed flaw can be predicted for a given transient using
fracture-mechanics methods of analysis. In such an analysis the parameters and
considerations involved are the size, shape, and orientation of the flaw; the
thermal and pressure stresses resulting from a specific transient; the tempera-
ture and fast-neutron fluence distributions throughout the vessel wall; the
effect of fluence and material chemistry on radiation damage; a variety of
material properties; and a comparison of the stress intensity factor (KI) assoc-
iated with the tip of the flaw with the material's static crack-initiation and
crack-arrest fracture-toughness values (KIc and KIa)‘ Each of these factors
must be considered in the development of an appropriate analytical model for
evaluating the integrity of a PWR vessel when subjected to PTS loading con-
ditions. The necessary models for performing a probabilistic fracture-mechanics
anaiysis fer the Calveﬁ} Cliffs-1 reactor pressure vessel and the results of

the analysis are discussed in the remainder of this chapter.

. 5.3 Calculational Models

The conditional probability of vessel failure (through-wall cracking) was
calculated for the Calvert Cliffs-1 reactor pressure vessel using the OCA-P
code.3 OCA-P accepts as input the primary system pressure, the temperature
of the coolant in the reactor-vessel downcomer, and the fluid-film heat trans-
fer coefficient adjacent to the vessel wall, all as a function of time in a
specified PTS transient. The code then performs one-dimensional thermal and
stress analyses for the vessel wall and finally a probabilistic fracture-
mechanics analysis. Details of OCA-P necessary for an understanding of the

Calvert Cliffs-1 vessel analysis are discussed below.

(N
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5.3.1 Fracture-Mechanics Model

The fracture-mechanics (FM) model in OCA-P is based on linear elastic
fracture mechanics (LEFM) and uses a specified maximum value of K, to account
for upper-shelf behavior. The stress intensity factor (KI) is calculated using
superposition techniques in conjunction with influence coefficients that were
calculated using finite-element techniques. The application of this procedure
makes it possible to perform a large number of deterministic FM calculations
at reasonable cost, a necessary condition for performing the probabilistic
analysis.

The Calvert Cliffs-1 vessel was fabricated from sections of piate and has
both axial and circumferential welds in the beltline region, as shown in Figs.
5.2 and 5.3. The length of flaws in the axial welds with depths greater than
~4C nm was assumed to be approximately the height of a shell course, and the
shape was assumed to be semielliptical (this flaw is referred to as the 2-m
flaw). Since the ends of this flaw are fixed, propagation was 5udged on the
basis of the K ratios (KI/KIC, KI/KIa) at the deepest point of the flaw. Deep
axial flaws in tne plate region were assumed to be two-dimensional (infinite
length) since their surface length could extend the full length of the core.

Shallower flaws were assumed to be two-dimensional, because long shallow
flaws are essentially two-dimensional, and short flaws tend to grow on the

4 at least in the absence of cladding. Because

surface to become long flaws,
the effect of cladding on the surface extension of srort flaws is not known
at this time, any possible beneficial effect has been discounted.

Cladding on the inner surface of PWR pressure vessels was included in the
OCA-P analysis as a discrete region to the extent that the thermal and stress
effects were account for. As mentioned above, the effect of cladding on the

surface extension of finite-length flaws was not considered.

(-
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Because of the difference in the coefficient of thermal expansion between
the cladding and base material, the calculated stresses in the cladding exceed
the yield strength of the cladding by an appreciable amount, and this results
in an overestimation of the KI values for the flaws, which were assumed to
terminate in the cladding or extend through the cladding into the base material.
An alternative approach would be to limit the stress in the cladding to the
yield stress, but this underestimates KI because KI is sensitive to the strain,
which is not limited by the yielding phenomenon. The difference 1n KI between
these two extremes is not large; thus the conservative extreme was selected.

Material properties required for the fracture-mechanics analysis include
the static crack initiation and arrest toughness values (KIc and KIa) and the
nil-ductility reference temperature (RTNDT). For the probabilistic fracture-
mechanics analysis, mean values of these parameters are required, and they

were obtained for the vessel material as follows:

KIC = ,.43 {36.5 + 3.084 exp [0.036 (T — RTNDT + 56)]}, MPa vm (5.1)

Kla = 1.25 {29.5 + 1.344 exp [0.0261 (T — RTNDT + 89)]}, MPa v/m (5.2)

where the quantity in braces represcnts the ASME Section xIs lower-bound tough-
ness value and T is the temperature at the tip of the flaw in °C. These ex-
pressions were obtained by letting the ASME Tower bound curves represent the

mean values minus two standard deviations (2c) and by letting °(K

)

0.15 ¥, and c("x y = 0.10 Kp,. &
a

In many cases, if crack arrest takes place, it must do so at upper-shelf

temperatures, tnat is, at temperatures that, under static loading conditions,

result in ductile rather than brittle behavior of the material. Crack arrest

under these conditions is not well understood but has been included in an
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approximate manner by specifying a maximum value of KIa that corresponds to
the upper portion of an upper-shelf tearing-resistance curve. As illustrated
in Fig. 5.4, which is a plot of K vs crack depth (a) and temperature (T) at a
specific time in a transient, if the load line (KI vs a, T) intersects the

KIa curve at KIa < (Kla)max‘ upper-shelf temperatures are not encountered. If,

on the other hand, the load line misses the rising portion of the K, . curve

la
and then decreases, as it does for some transients, there is, according to the

model, a possibility of crack arrest at upper-shelf temperatures.
The tearing resistance curve selected for this study represents a specific

high copper, low-upper-shelf weld material that had been irradiated to a fluence

19 2 6

of ~1.2 x 10°” neutrons/cm“ at a temperature of ~300°C and tested at 200°C.

The upper, nearly flat portion of this curve corresponds to a KJ value of
n220 MPa /m, and this value was used for (KIa)max; KJ was obtained using the
relation

"

KJ VJE (5.3)

where

L
"

strain energy release rate

E = Young's modulus

The tearing resistance of PWR vessel materials tends to decrease with in-
creasing temperature and fluence, and thus the effects of temperature and
fluence tend to compensate for each other through the wall of the vessel.
Because of this and the very approximate nature of the treatment of arrest on
the upper shelf, no attempt was made to account more accurately for the effects

of temperature and fluence on (Kla)

max’

Fse
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The nil-ductility reference temperature (RTNDT) is equal to the sum of
an initial (zero fluence) value (RTNDTO) and an increase due to radiation

damage (ARTNDT); that is,
RTNDT = RTNDT + sRTNDT (5.4)

The correlation for ZRTNDT used in these studies was recertly proposed by

Randall’ and is

IRTNDT = 0.56 [~10 + 470 Cu + 350 CU Ni] (F x 10719)0:27 o (5.5)
or
IRTNDT = 0.56 [283 (F x 10719)0-19% _ 4g7, ¢ (5.6)

whichever is smaller, where

Cu, Ni = concentrations .f copper and nickel, wt %,

F = fast-neutron fluence (neutron energy > 1 MeV), neutrors/cm?
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Equations (5.5) and (5.6) were derived without distinguishing between
weld and base material. A more recent attempt to correlate the data does dif-
ferentiate between the two materials, and the results indicate (1) substantially
less damage for the base material than for welds and (2) greater damage for
the welds than indicated by Eq. (5.5).7 For this study, Egqs. (5.5) and (5.6)
were used for the weld material, and a differential between weld and plate
material was obtained from the most recent correlations7 and was applied in
the evaluation of flaw behavior in the base material.

The attenuation of the fluence through the wall of the vessel is approxi-

mated with

£ = Fo e—0.0094 a (5.7)

where F0 is the fluence at the inner surface of the vessel and a is the
crack depth in millimeters. The specific value of the coefficient in the

exponent arcounts to some extent for the effect of space-wise spectral changes

in radiation damage.7

If the assumption is made that a short and shallow surface flaw can
extend on the surface through the cladding to become a long flaw (and this

assumption is made for these studies), then it must be assumed that under the
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proper circumstances a very shallow flaw that initially resides entirely
within the cladding can propagate radially. Unfortunately, the fracture-
toughness properties of the cladding material are very uncertain, and the
few experimental data that are available indicate a radiation-induced reduc-
tion in fracture toughness similar to that for the base material. As an
expediency, which may or may not be conservative, it was assumed that the
cladding has the same fracture-toughness properties as the base material
[Egs. (5.1), (5.2), (5.5) and (5.6)]. In the OCA-P anaiysis, assumptions
regarcing the fracture behavior of the cladding influence only the initiation
of very shallow flaws that initially terminate in the cladding. Under some

circumstances, including the above assumption regarding the fracture toughness

of the cladding, these shallow flaws will initiate and result in vessel failure.

Therefore, it was necessary to include the fracture properties of the cladding.
The deterministic fracture-mecnanics model described above is used in
0CA-P to predict the behavior-of a flaw during a specified PTS transient at
a specified time in the 1ife of the vessel, and the calculated behavior can be
illustrated with a set of critical-crack-depth curves similar to those shown
in Fig. 5.5. The figure consists of a plot of crack depths corresponding to
various events and conditions as a function of the time in the transient at
which the events or conditions take place or exist. Figure 5.5 includes (for

2-D, axially oriented flaws only) the locus of points for Kp = K; (crack-

c

initiation curve), KI - KI (crack-arrest curve), KI B (K')max (warm prestress

a
curve with RI =(0), and Kx = constant (isc Ky curves). For times less than
those indicated by the WPS curve, crack initiation will take place, but for
greater times initiation will nct take place unless perhaps there is a pertur-

bation in K, that negates the requisite conditions for WPS.
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The dashed lines in Fig. 5.5 indicate the behavior of two initially shallow
flaws, ignoring the effects of WPS. The deeper flaw would initiate at a time
of 42 min into the transient and would extend through the wall without arrest-
ing. The other flaw would initiate at an earlier time, would arrest at a point
36% of the way through the wall, and then would reinitiate at a time of ~88 min
and penetrate the wall. Earlier in the life of the vessel the tendency for com-

plete penetration of the wall is less.

5.3.2 Stress-Analysis Model

When using the superposition technique in combination with influence co-
efficients to calculate KI’ the stresses required are those at the crack plane
in the absence of the crack and with no variation in the direction of the length
of the crack. For the Calvert Cliffs-1 analysis, it was assumed that there was
no azimuthal variation as well, and thus the one-dimensional stress analysis

model incorporated in OCA-P was adequate.

Material properties required for the stress analysis included the coefficient

of thermal expansion (a), Young's modulus (E), and Poisson's ratio (v). Although
these properties have some temperature dependence, it was determined8 that the
use of appropriate average values results in an error in the calculated value

of KI of less than 10%. Thus, average values were used based on the data in

Ref. 9. Thre values used for the Calvert Cliffs-1 analysis are as follows:

Property Base Material Cladding
3, oc} 1.45 x 1072 1.79 x 107
. MPa 1.93 x 10° 1.86 x 10°

v 0.30 0.30
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5.3.3 Thermal Analysis Model

Temperatures in the wall of the vessel are required for two purposes:
to calculate the thermal stresses and to calculate the fracture toughness.
The temperatures required for determining the fracture toughness are those in
the plane of the flaw, while those used in the one-dimensicnal analysis of the
thermal stresses must represent some type of average distribution through the
wall. The thermal stresses in the vicinity of the crack plane are more sensi-
tive to the radial tamperature distribution at the crack plane than elsewhere.
Since these temperatures are the same as those needed for the fracture-toughness
determinations, and since cnly one set of temperatures was to be used for both
the stress and toughness calculations, the local temperatures would be the
choice. These particular temperatures were not available, but fortunately the
results of the thermal-hydraulic analysis indicated that for the transients of
interest there was not much azimuthal variation in the downcomer coolant tem-
perature. Thus, the time-dependent temperature distributions in the wal} of
the vessel were calculated with the one-dimensional thermal-analysis model in
O0CA-P,using average downcomer coolant temperatures and heat transfer coefficients.

