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The U.S. Nuclear Regulatory Commission (NRC) is pursuing means to risk-inform its
regulations and programs for dry storage of spent nuclear fuel. In pursuit of this
objective, the NRC will develop safety goals and probabilistic risk assessments for
implementing risk-informed programs. This paper provides one example method for
calculating the risk of a dry spent fuel storage cask under normal and accident
conditions. The example is on the HI-STORM 100 cask at a proposed site containing
four thousand such casks.

The paper evaluates the risk to the public by determining the likelihood a welded
stainless steel container will leak. In addition, the study addresses the risk at a site
where 4,000 casks may be stored until the U.S. Department of Energy accepts the
casks for placement in a repository. The methods used employ the PRODIGAL
computer code to assess the probability of a faulty weld on a stainless steel-welded
canister. These analyses are only the initial stages of a comprehensive risk study that
the NRC is performing in support of its regulatory initiatives.

Probability of Leakage Under Normal Conditions

The NRC staff believes that the HI-STORM 100 spent fuel cask will not leak because of
the following:

• To a reasonable degree of engineering certainty, the expectation is that a welded
cask should not leak. This is in contrast to a bolted or gasketed configuration
which may require active monitoring to ensure that leakage is within required
limits.

• The cask welding is performed to stringent fabrication and inspection standards
consistent with requirements specified in ASME Section III for fabrication and
inspection of reactor primary coolant pressure boundaries.

• The welds are inspected after fabrication to ensure no measurable leakage of
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the helium (He) atmosphere to the external atmosphere.

To reinforce the largely qualitative arguments listed above, analyses performed by the
Pacific Northwest National Laboratory (PNNL) and the NRC staff indicate an extremely
low probability for through-wall propagation of a crack (leak) in the cask welds due to
fabrication difficulties. These analyses used the PRODIGAL computer code [1] to
simulate the welding processes and inspection procedures used for the HI-STORM 100
multi-purpose canister (MPC).

Prodigal Code

The PRODIGAL code is an expert system model that simulates the occurrence of flaws
in nuclear grade welding. PRODIGAL focuses on crack-like flaws, and specifically
excludes structurally benign flaws such as pores and rounded slag. The focus is on
crack-like flaws in welds because such flaws have the greatest potential to grow during
service to become through-wall cracks. Such cracks have the potential to cause
breaches in the cask giving relatively large leak rates. Nondestructive and destructive
examinations of welds for crack-like flaws have been the focus of experimental studies
of weld integrity at PNNL for the NRC [2]. PNNL has also developed methods for the
NRC to predict the number and sizes of such flaws that can occur in nuclear grade
welds. However, these methods do not address less significant welding flaws such as
porosity that have little or no potential to degrade structural integrity, but do have the
potential to provide a pathway for leakage. The assumption in the present work was that
such non crack-like flaws will not grow under service conditions.

PRODIGAL performs a Monte Carlo simulation of welding processes and inspections to
calculate flaw densities and size distributions. The code was designed to predict the
expected defect distributions in an average weld and does not include a consideration
of uncertainties or the expected weld-to-weld variations. PRODIGAL simulates
radiographic (RT) and dye penetrant (PT) inspections so that defective welds can be
rejected and/or repaired, but does not address certain inspections such as ultrasonic
examinations (UT) and leak testing. The PRODIGAL code has been used in the
analysis of both nuclear pressure vessels and piping [3,4,5]. The numbers and sizes of
flaws predicted by PRODIGAL have also been compared with data collected on
observed flaws in welded construction [2,6,7].

Welds in HI-STORM MPC

This present work analyzed the MPC welds and the inspection procedures using the
PRODIGAL computer code to simulate the flaw distributions in the dry storage cask
welds. The fabrication and closure of the HI-STORM MPC requires the six welds
identified in Table 1. For each of these weld configurations, the flaws in 106 meters of
weld were simulated by PRODIGAL to determine the probability of obtaining a
througn-wall-flaw.
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Weld Number of Through-Wall

Flaws per Weld
1 MPC Lid-to-Shell Weld 5.8E-9
2 Closure Ring-to-Shell 3.6E-4
3 Closure Ring-to-Lid Weld 2.8E^
4 Vent/Drain Cover Plate Weld 1.2E-6
5 Circumferential and Axial Seam Welds 7.1E-6
6 Shell-to-Baseplate Weld 2.6E-6

Table 1: Number of through-wall flaws (leaks) per weld for each weld used to construct
and seal the HI-STORM MPC.

The cylindrical MPC shell is constructed with circumferential and axial seam welds of
stainless steel plates (Weld 5). This cylindrical shell is then welded to a baseplate
(Weld 6). These full penetration welds undergo dye penetrant (PT) and radiographic
(RT) examinations. This analysis assumed that the MPC shell is fabricated from
1 circumferential weld and 2 axial welds.

After the cask is loaded with fuel, the MPC lid is welded to the shell (Weld 1). This weld
undergoes PT examinations after the cot, intermediate, and final weld passes. The
MPC lid-to-shell weld (Weld 1), the seam welds (Weld 5), and the shell-to-baseplate
weld (Weld 6) are then subjected to a hydrostatic test. PRODIGAL does not consider
this type of nondestructive examination (NDE). Therefore, the probabilities calculated
by PRODIGAL for these welds are upper bounds since any leaks predicted to occur
could be detected during this test.

The vent and drain ports used for hydrostatic testing, drying and inerting are then welded
closed with cover plates (Weld 4). These welds undergo a final PT examination only.
Each cask contains two such welds.

Results of Flaw Simulations

Figure 1 shows plots of the predicted numbers of flaws per weld (of some minimum
size) as a function cf flaw size. Flaw size is the dimension measured through the
thickness of the weld.

Weld 1 consists of six layers of weld deposit. For this weld there is a 0.52 probability of
fabricating a flaw at least 1% of the weld thickness. However, for a flaw 87% of the
thickness, the probability drops to 5.8x10"9. In contrast, Weld 2 is a fillet weld consisting
of a single weld pass. In this case, a single defective