Material properties required for the thermal analysis include the thermal
conductivity (k), specific heat (cp), and density (p) of the vessel material.

The values used are as follows:

Property Base Material Cladding
k, W/m-°C 41.5 17.3
€go J/kg-°C 502 502

o, Kg/m> 7830 7830
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Table 5.1.

Parameters simulated in QCA-P

Standard®
Parameter devia?ion Truncation
(¢
Fluence (F) 0.3 u(F) F=0
Copper 0.025% -
Nickel 0.0 --
RTNOT, 9°¢” b
ARTNDT 13°¢° b
KIC 0.15 u(KIC) 3¢
K;’a 0.0 ’..'(Kza) =3z
“Normal distribution used for sach

parameter.

I(rTNOT) *
truncated at =3-.

e al
[- (RTNOT ) *o (;Rrr;orﬂ )
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The parameters N and f(a) pertain to vessel conditions prior to preservice
inspection and repair, and B(a) is derived on the basis of repairing or other-
wise disposing of all detected flaws.

The value of N and the functions f(a) and B(a) are not well known because
most of the available inspection data do not pertain to surface flaws that
extend into and through the cladding of a PWR pressure vessel. For the Calvert
Cliffs-1 analysis, the functions f(a) and B(a) were those suggested in the

Marshall Report11 and are as follows:
f(a) = 0.16 ¢ 0-16 2 (5.9)
B(a) = 0.005 + 0.995 ¢ 0-113 2 (5.10)

where

a = crack depth, mm

o

/f(a)da = ] . '

Q

For the Calvert C1iffs-1 vessel the probability of nondetection, B(a),
should probably be set equal to unity, independent of a, because it is not
Tikely that a reliabie inspection was made for flaws in and extending a short
distance beyond the cladding. Furthermore, it is not likely that any detected
flaws of this type were repaired, Even so, Eq. (5.1) was used in the Calvert
Cliffs-1 analysis. If B(a) = 1 were used instead, P(F|E) would be about twice
as much. Thus the results of this study can be interpreted accordingly.

The value of gn sed in the Calvert Cliffs-1 analysis was 1 f1aw/m3 of weld
and base material,/it was assumed that all flaws were inner-surface flaws normal
to the surface. Flaws in welds were oriented in the length-direction of the
weld, while those in the plate segments were oriented axially. The assumed value
of the flaw density (1 f1aw/m3) agrees with that suggested in the Marshall Report,
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but the uncertainty is considered to be very large (values of N corresponding
to 1o variations are estimated to be 1072 and 102 flaws/ma).

The volume (V) of a weld or plate secment used for calculating the number of
surface flaws was the total volume of that portion of the weld or segment that was
nearly within the axial confines corresponding to the active length of the core.

As mentioned above, the calculated probability of vessel faiiure for this
study is the number of simulated vessels calculated to fail divided by the

total number of vessels simulated or otherwise accounted for. Thus,

N
A VN [ fla)sa)da , (5.11)
g'vj ]

P(FIE)

where

ij = number of vessels with a flaw in the jth region that fail

N;j = number of vessels simulated with a flaw in the jth region

.

v volume of jth region

J

The integral in Eq. (5.11) accounts for the vessels that have no flaws
whatsoever, and each term in E£q. (5.11) represents the contribution to P(F|E)
of each specified region of the vessel.

For very small values of P(F|E), the value of N; required to achieve

J
reasonable accuracy becomes quite large. Under some circumstances the value
of N;J can be reduced by using stratified sampling of one or more of the
parameters simulated. This was done for the flaw depth, assuming a uniform
distribution of depths. This procedure allows a more frequent sampling of
the less probable deep flaws, which, for low-probability transients that are
characterized by high pressure and a mild thermal shock, are responsible for

most of the initiation events that lead to failure. The results are then



weighted by the actual flaw-depth density to .%*ain

ff(a)B(a)da
sie) "?1j sa, w
FIE) = 22 = NV, f da , .
Nud B L 4o f i J flaea)e (5.12)
f(a)B(a)da "
where

N?ij = number of vessels that fail with a fiaw in the jth region
with depth in a3,

Ngij = number of vessels simulated with a flaw in the jth region
with depth in sa,

A deterministic analysis is made for each of the simulated vessels to
determine if failure will occur during a particular transient at a specified
time in the life of the plant. The criterion by which failure is judged is
as follows: if, following an initiation event, KI remains greater than KIa
up to or beyond the point at which plastic instability occurs in the remaining
ligament, failure is assumed. The onset of plastic instability is evaluated
on the basis of achieving an average pressure stress in the remaining ligament
equal to the flow stress. The flow stress is assumed to be independent of
temperature and fluence and is specified as 550 MPa.

The number of vessels that must be simulated depends upon the accuracy
required for the calculated value of P(F|E), and as small a number as practical
is used to minimize computer costs. The minimum number of simulated vessels

required to satisfy a specified accuracy is estimated by applying the central
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limit theorem.12 Using this approach and specifying a 95% confidence level
yields
W
PFIE); = Py N, f f(a)B(a)da ¢ 1.96 o, (5.13)
0
where
P(FIE)j = true value of the conditional probability of vessel failure

for those vessels having flaws in the jth region only

oj = one standard deviation,
- Nz

$oagld,

3 vi

For the direct approach (not using stratified sampling)

p. Py1 =) .
o ® N, N f f(a . (5.14)

When stratified sampling is used,

[ _ -2
ff(a)B(a)da ‘

: e ,,,
> “a:; pi’j(:«_,pi”) ) W, [ fla)s(a)da , (5.15)
0

i J/” f(a)B(a)da o

0

- -

o -

where Pij

"
=
< \v|"h
. -

1]

The value of o corresponding to all of the vessels simulated is
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aid the error, €y» associated with the jth region is

1.96 o
. - 5.17)
Cj w (
ﬁj NVj ﬁlr f(a)B(a)da
The total error, ¢, considering all regions of interest is
1.96 ¢
P(F|
i (5.18)

£.=

§:5j ij 5/’ f(a)B(a)da

Three specific criteria were used in selecting the number of vessels to

be simulated:
(1) (N;J.)max = 500,000
(2) (NJj)min = 10,000

(3) £ = 10%

The application of these criteria in terms of €5 Vs ﬁj is shown in Fig. 5.7 F5.7
for the direct (nonstratified) sampling method.

For the purpose of estimating t@e absolute frequency of vessel failure or
identifying dominant transients, the magnitude of the errors indicated in
Fig. 5.7 was acceptable for most transients. However, for some transients and
for the sensitivity studies, larger values of N;. and/or the stratified-

J
sampling technigue were used where appropriate to reduce the error.

5.4 Flaw-Related Data for the Calvert Cliffs-1 Reactor Pressure Vessel

As already mentioned, the areas of the vessel of particular concern with

regard to flaw propagation are the ones that are most Tikely to have flaws and
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relatively high values of Fo' RTNDTO. Cu and Ni. The region directly oppesite

the active portion of the core is exposed to the highest neutron fluxes, and
the attenuation beyond the active length of the core is very steep. Thus,
only this beltline region of the vessel was considered.

Within the beitline region the concentration of copper is significantly
less in the base material than in the welds, as indicated by the data in
Table 5.2 and Figs. 5.2 and 5.3. However, preliminary OCA-P calculations (see
Appendix K) indicated that because of their much larger surface area the plate
segments would contribute significantly to vessel failure, assuming the same
flaw density in both the plate segments and welds. These preliminary calcula-
tions also indicated that welds 2-203A,B,C and 3-203A, each of which is oriented
in an axial direction, contributed far more than all the other welds. Thus,
the regions of the vessel to be considered were these four axial welds and
the plate segments. However, the contribution to P(F|E) of axial flaws in the
plate segments was calculated for only a few of the transients and was not in-
cluded in any of the reported values of P(F|E) except as discussed in Sect.
5.5.2 and Appendix K. This was done to maintain consistency between all tabu-

lated values.

As discussed in Appendix K, the contribution of the one circumferential
weld in the beltline region was relatively small because of the low concentra-
tion of nickel and a much smaller value of KI for deep circumferential flaws

as compared to axial flaws of the same depth.

The information in Table 5.2 was taken from Refs. 13, 14 and 15; values

listed for chemistry, fluence and RTNDT were considered to be mean values.
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Table 5.2.

Material properties, fluences and volumes used in the LEFM analysis of
the Calvert Cliffs-1 reactor vessel

, a
B
Cu N1 %g EFPY: (°c) (ms)
Form Number (wt %) (wt %) (10%*® n/cm*)
Plate D-7205-1 0.12 0.57 0.33 ~32 0
D-7205-2 0.12 0.50 0.33 -12 0
D-7205-3 0.12 0.54 0.33 -12 0
D-7206-1 0.11 0.55 6.06 -f 2.43
D-7206-2 0.12 0.64 6.06 -34 2.43
D-7206-3 0.12 0.64 6.06 -12 2.43
D-7207-1 0.13 0.54 6.06 -12 2.08
D-7207-2 0.11 0.56 6.06 -12 2.08
D-7207-3 0.11 0.53 ’ 6.06 -7 2.08
Axial Weld 1-203A 0.21 0.85 0.33 —49 0
. 1-2038,C 0.21 0.85 0.17 -49 0
2-203A *0.21 0.87 6.06 -49 0.025
2-2038,C 0.21 0.87 3.03 —49 0.050
3-203A 0.20 0.71 6.06 —49 0.021
3-2038,C 0.20 0.71 3.03 49 0.042
Cir Weld 8-203 0.35 0.74 0.33 -51 0
9-203 0.24 0.18 6.06 —62 0.139

“Maximum value 1n region.
“Volume within high-fluence region.
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5.5 Results of Analysis

5.5.1 Types of Analyses Conducted

Probabilistic fracture-mechanics calculations were performed to determine
(1) the conditional probability of vessel failure [P(F|E)] for a number of
postulated Calvert Cliffs-1 transients, (2) the sensitivity of P(F|E) to small
changes in the mean values of certain parameters, (3) the effect of including
WPS, and (4) the effect on P F|E) of certain propos-1 remedial measures. The

results of these efforts are presented below.

5.5.2 Conditional Probability of Vessel Failure

The specific transients considered for a detailed CCA-P analysis are

described in Chapter 3, and those actually calculated with valuves of P(F|E) 2

1077

Gy

are indicated in Table 5.3. For these transients the actual systems- E
analysis output (primary-system pressure, reactor-vessel downcomer coolant

temperature, and fluid-film heat-transfer coefficient) was used as input to

the QCA-P analysis, and stratified sampling techniques were not used. Values

of P(FIE) for less severe transients [P(F|E) <« 10_7] were estimated in a con-

servative manner by using bounding transients and stratified sampling tech-

nigues. These transients were characterized by a step change in coolant tem-

perature and a constant maximum pressure. None of the transients evaluated

in this manner were dominant, and thus the possibly excessive degree of con-

servatism was of no consequence. Those transients not calculated were judged

not to be dominant and to have values of P(F|E) at 32 EFPY less than 10‘7'

For all of the calculated transients with P(F|E) 2 10—7

, values of P(F|E)
were obtained for 32 and 41 EFPY. The latter time corresponds to RTNDTS (2¢) =
132°C (270°F) for weld 2-203A, while 32 EFPY is the normal design end of life.

Five of these transients were eventually tentatively defined as dominant, and
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Table 5.3. Summary of calculated values of P(FIE) for the Calvert

Cl1ffs=1 postulated transients

-

EFPY 9,2 16.8 24,4 32.0 4.2 53.0

P 10'% n/em®  1.52 3,03 4.55 6.06 7.88 10,24
RTNDT,,® °C 46 66 79 89 99 10
Tronsient Condltional Probablllty of Fallure, P(F|E)

1.3 6E=7 4,9E-6

1.4 3.3E=6 1.7€=5

1.5 3.0E-5 1.26-4

1.6 5,1E=5

1.7 1.9E=-4 4,8E-4

1.8 2.5E=4 6.26=4

2.1 26-7 1.4E-6 6.0E-6

2.4 26-7 2.8E-6 1.7E=5 6.8E=5 2,4E-4

2.5 7.6E=6 3,26=5

2.6 8.26=6 3,4E-5

2.7 1.8E=4 4,56-4

2.8 2.3E=6 1.1E=5

3.6 7.2E=6 2,6E=5

3.10 6.7E=5

4.6 2E-7 1.0E=6

4,13 6.0E=6

8.1 6E-8 4E=~7 2.2E=6 8.8E~6

8.2 5E=7 1.,2E=5 5,9E~5 1.56=4 2.9E-4 5,9E-4

8.3 3,6E~4 1.9E=3 3,9E=3 5,9-3 8.0E=3 1.0E=2

3Mean values at Inner surface for weld 2-203A; add 33°C to obtaln 20 value

[NRC 20 screening value Is 132°C (270°F)].
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for these, P(F|E) was calculated for additional values of EFPY. The corre-
sponding plots of P(F|E) vs EFPY, F  and FTﬁUT; are shown in Fig. 5.8.

Values of P(F|E) in Table 5.3 and Fig. 5.8 do not include the contribu-
tion of the plate segments. This contribution was calculated for transients
No. 8.2 and 8.3 (dominant transients) and was found to be <5% “or Ne. 8.2 and
~50% for No. 8.3. Thus, for these two transients, factors of 1.05 and 1.5 can
be applied to the values of P(F|E) in Table 5.3 and Fig. 5.8.

A summary of more detailed results for each of the four* dominant sequences
at 41.2 EFPY (270°F RTNDT) is presented in Tables 5.4A, 5.4B, £.4C, and 5.4D.
Additional summaries are presented in Appendix L at 32 EFPY for each analyzed
transient. These summary sheets provide data for a variety of histograms.

Four examples of histogram plots that can be produced from the summary sheets
are provided for transient 8.3 in Figures 5.9-5.12.

Appendix L also includes for each transient calculated a definition of the
transient input to OCA-P (downcomer coclant temperature vs time, primary-system
pressure vs time, and fluid-film heat transfer coefficient at the vessel inner
surface vs time), temperature distributions in the wall, and a set of critical-
crack-depth curves for weld 2-203A based on mean values of all parameters except
KIc and KIa’ which are —2c values, and 32 EFPY. Examples of these graphical
outputs are shown in Figs. 5.13-5.16 for transient No. 8.3.

5.5.3 Sensitivity Analysis

The sensitivity analysis was conducted by determining the change in P(F|E)
corresponding to a change in the mean value of each of several parameters. The
mean value of only one parameter was changed at a time while all ather parameters
retained their original mean values. The parameters changed were ch’ Kla’ RTNDT,
Cu, F, fluid-film heat transfer coefficient, downcomer coolant temperature,
primary-system pressure, and flaw density. The amount of the change for each
parameter was one standard deviation, and the sign of the change was such that
an increase in P(F|E) occurred.

The values of ¢ used in the sensitivity analysis for KIc' KIa' RTNDT, Cu,
and F are listed in Table 5.1, and the values of the flaw density, N, corre-
sponding to the application of 1o were 102 and 10-2 times the original mean

*

There are actually five dominant sequences identified in Chapter 6.0.
However since sequences 2.3 and 2.4 are assumed to be identical, data are
provided in this chapter only for sequence 2.4.

F5.8

F5.13
-§.16
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Table 5.4(D). Summary sheet of OCA-P output for Calvert Cliffs-1 postulated
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value. For the sensitivity analysis the change in the downcomer coclant tempera-

ture considered was a linear change in temperature from zero at time zero to 28°¢C
(50°F) at a time corresponding to the minimum point in the temperature vs time
curve. From then on, the change in temperature was a constant value of 28°C. The
change in the heat transfer coefficient, h, was 0.25 h, and for the pressure
it was 0.34 MPa (50 psi).

The results of the sensitivity study are presented in Table 5.5 for 41
EFPY. Table 5.5 includes (1) the values of P(F|E) at both 32 and 41 EFPY
corresponding to the original mean values of the parameters and (2) the ratio
P(F]E)U/P(F}E)41 corresponding to each of the changes.

It is of interest to note that aside from the sensitivity to N, P(F(E)
is most sensitive to the reduction in downcomer coolant temperature and is
least sensitive to variations in the arrest toughness, the heat transfer co-
efficient and the primary system pressure. It is also of interest to note

that the sensitivities are dependent on the transients.

5.5.4 Effect of Including WPS

During many of the postulated PTS transients, the stress intensity factor
KI’ for all crack depths first increases with time, reaches a maximum, and
then decreases. For the shallow flaws that are generally responsible for the
initial crack initiation event, once KI begins to decrease it does so through-
out the remainder of the transient. This time-dependent behavior of KI may
prevent failure of a vessel because a flaw cannot initiate while KI is decreas-
ing, even though KI/KIC 2 1. As mentioned earlier, this phencmenon is referred
to as warm prestressing (WPS), and the time of incipient WPS is the time at

which kl becomes equal to zero.

75.5



EFPY to 1o changes In the mean

of the simulated

b |
|

-t
4
0
w
(.
.
-
(o]
Vr
4
>
4+
v
[ =
@
v

Table 5.5.

arameters

"

values of several

T

C

P(FIE)

/P(FIE) 4, °

b

Parameter

Simulated

At
32 EFPY

Translent




For most of the Calvert Cliffs-1 postulated transients, WPS could be a

factor because the calculations indicate that for these transients Kl does not
become equal to K. until after the time of incipient WPS. A typical case is

illustrated in Fig. 5.5.\\rhe reason for not including WPS in most of the cal-

culations is that the Ky vs t curves for the shallow flaws are very”f1at.
making it difficult to determine where the maximum is. Furthermore, unfore-
seen perturbations in pressure and coolant temperature might exist and defeat
WPS. Even so, it is of interest to see what the effect is for the idealized
transients, and the resuits of such a study are presented in Table 5.6.

For some transients, such as No. 8.3 (see Fig.5,16) there can be more
than one time during the transient at which kl = 0. For these transients,
the time selected for incipient WPS was that corresponding to the maximum
value of K;.

Table 5.6 shows, for each of the transients considered, the time of incip- T5.€
ient WPS, the calculated values of P(F|E) without WPS included in the analysis,
and the ratio of P(F|E) with and without WPS included. It is apparent that for
these idealized transients the benefit of WPS can be large but is dependent or

the transient.

5.5.5 Effect of Proposed Remedial Measures on P(FIE).

The proposed remedial measures considered in the fracture-mechanics studies

were (1) reducticn in the fluence rate, (2) annealing of the vessel, and (3)
an increase in the initial temperature of the HPl coolant,

5.5.5.1 Reduction in fluence rate

The reduction in fluence rate was assumed to take place on January 1, 1985,
and it was assumed to be the same at all critical locations in the vessel wall,
The effect was simply to change the proportionality constant between Fo and
EFPY beyond January 1, 1985, At this time the vessel will have been in service

for 7 EFPY, and the fluence for weld 2-203A will be 1.1 x 10'? neutrons, ~n” .
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Table 5.6. Effect of Including WPS In calculation of
P(FIE) at 32 EFPY

a
P(FlE)'/"Ps

P(FIE) Time of WPS

Transient  w/o WPS (min) P('li’llnlti
1.3 6E-7 18 <5E~2
1.4 3.3E=6 18 <1E~2
1.5 3.0E-5 18 <2E~3
1.6 5.1E=5 20 <2E=-3
1.7 1.9E~4 18 <2E=3
1.8 2.5E=4 40 1E=!
2.1 28-7 18 <1E~1
2.4 1.7E=5 50 1E=1
2.5 7.6E-6 15 <4E-3
2.6 8.2E-6 20 <4E-3
2.7 1.8E-4 50 2E~1
2.8 2.3E=6 18 <1E=2
3.6 7.2E=5 15 <4E~3
3.10 6.7E=5
4.6 2E-7 20 <1E=~1
4,13 6.0E=6
8.1 4E=-7 50 <E=1
8.2 1.5E~4 57 <26-3
8.3 5.9E=3 100 S5E=1

8p(FIE) Is the value of P(FIE) with WPS

Included In ¥‘!P§nalysls. and P(FIE)'/O”PS Is the
value w!thout WPS [ncluded.



The fluence rate beyond 7 EFPY for weld 2-203A was assumed to be constant
and equal to 0.199 x 10"/f. where f is a factor by which the fluence rate can

be changed. Thus,

-".’ 3 s
Pox 1079 a1y 4 229002 D) (5.19)

where
t = time of service, EFPY,

The effectiveness of reducing the fluence rate at 7 EFPY was evaluated
at 10, 20, 32 and 50 EFPY for those transients included in Fig. 5.8, using

f=2,4and 5. The results for 32 EFPY are presented in Table 5.7, and for all 757
Fs)’
values of t in Figs. 5.17 and 5.18. ES 18

5.5.5.2 Annealing
Annealing of the pressure vesse! will increase the fracture toughness of

the vesse! material, and the amount of the increase will depend on the anneal-
ing temperature and time, the chemistry of the material, and the number of
times the vessel is annealed. Test results from small specimens indicate that
esSentially full recovery of the initial fracture toughness might be achieved
by annealing in the temperature range 400-450°C for ~200 h.le Although pre-

liminary studies indicate that such a process would probably be feasible in



Table 5.7. Benefl!t of remedial measures, P(F|E) .. /P(F|E) .
at 42 EFPY fo- dominant frnnolon‘r:"/ w/elow

Reduction In Fluence
Rate on Jan, 1, 1985

P(FIE) Increase HPI
Original Mean Rate Reduction Factor Injection
Value at - Anneal Ing  Temperature
Trans!ent 32 EFPY 2 B 8 at 9 EFPY by 22°C
2.1 &7 h -] L -1
20‘ 1 07!"’ 5!-2 h h 2!-1
‘.' “-7 h h h h L -
8.2 1564 2-1  3E-2 %E-3  SE-! 11 |
8.3 5.9€-3 SE-1 26~1 BE-2 8E~1 4E-1

P(FIE) gyt PFIE) with remedial measure.
b"”n-/oﬂﬂ' P;F|E) without remedial measure.
P(r")'m < 10- .
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some PWR plants, the feasibility of annealing the Calvert Cliffs-1 reactor
vessel under these conditions has not been established. Nevertheless, for
the purpose of this study it was assumed that the Caivert Cliffs-1 vessel
would be annealed when the plant achieved ~9 EFPY (~January 1987), and that
there would be complete recovery of fracture toughness. In effect, after

annealing at 9 y, the fluence at 9 y would be zero. Thus, after 9y,

Fo X 10719 (weld 2-203A) = 0.199 (t - 9) , (5.21)
where

t = total time of service, EFPY.
This fluence can be entered in Fig. 5.8 to obtain values of P(F|E) after
annealing. The benefit at 32 EFPY of this assumed annealing situation is

indicated in Table 5.7.

5.5.5.3 Increasing temperature of HPI coolant

The effect of increasing the HPl cqe]ant temperature was evaluated for
transients No. 8.2 and 8.3. The injection temperature of the HPI coolant was
increased b;259gc. and this resulted in a 17°C higher temperature for the down-
comer coolant by the end of the 2-h transients (the rate of increase was assumed
tc be linear with time in the transient). The benefit of this remedial measure

at 32 EFPY is indicated in Table 5.7.
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APPENDIX K
CONTRIBUTION TO P(F|E) OF FLAWS IN THE CIRCUMFERENTIAL
WELDS AND IN THE PLATE SEGMENTS

Flaws anywhere in the beltline region of the reactor vessel will contri-
bute to the probability of vessel failure. However, aside from the effect of
flaw depth, some contribute more than others because of differences in orien-
tation, length, local chemistry of the material, and local fluence. Axial
flaws have the highest values of KI‘ and in Calvert Cliffs-1 the axial welds
have higher concentrations of nickel than the circumferential weld of concern
and higher concentrations of both copper and nickel than the base material.

The difference in radiation damage between the axial welds and base mater-
ial is rather large, and thus the extended surface length of an axial flaw in
a weld tends to be limited to the height of a shell course, and for deep flaws
this 1imit on surface length results in significantly lower KI values than for
much longer flaws. The extended surface length of axially oriented flaws in
the plate segments is not limited to the height of a shell course, if the
fracture-toughness properties in adjacent segments are similar. However, the
extended length does tend to be limited to about the active height of the czre
by the steep attenuation of the neutron flux beyond the ends of the core. Flaws
in circumferential welds may be limited in surface-length extension by azimuthal
gradients in temperature, fluence and material properties, but not by the iength
of the weld since it is continuous.

Thus far, the OCA-P fracture-mechanics model does not account for gradients
in fluence and coolant temperature along the specified surface flaw path. In
lieu of considering this sort of detail, all fiaws in the circumferential welds

were assumed to be two dimensional. Axial flaws in the plate segments were also



assumed to be two dimensional for the additional reason that the maximum length-
to-depth ratio nearly corresponds to two-dimensional conditions.

The use of a two-dimensional model for flaws in the circumferential weld
is probably quite conservative relative to the treatment of the other flaws.
However, as indicated below, even under these conditions the contribution of
these flaws to P(F|E) is negligible, and thus the excessive conservatism is of
no practical concern.

The contributions of flaws in the circumferential welds and of axial flaws
in plate segments were calculated for the two most dominant transients (Nos. 8.2
and 8.3), and the time in the life of the vessel considered was 32 EFPY. The
flaw density was assumed to be the same for all categories of flaws considered,
and since the total volume of the plate segments is much areater than that of
the welds, the plate segments contributed many more flaws than the welds.

The chemistry, fluence, volume and initial value of RTNDT for each distinct
region of the vessel considered for the three categories of flaws (axial we1d:
axial plate and circumferential weld) are given in Table K-1 for the plate
regions and in Table 5.2 for the weld regions. In an attempt to account for
the azimuthal variation in fluence in the plate regions, eazh plate segment was
divided into a one-third-voiume region with high fluence and a two-thirds-volume
region with lower fluence. Also, the initial values of RTNDT given in Table 5.2
for the plate segments were reduced by 33°C to account for a lower radiation
damage rate in the plate segments than in the welds (see Sect. 5.3.1).

The results of the analysis indicate that for transient No. 8.3 the circum-
ferential flaws add ~5% to P(F|E) and the plate segments ~50%. For transient
No. 8.2, which is a less severe transient, the contributions were much less,

being only 5% for the plate segments.
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The dominant transients for Calvert Cliffs-1 (8.2 and 8.3) not only have
the highest frequencies of failure associated with them, but they also have the
highest values of P(F|E). Thus, because of the trends observed in the above
study it is expected that the contributions of circumferential-weld and plate-
segment flaws to P(F|E) would be no greater for the other transients. Thus,
the inclusion of these contributions does not result in different transients

being dominant.
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Table K-1. Material properties, fluences and volumes used
in evaluation of plate-segment contribution to P(F|E)

a
Region £ wen)  (109%ed) (0° ()
1 0.11 0.55 6.06 —40 0.81
2 0.1 0.64 6.06 67 0.81
3 0.12 0.64 6.06 —45 0.81
4 0.13 0.54 6.06 —45 0.67
5 0.11 0.56 6.06 —45 0.67
6 0.11 0.53 6.06 —40 0.67
7 0.11 0.55 3.03 —40 1.62
8 0.12 0.64 3.03 -67 1.62
9 0.12 0.64 3.03 —45 1.62
10 0.13 0.54 3.03 45 1.34
11 0.11 0.56 3.03 —45 1.34
12 0.11 0.53 3.03 —40 1.34

“These values are 33°C lower than the actual values
given in Table 5.2 to account for lower radiation-damage
rate in base material relative to weld material.
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APPENDIX L
COMPILATION OF RESULTS OF CALVERT CLIFFS-1
PROBABILISTIC FRACTURE-MECHANICS ANALYSIS

Detailed results of the Calvert Cliffs-1 probabilistic fracture-mechanics
analysis are included in this appendix so that a more thorough understanding
of the effect of the various assumptions used in the fracture-mechanics model
and the different inputs to the fracture-mechanics analysis can be obtained.
For instance, the duration of all postulated transients for this study was
specified as two hours. In many cases most of the failures do not occur until
late in the transient. If the duration of the transient were one instead of
two hours, P(F|E) would be reduced substantially.

Sets of data are included in this appendix for each of the transients for
which P(F|E) > 10-7. A set of data includes, in this order, (1) a figure of
primary-system pressure, downcomer coolant temperature, and fluid-film heat-
transfer coefficient vs time in the transient; (2) a summary of digital output
that includes P(F|E) for each axial weld in the vessel, the estimated error in
P(FIE), and histogram data for crack depths, times and values of T — RTNDT at

the crack tip corresponding to initiation, arrest and failure events; (3) a plot

of vessel wall temperature vs a/w, t; (4) a plot of vessel wall temperature vs t,

a/w; and (5) a set of critical-crack-depth curves obtained using —2¢ values of

KXc and K,., mean values of all other parameters, and fluences corresponding to

Ia
32 EFPY. The various curves in the set of critical-crack-depth curves are

identified in Fig. 5.16 (see Chapter 5).
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-
IPTS C CLIFFS CLAD 1.1 1. FLAWS/M®®3 FO = 65.060D«19
[RE—— L 1Y% (] L3 oof B e ADJUSTE Do
WELD P(F/E) 35¢CI SERR  P(INITIA) N®V P(F/E) 4ERR NTRIALS
1 1.17D-N6 2.300-05 196.00 2.330-08 0.025 2.34D-0% 500920
2 0.00D+00 0.00D«00 0.00 2,350-96 0.750  3.70D+20 579099
3 0.00D+00 0.70Ds00 0.00  3.170-05 2.021 0.00D+00 500000

VESSEL 2.34D-09 196.20

DEPTHS FOR INITIAL INTITTATION (MM)
2.16 6.58 11.52 17,073 22.95 29.42 36.51 44,25 52.72
YUMBER 4 s 80 13 4 t ] b 0
PERCENT 1.8 63.9 26.4 S§,7 1,3 0.4 2.0 0.2 9.2

TIMES OF FAILURE(MINUTES)

9.0 10.0 20.0 30.7 49.) $0,.2 60.9 7T2.0 $0.0 90.9 199.2 119.9 129.9
HUMBER 2 J 0 2 1 2 3 2 0 P 7 Q
PEICENT 4.0. 0.0 0.0 ©9.0103.0 0.0 9.5 9309 0.0 0.2 04 2.0

INITIATION T-RTNOT(DEG.C)
<55.5 «81.7 «27.8 =13.9 1.0 13.9 27.8 41,7 S5.6 9.3 83,3 97.2 1111

NUMBER 2 b 5 S1 129 59 S 2 9 9 b] 0
PERCENT 9.0 0.0 2.1 21.5 S§1,5 21,5 2.1 0.9 0.0 0.0 a.7 0.0

ARREST T-RTNDT(DEG.C)
<27.3 =13.9 9.0 13.9 27.9 @17 $5.6 9.3 %31.3 97.2 111.1 125.0 139.9
TUMBER b 2 0 i 7 14 39 99 35 t Q
PERCENT 7.0 9.0 2.9 5.9 37.9 75.8 15,5 0.4 0.0
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IPTS C CLIFFS CLAD 1.2 1. FLAWS/M®®3 FO = 6.0600+19
UNADJUSTED- ~==ADJUSTE Do
WELD P(F/E) 35%CL SERR  P(INITIA) NOY P(F/E) SERR NTRIALS
1 3.52D=06 3.99D-06 113,16 2,3@D-04 0.025 B8.310-08 500000
2 0.70D+20 0,00D+20 0,70 2,350-06 0.050 0.N0D+N0 5170000
3 0.00D+00 0.2CD+00 0,09 3.170-C5 0.021 0.00D+20 500000

VESSEL 3.91D=08 113.16

DEPTHS FOR INITTAL INITIATION (™)

2,16 5.58 11,52 17.103 22,35 29,42 35,57 44,25 52,72
NUM3zIR § 135 51 13 4 1 2 3 0
PERCENT 1.9 53.86 26.38 5.7 1.8 9.4 2.9 2.9 7.0

TIMES OF FAILURE(MINUTES)
0.9 10.0 20,0 139.0 80,0 €©0,0 60.0 9.0 80.0 99.
NUMBER 2 0 b 2 3 2 1
PERCENT .0 2.9 0.9 0.0 0.9 2.0 133.3

o
Y-

(=]
QW2
o
a
g -
<9
.

INITIATION T-RTNOTI(DEG.C)

=55.5 ~81.7 -27.9 «13.9 9.0 13.9 27.9 4:.7 S5.56 63.% 83.3 97.2 111,
NUMBER 2 2 s 51 129 52 5 2 0 2 2 7
PERCENT 2.0 2.0 2.1 21.6 50,8 2.0 2.5 0.8 0.0 0.0 0.9 3.9

ARREST T-ATNDT(9E5.O)
=27.3 =13.9 2.9 13.9 27.% 21,7 55.5% 49.% 83,3 97.2 111.1 12§, 1138,

TUMEER 1 2 4] 1 ) 2 Ak 9 3 15 1 y
PERCANT 2.0 0.9 9.7 .8 %9 7.3 $.9 37.8 9.1 15.§
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CC-L.13

IPTS C CLIFFS CLAD 1.3
p——L T N 1] 5ot B

DEPTHS FOR INITIAL INITIATION (™M)

NUMBER S 165 85 '3
PEACENT

2.9 65.2 2%.7 S.¢

TINES OF FAILURE(MINUTES)

9.9 19.0 29.0 3.0 &0.7 $50.9

NUMBER 2 1 2 1 3
PERCENT 7,0 0.0 0.9 5.0 45.9

INITTATION T-RTNDT{DEC.C)

«55.6 «41,7 -27.3 =13,9 0.0 13,9 27.8 1.7
25 12 1

NUMBER ) 2 T 54 135
PERCENT 0,0 0.7 2.8 8.7 84,7

ARREST T-RTNDT(DEG.C)
«27.3 =13,9 0.0 13.9 27.3 &1.7 S55.6 69.4 83,3 97.2 111.1 125,90 138.9

NUMBER ) 2 2
PERCENT 90 a8 0,9 %& . 0.

"
Pl
~
)

2.4

P(F/E) 95¢CI SERR  PCINITIA) NSOV
2.350-05 1.730-05 43.83 2,60D-04 0.925
'0.000+00 9.00D+00 0.00 2.35D0-06 0.950
0.00D0+00 0.00D+30 0.00 3.520-05 0.021
VESSEL

1

2

10.9

s!

15.9

3

1.1

2.2

1. FLAWS/M®#*3
~==ADJUSTEDommm
°{F/E) SERR

5.879-17
0.0ND«+00
0.00D+00

5.970-07 43.93

¢ b
0:0 0.2

2.16 5.68 11,52 17.03 22.95 29.82 36.51 44,25 52.72
4
1.6

S 1 1

2%.9 5.9 5.0

8.7 8.2 0.3

34 194

9
7.1 3.2 38.7

55.5 68.3

5.060D+19

NTRIALS

500900
500999
5n0000

0.9 72.0 39,9 90.2°100,0 119.0 120,09,

3 0
0.0 2.0

83.3 97.2 111.1
0

0
2.9 0.9

] b]
3.4 3.0
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CC-L.18

IPTS C CLIFFS CLAD 1.4 1. FLAWS/N®®3 0 = 6.0600+193
~UNADJUS T Do - *==ADJUSTE Dameme
WELD P(F/E) 35%CI SERR  PCINITIA) NW P(F/E) SERR NTRIALS
1 1,22D0-08  2,350-0% 19.22 2.370-04 0.7M2§ 3.05D-06 520000
1.170-06  2.30D-06 196,00 2,350-06 0.050 5.37D-08 571000
3 1.060-05 5.910-06 65.33 3.410-05 0.021 2,220-07 500000

VESSEL 3.330-08 18,45

DEPTHS £7R INITTAL IVITIATION (‘W)
2,16 6,63 11,62 17,03 22,95 29.42 35.5) 44,25 §2.72
{JMSER 5 9 L) 3 4 1 0 0 Q
PERCENT 2.1 63,9 2.2 5.6 1.7 0.4 0.0 0.0 9.9

TIMES OF FAILUREIMINUTES)
9.0 10,2 29.0 W.2 49,9 59.0 €0.2 79.0 £9.0 99.9 100,09.119.9 129.9
NUMBER ) 2 9 2 10 8 2 5 4 s n 29
PEACENT %% 2.0 2.4 1.8 9.4 3.5 1.9 8.3 12.3 21.9 19.3 2%.8

INITIATION T-ARTNDT(DEG.C)

«55.6 31,7 «27.8 =139 9.0 13,0 27,8 41,7 56.6 63.4 83,3 $7.2 111,19
NUM3ER 2 Q 7 47 126 70 4 n Q0 2 0 g
PERCENT 2.0 9.9 2.0 13,0 35.2 19.6. 1.8 4.7 U.0 0.0 3.0 0.9

ARREST T-ATNDTI(2EGC.O)
«27.8 «13.9 9.0 3.9 27.8 41,7 65.6 S59.5 93.3 97.2 111.1 125,10 119.9
YUM3ER ) ) ) 1 3 3 1% % RE 49 2 )
FERSINT 2.0 9.9 9.9 24 4. 1.2 W7 15,2 380 M. ¥4 92
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CRITICAL CRACK CEPTH CURVES F

IPTS C CLIFFS CLAD 1.4
RTNDTO --48.9 DEGC %CU = 0.21 NI = 0.87 FO - 5.08E19
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IPTS C CLIFFS CLAD 1.5

Cpos—— | § §0 8 {1 ).

WELD P(F/E) 95821 SERR PCINITIA)
1 1.930-33 1.020-08 9.99  2.2uD-03
2 1.170-05 7.28D-06 61.989 4,110-05
3 1.930-0% 2.95D0-05 15.30 5.200-04

v

DEPTHS FOR INITTAL INITTATION (VW)
2.6 5,58 11.42 17.03

22,95 29
NUMBER 65 854 272 35 22
PERCENT 3.9 68,9 2.7 7.2 .7
TIMES JOF FAILURE(MINUTES)
7.0 10.0 20.0 30.9
RUMBER 2 2 e -3 4
PERCENT 0.0 9.0 0.9 2.0 9.7

INITIATION T-RTNOT(DEG.C)

55.5 «41,7 =27.83 -13.9 2.0 1
NUMBER 2 $ 4a 232 1790
PERCENT 2.9 9,2 1.3 10,9 32.7
ARREST T-RTVOT(DE..CQ)
2.2 13.9

=-27.8 =13.9
NUMBER 3 ) n 2 “
PERCENT 3.9 048 9.0 2. 9.2

cC~L.23

Ny

0.02%
0.050
2.021

€SSEL

.82 35,51
7 1

3.5 9.1

0.0 %2.7 4§9.9 70.7 89.0

35 i, 34 119
8.5 12,5 15,3 19.7
3.9 27.8 1,7 955.6 989.%
826 189 - 2
33.8 19,7 2.7 0,9

27.8 %1.7 55.5 69,4
5 10§
3 3.7 4.8

-
3

s

1. FLAWS/M®®3

== ADJUSTE D
P(F/E) 1ERR
2.560-08
5.8370-27
4,05D-26
3.030-05 3.79

48,25 52.72
1 2
2.1 9.0

26 533

15.8

n
« 2.9

FO = 6.060De19

NTRIALS

220000
500000
500009

99.7 159.9 110.0 129.0
13
15.8

»y

13.3

32
14.7

33.3 97.2 111.1

0 2
0.0

23.3 97.2 111,11 125.0 133.9
179

3.5

s n
2.7 0.9
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CRITICAL CRRCX CEPTH CURVES FCR
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CC-L.28
IPTS C CLIFFS CLAD 1.6 1. FLAWS/M®®3

JNADJUSTED. ===ADJUSTEDemm=

WELD P(F/E) 95%Ct SERR  P(INITIA) NOV P(F/E) 4ERR
1 1.710=03 1.56D-08 9.59 ©.96D-03 0.025 ¥.290-75
2 2.700-05 1.10D-05 40.37 1,150-08 0,050 1.35D-06
3+ 3,420-04 3,93D-05 11,49 1,280-03 0.021 7.130-06

VESSEL 5.130-95 9.3t

DEPTHS FOR INITIAL INITIATION (VM)

2.16 6.58 11,52 17,03 22,95 29.42 35.51 44.25 S2.72
1

NUMBER 158 1554 u4s4 128 22 7

2

PERCENT 6.8 66.6 19.9 5.5 0.9 2.3 0.2 2.0

TIMES OF FAILURE(MINUTES)

9,0 19,0 2.0 39,7 1,7 %0.7 9.0

NUMBER 9 2 b} 2 7 v}
PERCENT * 9:0 9.9 0.0 9.9 wun 4.3

INITIATION T-ATNDT(DEG.C)

56,8 <41.7 «27.3 -13.9 2.0 13,3 27.% @1.7 S5.6 49.4 A43,3 97.2 '

WUMBER 1 n 93 455 1295 1327
PERCENT 9.2 9.2 2.0 1.8 32.1 3N

ARREST T-RTNDT(DEG.O)

196 138
14,7 18.8

798 135
17.7 3.4

«27.8 =13.9 0.9 13.9 27.8 81.7 5.6 69.u

NUMBER 9 9 0 1 1 L)
PERCENT 9.0 9.0 2.0 2.0 0.0 0.4

2319 WS
7.3 W2

bl
2.3

12§
17.3

3
2.1

83.3 97.2 11,1 125.0 134.9

1285
319.2

FO = 6.060D0+19

NTRIALS

140000
510000
509001

104 - 93

15.0 12.9

0 0
0.0 0.0

2% 41
7.6 1,2

79.9 89,9 99,9 139.9 113.0 129.9

87
12.9

2
0.9

0
2.2
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IPTS C CLIFFS CLAD 1.8

. E OO0 T 1N IE Z Q0 O = X

_s
J, “ _\.“.,.,

il
! \
i
/ /!
i
I
i
i
' H!
\ c, |
Jl
// 4 e

n
ai
1
\_

i
L

I
i
I
]

et el il e o it i ot it Bttt Bttt st

A
L7149 0ot sz 0s2

see e st ost 21 ont
0930 “du3il

S

.



CC-L.31

CRITICAL CRACK DEPTH CURVES FCR IPTS C CLIFFS CLAD 1.6
RTNDTO --48.9 O2GC 7“CU - C.21 ¥NI = 0.87 FfQ - 6.06E19 LONGIT
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IPTS C CLIFFS CLAD 1.7 1. FLAWS/M®®3 FO = 5.060De19
WELD PLF/E) 9541 SERR  PCINITIA) NV PIF/E) SERR NTRIALS
1 5.950-03 5.76D-08 9.69 5.080-03 0.02§ 1,49D-04 47700
2 1.960-08 2.970«08 15,16 2,11D«94 0,950 9.310<28 $00000
3 1.670-03  1.940<08 9.92 1.720-03 0,021 1.590-35 143000

VESSEL 1.930-24 7.69

DEPTHS FOR INITIAL IMITIATION (W)
2.16 6,58 11,52 17,07 22.95 29,42 15,51 44,29 52,72
NUMSER 19 539 219 31 W 14 3 1 2
PERCENT 1.3 536 21,7 9.1 2.0 & A3 2.1 4.0

TIMES OF PAILURE(MINUTES)
2.9 1.9 20.0 30.7 40,9 %50.9 %3.9 70.0 99,9 90,0 '00.9 119.0 129.)
HUMBER ) 9 0 6 383 2984 112 37 85 kL] 26 ‘4
PERCENT 2.0 9.9 %0 %0 37.5 28.6 1.6 10,0 6.7 3.5 27T 1.4

INITIATION T-ATHDTI(DES.C)
<E5.5 41,7 27,8 13,9 9.0 13.9 27.% 41,7 85,6 49,3 91,3 97,2 1111
NUMBER 2 L] T2 293 as0 229 8T 29 19 2 9 )
PERCENT 2.9 9.8 &,3 17,5 26,9 13.7 29,9 .3 .Y D0 2 0.0

ARREST T-RTNDT(DES, 1)
«37.9 «13.9 0.0 13.9 27.8 81,7 95.6 69.3 3.3 97.2 V01,0 126,00 V94,9
WUMBER b} ] 3 i 3 1 LR L I L L1 ) 12 ¥
PEACENT %W 0.0 0.8 1,53 %24 2.7 1.8 .Y BN D8 0T N0

S — T ——
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CC~L.38

IPTS C CLIFFS CLAD 2.1 1. FLAWS/M®®3 F0 = 5.0600e19
YADIUSTEDmmmnm e =eeADJYSTEDwwem
WELD  P(F/D) 953CT  SERR  PCINITTIA) NoY P(F/E)  SERR  NTATALS
1 3.520-06  3.99D-06 113,16  2,420-04 0.725 3.910-08 59000
2 3.00D+09 0.000e20 5.50 2,350-95 7 .0S0  9,70NeN0 5199000
3 0.000+00 0.00De00 0.00 3.580-95 0,921 1.000470 10709

VESSEL 9.810-08 113,16

DEPTHS FOR INITIAL INITIATION {'M™)
2,15 5,68 11,52 17.03 22.95 29.42 36.5% 44,25 $2.72
NUMBEDR 1 158 59 5 " 1 n 2 ]
PERCENT 2.4 86,1 281 6.3 1.7 0.8 0.0 0.9 8.0

TIMES OF FAILURE{MINUTES)
7.9 19,0 20.0 39.9 49.9 53,9 §0.0 7.8 89,1 90.0 1199.0 119.0 122.9
NUMBER 3 7 9 9 n 2 1 9 1 1 3 2
PERIENT 7.9 2.0 9.9 5.9 0.0 9.7 3.3 0.9 313.3 33.3 0.0 0.9

INITIATION T-RTNDT(3E£4.0)
=55.6 «41,7 «27.8 «13,9 0.9 13.9 27.8 41,7 55.6 69.4 83,1 07,2 '11.%
NUMIER 3 9 3 83 122 a7 1 k] 2 0 ) 3
PERCENT .0 0.0 1.2 26,9 uB.n 18,5 8.3 1.2 600 0.0 0.0 9.0

ARREST T-RTNDT(2£G.C)
«27.8 <13.9 0.0 13,9 27.8 1.7 S55.6 69.% 83,3 97.2 111.1 125,37 118.9
NUMZER : | n 1 3 2 1 11 ” 129 29 3 n
SERCENT 1.9 2.9 2.9 1.2 90 9.8 8.2 0.7 51.& 1.7 0.0 2.9
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IPTS C CLIFFS CLAD 2.1
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IPTS C CLIFFS CLAD 2.1
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CRITICAL CRACK DEPTH CURVES FOR IPTS C CLIFFS CLAD 2.1

RTNDTO --48.9 DEGC ZCU = 0.21 NI - 0.87 FO - 6.06E19 LONGIT
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DEPTHS FOR INITIAL INITTATION (WM)

IPTS C CLIFFS CLAD 2.4 1. FLANS/M#93
UNADJUSTE Dec e cccccaamne e ADJUSTEDewen
WELD P(F/E) 358C1 SERR  PCINITIA) N®Y P(F/E) LERR
1 §.76D-ud  35.620-05 9.77 9,34D-08 0,025 1,44D-05
2 8.220-2% 6,09D-06 74.08 1,290-0% 0.750 4.110-97
3 8.690-05 1.98D-0S 22,78 1.59D-0% 0,021 1,33D-06
VESSEL 1,460-75 9.0

2,15 6.68 11,62 17,03 22.35 29,32 35,51 24,25 S2.72
NUMBER 0 523 190 45 4 . 1 9 P
PERCENT 1.2 64,8 235 84 1.7 0.8 6,1 a0 8.9
TIMES 2F FAILURE(MIMUTES)
3.4 1.0 20.9 30.7 80,9 %20 495.0 70,9 89,7 %0
NUMBER ) 4 P 5 6 a2 54 73 78
PERCENT 2.0 9.9 0.0 .2 9.5 8.7 13,3 15,1 6.1
INITIATION T-RTYDT(DES.C)
=55.6 41,7 «27.9 13,9 0.0 13.9 27.3 At,7 6%5.6 &9
NUMBER 2 1 S5a 230 I % 262 207 7
PERCENT 9.0 2.7 #1 7.8 29.7 12,8 20.0 15.8 0.9
ARREST T-ATNDT(DEG.C)
«27.8 <13.9 0.0 13,9 2.9 1.7 85,6 49,3
NUMBER 1 7 n 4 1 1 7T 12 s
pEACENT .0 %0 8,9 a1 2.4 2"t N8 YT TN

FO =

NTRIALS

410000
£00900
500000

3 1909 119,90

51 Al
12.6 13.3

8 1.3
2 0
2.0 1.0

37 2
19.% 9.9

13

5.060D+19

123.0

4
o1

"N
-

-~

f

9
0

7.2 101

37.3 97.2 171,71 128,90 114.9
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IPTS C CLIFFS CLAD 2.4
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CRITICAL CRACK DEPTM CURVES FOR IPTS C CLIFFS CLAD 2.4
RINDTO --48.9 CEGC ZCU = 0.2] Nl = 0.87 FO - 6.06E19 LONGIT
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IPTS € CLIFFS CLAD 2.5 1. FLAWS/Me®3 FO = 5.060D+19
UNADJUSTE Demmn e «e= ADJUSTE D
WELD P(F/E) 95%CT SERR  P(INTTIA) NOY P(F/E) SERR NTRIALS
1 2,700-04  3.39D-05 12,92 5.720-94 0,025 6.75D0-26 591009
2 3.520-06 3.990-06 113,16 1,17D=9% 0,080 1.75D-07 $100C0
3 3.290-05 1,220-05 37.7% 1,270-04 0,021 6,910-07 570000

VESSEL 7.520-9% 12.22

DEPTHS FOR INITIAL INITIATION (W)

2,16 46,68 11,62 17,03 22.95 29.42 36.51 44,25 52,72
NUMBER 2 W2 126 33 5 5 1 2 9
PERCENT 9.3 66.4 20,8 8,8 2.5 1.9 0.2 0.0 0.0

TIMES OF FAILURE(MINUTES)
9.0 10,0 29.9 37.0 9.9 50,7 §0.9 70.0 80,9 99.0 107.9 112.0 129.0
HUMBER 2 2 2 p) 1 3 19 47 51 35 4n 40
PERCENT 2.0 9.0 2.0 0.0 0.3 3.8 w6 18,9 19,5 13.4 5.3 15.3

INITIATION T-RTNDT(DEG.C)
»55.6 «41,7 <27.8 -13.9 2.0 13.9 27.%3 41.7 %55.5 A9.3 93.3 97,2 111.1
NUMBER 9 0 13 2 250 146 20 1 0 b 2
PERCENT 2.0 0.0 1.3 22.7 34.4 24,9 W8 2,0 0. 9.9 0.0 3.0

ARREST T-RTNOT(DEG.C)

«27.3 =13.9 9.0 13.9 27.8 €1.7 S5.§ 69.% 93.3 97.2 11,1 125.0 138.9
TN 3 7 w24 3 15§ 372 298 2 3
PEACENT .9 9.9 5.9 3.5 2.4 2.8 A8 50,1 29.0 1.3 2.0 0.0
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{PTS C CLIFFS CLAD 2.7 1. FLAWS/v®®3 FO = 5.060D+19
— INADJUSTE Do e ===ADJUSTE Do
WELD P(F/E) 35%CI SERR  P(INITIA) weV P(F/E) {ERR NTRIALS
1 5.330-03 1.89D0-08 9.16 5.42D-03 5.925 1.330-04" 50000
2 2,21D0-08  3.16D-05 14.29 2,28D-04 0.050 1,10D~05 500000
3 1.530-03 1.52D-08 9.%9 1.55D-03 0.021 3.220-0% 152000

VESSEL 1.770-08 7.20

DEPTHS FOR INITI L INITTATION (VM)

2. 5> A.58 11,52 17.23 22.95 29.42 35.51 34,25 52,72
NUMBER T 459 229 1% 30 13 4 ! P
PERCENT 1.0 62.6 21.4 19,9 2.9 1,2 0.4 0.1 0.0

TIMES OF FAILURE(MINUTES)
3.9 19.0 20.0 30.% 8.0 0.9 $0.0 70.0 0.9 99.7 100.0 113.8 129.9
HUMBER 0 2 0 2 284 330 222 157 37 25 " 5
PEACENT 2.0 0.9 2.0 1.2 23.6 31,9 21,5 15.2 3.6 2.4 1.1 0.6

INITIATION T-RTNDT(DEG.C)
=55.6 ~41.7 -27.2 ~13.9 0.0 13.9 27.8 41,7 55.6 3.4 83.3 97.2 1.t
NUMBER 1 5 S9 308 501 Im 116 87 9 2 n 0
PERCENT 0.1 0.8 4.7 20,5 39.9 13.6 9.2 &35 9.7 9.0 0.0 0.0

ARREST T-RTNDT(ZES.T)
=27.8 =13.9 9.2 13.9 27.3 41,7 55.6 69.% 32.3 97.2 111.1 125.0 138.9
YUMIER | 2 3 5 ! 2 2 21 131 3 7 n
PERCENT 2.0 2.9 1.3 2.7 0.4 9.0 9,9 10.3 91,2 4.3 9.9 2.0
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IPTS C CLIFFS CLAD 2.8 1. FLAWS/v®e3 FO = 6.,760De19
cmmcaneeanees [NLDJISTE Danas cemea e weaADJUSTE Neee—
WELD P(F/E) 954C1 SERR  PUINITTA) NOV P(F/E) 4ERR NTRIALS
1 8.110-08 1.910-05 23.59 1.71D-04 1.1725 2.030-26 530000
2 0.00D+30 0.70D«%0 0.0 1.17D=06 0.059 1.%00+20 500900
3 1,170-08 7,28D-06 41,99 2.94D-05 0.921 2.47D-07 500009

VESSEL 2,270-05 22,08

DEPTHS FOR INITIAL INITIATION (VM)
2.16 6.58 11,42 17,03 22,
NUM3ER 0 119 EL) 13
PERCENT 9.0 89.2 9.8 7.6 2

29.42 36.51 48,25 52.72
1 9 ) 0
0.6 9.0 9.0 9.0

R

TINES OF FAILUREIMINUTES)

2.0 0.0 29,0 39,0 §0.9 53%.9 69,7 70,0 £0.9 99.9 100.9 '13.7 129.0

NUMBER 2 ] 2] 2 2 1 7 12 13 18 15 L]
PERCENT O 6.4 0.0 9.0 9.4 Y.3 8.9 15,3 W8 V.3 WG 0.1

INITIATION T-RTNOT(DEG.C)
=55.6 ~81.7 =27.9 «13.9 1.0 13,9 27.9 41.7 £5.6 6§9.3 #3.3 97.2 111
NUMBER 2 0 1" 57 73 7” N 3 2 i} 2 2
PERCENT 2.0 9.0 4,9 26,2 335 26,0 1.2 1.9 N0 0.0 0.0 0.0

ARREST T-RTNDT(DEG.C)
«37.8 «13.9 0.0 13,3 27.9 81,7 95,6 69.4 83,3 97.2 11,1 125,90 138.9
YyM3ER ) 2 n i 7 3 T 104 40 b 1 b
PERCENT 2.9 1,3 2. .5 %0 2.9 8.5 S48 M2 290 0.0 9.9
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IPTS C CLIFFS CLAD 3.5

CC-L.69

L LT NEIL § o 4 DO —

e
WELD P(F/E) 35%CI SERR  PCINITIM)

W -

DEPTHS FOR INITIAL TNITTATION (M)

3.52D-06  3.990-05 113,15 1,350-04
0.090+00  0.00D+09 0,90 1,17D-05
0.00D+00 0.20D+00 9.00 2,35D-0S

VESSEL

1. FLAWS/Me®3

=== ADJUSTEDamme
P(F/E) {ERR

3.025 8.91n-0%
0.050 0.00D+79
0.021 0.00D400

8.810-28 113,16

2.16 6.59 11.52 17.03 22.95 29.42 35.51 44,25 52,72
2 1

NUMSER 2 23 3
PERCENT 2.0 74,3 16,9 6.5

TIMES OF SAILURE(MINUTES)

1.5

0.7

0 2 9
2.0 0.0 9.0

FD =z

NTRIALS

500009
500000
500000

6.050D+19

9.0 1.0 20.9 39.0 40,0 S9.9 9.9 79.9 80.9 90.7 100.7 10,0 129.9
& "

NUMBER 0 - 2 )
PERCENT 3.9 0.2 9.9 9,9

INITTATION T-RTNDT(DES.C)

=55.6 41,7 -27.8 13,9
NUMBER 9 20 35 52
PERCENT 0.2 14,1 28.6 u3.7

ARREST T-RTNDT(DEG.C

2.9

2.0

25
17.5

=27.9 -13.9 0.9 13.9 27.8

NUMBER S 15 23 )
PERCENT 36 1.6 20,3 3.0

2
2.9

0 3 2 0 0 7 3

2.0 9.9 9.3 0.0 0.9 9.3 1005
'3.9 27.8 31,7 S55.6 9.4 83.3 97.2 111,y

2 0 2 n 0 0 )

2.2 0.0 0,9 0.0 0.0 9.0 0.9

1.7 55.6 69.4

1
9.7 .,

43 a5 2
2 132.% 2.0

83.3 97.2 1111

2
2.0

|

7.8

126.9 1139,9

)

aA
1.3
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CC~L.74
R
i
IPTS C CLIFFS CLAD 1.5 1. TLAWS/Mee3 F0 = 5.060D+19 i
UNADJUSTE D v e ADJUSTE D

WELD  P(F/B) 955CT  SERR  P(INITIA) NeY P(F/E) 1ERR NTRIALS

' 1 2,530-04  3,39D0-05 13,36 5.50D-08 0,025 6.31D-06 500000

2 1.170=06  2.300-76 195.70 3,520-06 0.050 §.370-18 500000

3 3.750-05  1,300-35 38,65 9.75D-05 2.021  7.89D.97 500000

VESSEL 7.150-06 12,49

DEPTHS FOR INITIAL INITIATION (M)
2.16 6,68 11.52 17,03 22,95 29.42 35.51 44,28 52,72
NUMBER 13 3™ 129 kL 7 2 0 92 n
PERCENT 2.3 66,5 22,9 6.7 1,2 o4 0.0 0.0 9.9

TIMES OF FAILURE(MINUTES)
2.9 10.0 29.0 30.7 40.0 $2.0 50.0 70.0 895.0 0.9 100.0 110.0 129.9
NUM3ER ] 0 0 0 i 13 32 19 41 48 33 81
PEACENT 3.0 0,9 0.0 0.9 0.3 5,2 12,9 15.7 16.5 19.4 13.3 16.%

INITIATION T-RTNDT(DEG.O)
-55.5 =41.7 -27.8 3.9 7.0 13.9 27.8 1.7 65.6 69.4 83,3 97.2 1111
NUMBER 2 0 ¥ 429 3t e 1Y) 16 b} 0 2 2
PERCENT 3.0 0.0 1.9 3.5 36.2 33.0 13.9 1T 2.0 0.9 0.9 0.0

ARREST T-ATNDOT(DEG.0)
| =37.3 «'1.9 1.9 131.9 27.3 41,7 S5.6 49,4 23,3 27,2 111,.% 125.0 133.9
| NuM3te 3 3 o) ? 1 3§ 285 285 112 3 9
| Ve 3 3.0 2.9 o | ¢ 2.4 5.3 7.3 3T 189 7.9 M0

"

.....
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CRITICAL CRACK DEPTH CURVES FOR IPTS C CLIFFS CLAD 3.6
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IPTS C CLIFFS CLAD 3,10

WELD  P(F/E) 95¢CT  SERR  P(INITIA) NSV

1 2.180-03 2.11D-04 9.57 2.27D-03 0.025
ceade. o- 8,230-05 - - 1,300-05 32,67 5.700-05 2.950
3 5.050-04 5.030-05 9.96 °.30D-04 0.0
VESSEL

DEPTHS FOR INITIAL

INITIATION (V™)

2.16 6.68 11,52 17.03
NUMBER 18 539 19 70
PERCENT 2.1 61.9 22.3 8.0
TIMES OF FAILURE(MINUTES)
2.9 9.0 29.% 30.9
MUMBER 2 9 - 368 77
PERCENT 2.0 0,9 88,2 21.3
INITIATION T-RTVDT(DEG.T)
=35.6 81,7 -27.3 -13.9
NUMBER 2 1 3 145
PERCENT 2.9 0.1 2.9 13.9
ARRFST T-RTNDT(DEG.C)
«27.3 =13.9 0.0 13.9
NUMBER 0 3 23 7
PERCENT 2.0 3.7 9.2 3.2

32
3.7

e mmn JNADJUSTE Do

1

CC-L.78

15
o7

22.95 29.32 36.51

0.3

1. FLAWS/M®83
~==ADJUSTE Do
P(F/E) <ERR
5.460-05
2.110-08
1.06D-05
© 6.730-05 8,37

2
2.9

3

48,25 52,72

b]

2.0

FO = 6.0600+19

NTRIALS

110000
520900
452000

40,0 50.0 60.0 70,7 80.9 99.0 109.0 119.0 120.0

3
5.9

27.%

77
9.3

13.9

81,1

27
25.7

-

52 26 25 15 16 17

7.5 3.1 3.0 1.8 1.9 2.0
27.8 N1,7 S55.6 §9.4 33.3 97.2 1111

12§ 51 2 2 9 2

11.9 5.8 3.2 0.0 2.9 8.9
§5.6 69.4 A43.3 97.2 111.1 125.0 138.9

1 32 75 47 24 1

0.5 14,7 3W.6 1.7 11y 0.0
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IPTS C CLIFFS CLAD 4.6 1. FLAWS/M*03 F0 = 6,060D+19
PRUSSS—— |} ¥, R 1115 of ) SRS «e=ADJUSTE Daeee
AELD P(F/E) 954Ct SERR  PCINITIA) NOV P(F/E) LERR NTRIALS
1 8.220-96 6,00D0-05 74,08 1.81D-05 0.025  2,76D-07 500100
2 0.000+00 0,000+00 .0.70 0.00D+20 0.050 0.700+29 500000
3 0,70D+00 0.00D+00 0.90 1.170-08 0,021 0.00D+00 $02000
YESSEL 2.96D-07 74.08
OEPTHS FOR INITIAL INITIATION (MM)
2,16 5,58 11,52 17,93 22.95 29.42 36,51 44,25 S52.72
NUMSER 2 10 2 0 1 2 b} n 0
PERCENT 0.0 7.9 15,4 4.0 7.7 2.0 0.9 0.9 2.9
TIMES OF FAILURE(MINUTES)
9.0 10.7 20.0 3.0 40,9 50,0 50.0 7O0.0 80,9 90.0 103.0 110.0 120.9
NUMBER 2 9 2 9 2 9 b] 1 3 1 1 1
PERCENT 7.0 0.0 0.0 0.0 0.0 0.0 9.0 1,3 82,9 14,3 13,3 4.3
INITIATION T-RTNDT(DEG.C)
~55.6 41,7 «27.3 -13.,9 9,0 13,9 27.8 41,7 S5.6 S9.% 83,3 97.2 1111
NUMBER 2 2 1 3 3 3 4 0 b 0 0 0
PERCENT 0.0 0.0 4,2 12.5 33.3 33.3 6.7 2.0 0.0 0.0 0.0 9.9
ARREST T-RTNDT(DEG,.C)
=27.8 «13.9 9.9 3.9 27.% 41,7 55.6 49,4 93,3 97.2 111,01 125.9 138.9
UMBER 2 ) 7 1 b} 1 3 9 3 7 b] 8}
PERCENT 7.0 9.0 3.9 5.3 49 6.9 7.5 87.7 29.% 0.0 0.0 0.0
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CRITICAL CRACK CEPTH CURVES FOR
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[ : : .
- Q
o miR i . 3 |
| +
' . -
+
e | ; r |
| +
b " 4
| -~ e
sk 1 ] . it
| ‘ |
-
i ‘ n
;oo ' 3 :‘ ..........‘
oom"'
t = ,..-°tt'
mL . ....t L
dL : 0 .bo- * d
1 . ' . ‘
T ’
. .. :
- ’..i..,o § .
st ‘ ; 2 |
b 1 2
| .
-4 o |
E f o ’0
. PP
: . =
s *
: T TS |
<
f R 1
| x
dl: ‘ xxxxxxxxxxxxaxxtxxxxxx J
| x
: ) ‘x“x:xxtx!xxxxxxxxxxxx

-

e}



IPTS C CLIFFS CLAD 4,13 1. FLAWS/M%#3 FO = 5.060D+19
e e A DS S TE Do e e ~enADJUSTE Do
WELD P(F/E) 5%C1 SERR  P(INITIA) NV P(F/E) $E8R NTRIALS
1 2.030-04 3.030-05 14.90 2,270-04 0,025 5.08D-06 500000
2 3.520-06  3.99D-26 113.16 3.52D-96 9.050 1.75D-07 520000
3 3.290-05 1.22D-05 37.08 3.990-05 0.021 §.91D-07 520000

VESSEL 5.950-06 13.35

DEPTHS FOR INITTAL INITIATION (vM)
2,16 6,53 11.62 17.03 22.95 29.42 36.51 34,25 52.72
NUMSER 2 136 50 26 10 S 2 1 0
PERCENT 2.0 59.% 21,7 1.3 8.3 2.2 0.9 9.8 0,0

TIMES OF FAILURE(MINUTES)
2.0 19,9 20.0 30.0 49,0 S0.0 690.0 79.0 %0.7 99.0 109.0 110.0 129.0

YUMBER 0 2 6 59 26 27 24 27 1" 15 S 4
PERCENT 3.0 9.0 2,9 28.9 12.7 3.2 11.9 13.2 S.4 7.4 2.8 2.0

INITIATION T-RTYDT(DES.C)
=35.5 =81.7 -27.3 =13.9 0.9 13,9 27.3 41,7 S5.6 69.4 83,3 97.2 111.1
NUMBER 9 bl 1 53 119 56 23 11 1 bl 0 0
PERCENT 10 0.0 0.3 20,7 45,1 21.2 4.7 4.2 0.8 0.9 0.9 0.0

ARREST T-RTNDT(DEG.C)
«27.8 «13.9 9.9 13.9 27.3 8.7 S5.5 59.4 83.3 97.2 111.1 125.0 139.9
NUMBER 2 13 2 3 0 9 5 23 16 b 0
PERCENT 00 1.7 2.7 3.3 0.0 0.0 0.0 8.3 38.3 28.7 6.9 5.0




x10'

HTC (H/Man 2 )
15.0

12.0
s

TENP. (DEG.C.)

3%0.0

IPTS C CLIFFS

CLAD 8.1

CC-L.85

0.0
L

0.0
L

150.0 180.0 0.0
L 5

120.0
L

=

L3 T T

b
\,\ 8 PRESS, (MPA) }
- o TENP, (DEG.C.)

T
10.0

PRESS. (MPA)

T
8.0

o g s HIC (W/MwnguK) | F2

‘b
K

- > > - pe - s Aa
Q
5 " i i N " -

o.0

10.0 <0 X.0

4.0

00 @0 M0 WO WO 109 U0 120.0
TINEININ,)




CC-L.86
-
IPTS C CLIFFS CLAD 8.1 1, FLAWS/M®83 FO = 5.060D+19
WELD  P(F/E) 958CT  SERR  PCINITIA} WOV P(F/E)  SERR  NTRIALS
' 1 1.530-05 3.30D-06 354.36 3.590-03 0,025  3.820-07 570000
2 0.000+00 0.007+00 0.90 6.910=04 0,050 0,000+90 520700
3 0.00D+00 0.000+00 0,30 1,39D=33 0.021 0.000+90 500000

VESSEL 3.92D0-07 53.36

DEPTHS FOR INITIAL INITIATION (MM)
2.16 6.58 11,52 17.93 22.95 29.42 16.51 48,25 52.72

NUMBER 9 M5 3s& 63 3 3 2 o
PERCENT 0.0 88.0 6.5 3.5 1.3 9.3 0.1 0.0 0.0

L]
TIMES °F FAILURE(MIVUTES)
0.0 10.0 20.7 39.9 9.0 50.7 50.0 70.0 80.0 99.9 130,59 117.9 129.0
NUMBZER 0 2 2 2 b 2 ) ) 2 1 2 19
PERCENT 2.0 4.0 094 2.0 940 028 0.9 0.0 15,4 7.7 4.0 75.9

INITIATION T-ATNOT(DEG.C)
=55.5 «41,7 -27,8 «13,9 0.9 12,9 27.9 81,7 65,6 &9.4 43,3 97.2 111,
YUMBER 377 1095 2082 1779 S37 1% 35 1 0 2 0 0
PERCENT 5.3 18.2 33.9 29.6 3.9 2.5 0.6 0.0 0,0 9.0 0.0 4.0

ARREST T-RTVDT(DE3.7)
-27.% «13.9 0.0 13,9 27.9 41,7 95.6 69.4 83.3 97.2 111.1 125.0 138.3
VUM3ER 1335 1293 ¥y 232 N6 5% 838 1M3 1 b 2 n
PERTENT %.0 28, 3.2 3.9 6.2 10,7 16,3 3.6 9.9 2.0 9.9 2.0
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CcC-L.89

CRITICAL CRACK DEPTH CURVES FOR IPTS C CLIFFS CLAD 8.1}
RTNOTO =-48.9 DEGC :CU = 0.21 JNI = 0.87 FO - 6.08E1° LONGIT
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PR e —— .

IPTS C CLIFFS CLAD 8.2 1. FLAWS/N®®3 FO = 6.060D+19
PRTR——11 T Fo (11, 584+ B «aeADJUSTE Daeme
WJELD P(F/E) 95%¢CT SERR  P(INITIA) NV P(®/E) LER’R NTRIALS
1 3.990-03 1.96D-08 9.68 1,150-02 0,025 9.960-0% 69000
2 3.320-0¢ 3.910-05 11,53 2.36D-03 0.050 1.79D-08 500000
3 1.810=03 1.410-08 9,99 5.,930-03 0.021 2.96D-25 169000

VESSEL 1,86D-08 7.03

DEPTHS FOR INITTAL TNITIATION (‘™)
2,16 6,58 11.62 17,03 22.95 29.42 35.51 84,29 52.72
NUMBER 5 9% 2N 7 29 7 2 b
PERCENT 0.1 83.8 9.4 4,7 2,0 6,6 0.1 0.0 0.0

TIMES OF FAILURE(MINUTES)
9.9 10,0 20.0 30,0 ua,90 S0.0 60.7 70.0 89.7 90.0 179.0 119,90 122.0
NUMSER 9 2 2 ) 2 bl 0 1 22 93 299 649
PERCENT 2.0 9.0 Q2.0 9.9 9.9 3.0 @ S,Y 2.0 9.2 26,0 619

INITIATION T-ATNDTI(DEG.O)
55,6 <31,7 «27.9 «13.9 1.0 13,9 27.8 41,7 8.6 59.4 93.3 97.2 111.1
NUMBER 330 1011 1931 1379 w02 398 122 5 n 0 n 0
PEACENT 5.4 17.9 3W.Y %9 7. 7O 2,2 o0, 0.0 0.0 0,0 0.0

ARREST T-ATNDT(DE5.7)
«27.9 «13,9 0,0 13.9 27.8 61,7 §§.6 A9.4 83,3 97,27 111,71 12§.0 118.9
NUMBER 464 1148 w07 E3 ) @92 1168 LL ) b b} bl 2
PERCENT 2.9 3.4 3. 2.5 3.1 .7 2.3 2.9 o B 2.8 2.9 2.9

e m——————
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IFFS CLAD 8.2
6.08E19

CRITICAL CRACX DEPTH CURVES FOR IPTS C
RTNDTO --40,.9 CEGC %CU = 0.21 UNI - 0.87 FO
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IPTS C CLIFFS CLAD 8.3 1. TLAWS/M#03 FO = 6.060De19
| WELD P(F/E) 358C1 SERR POINITIA) N®V P(F/E) SERR NTRIALS
)
_ 1 1,010-01 4,340-03 4,31 1.01D<01 0,028 £,52D<03 10000 i
: 2 3.810-02 2.83D-03 7.45 3.94D-02 1.050 1.930-93 13900 .
. 3 7.020-02 3.730-03 §5.32 7.08D-02 0,021 1,47D=03 109200

VESSEL 5.900-03 3.3 {

DEPTHS FOR INITTIAL INITIATION (W)
2.16 6.48 11.62 17.93 22,95 29.42 26.51 35,.2% §2.72
| NUMBER 133 2428 698 236 55 12 5 9 0
PERCENT 3.7 67,8 19,5 6.4 1.4 0.3 0.2 6.9 9.0

TIMES OF FAILURE(NINUTES)
9.9 19,0 20.7 30.0 40,7 S0.0 60.0 70.0 90,0 9§0.0 100.9 19,0 120.0
NUMBER ] n D) 2 3 9 2 1 2 1545 70T 100A
PERCENT 2.0 9.0 0.9 0.9 00 0.0 9.0 4.7 0.1 5.3 19.9 28.2

INITIATION T-ATNOT(DEG.O)
«55.5 «41,7 «27.9 <13.9 9.9 13,9 27.8% 81,7 4%5.6 69.4 83.3 97.2 111,
NUMBER 226 562 1280 1142 oS 45 49 49 5 0 3 b
PERCEINT 6.1 15.1 33.5 30.6 10.% 1.2 1.3 .3 0.2 0.0 0.0 6.0

- ARREST T-RTYOT(€5.0)

| «27.8 13,9 0,9 13,9 27.3 @17 55,6 49.4 83,3 97.2 111.1 1260 139.9

| LUREES] CE TR ' 9 (O T - i " 6} "
2EREYT 1,7 12,0 18,8 A8 0.9 2.3 88 214 2,3 0 3.0 20

TN
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IPTS C CLIFFS CLAD 8.3
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0.7
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CRITICAL CRACK DEPTH CURVES FCR

IPTS C CLIFFS CLAD 8.3

RTNDTC =--48.9 JEGC ZCU = 0.21 NI = 0.87 FO - 6.06E19 LONGIT
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IPTS C CLIFFS CLAD CCT11
am e an ! INADIUS TE D e e

WELD P(F/E) 95%C1 SERR  PCINITIA)
1 7.620-03 7.520-08 9,87 7.810-03
2 3.100-08  3,74D-05 12.06  3,30D-04
3 2.270-03 2.26D-24 9.98  2,370-03

CC-L.101

1. FLAWS/Mee3 FJ = 6§,060D+19

~==ADJUSTEDemmm
Ny P(S/E) SERR

0.025 1.950D-08
0.050 1.55D-0§
0.021 4,77D-0§

VESSEL 2.540-08 7.58

DEPTHS FOR INITIAL TNITIATION (W)

2.16 6,458 11,82 17,03 22.9% 29,

NUMBER 29 694 226 95 25

PERACENT 2.7 4.7 209 8.9 2.3 o

TIMES OF FAILURE(MINUTES)

42 36.51 44,25 52.72
9 3 1 2
4 0.3 0% 0.0

NTRIALS

32000
501000
130700

2.9 12.7 29,0 1.9 0.9 30.9 $1.9 79.0 83.1 37.1 193,00 119.9 173.0

HUMBER 2 9 0 112% 542
PERCENT 9.0 0.9 9.3 12.5 84,0
-

INITIATION T-ATHOT(DES,.C)

148 97 50 9 29
13.% 9.3 4.9 1.9 1.9

=556 <41.7 <27.9 <139 0.0 13.9 27.8 41,7 55.5 49.4

NUMBER 1 1 2% 215 su2
PERCENT .1 0.4 L4 1.e 29.7

ARREST T-aTNDT(2£5.0)
=27.9 =13.9 0.9 139 27.3 W
NUMBER ) 7 a 2 )
PERCENT 2.0 9.9 2.5 0,2

904 823 262 16 b ]
2.8 @& 13,9 9.8 9.0

7 855.5 A0.4 93,3 97.2 1
i 44 248 49y 52
2.8 5.2 297 84,1 6,1

1 12
1.1 1.2

§3.3 97.2 111
b 2
2.9 9.0

11,1 125,9 1389
19 0
1.2 0.9
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CRITICAL CRACK CEPTH CURVES FOR

IPTS C CLIFFS CLAD CCT1l

RTNCTO --48.9 DEGC JCU = 0.21 NI - 0.87 FO - 6.06E18 LONSIT
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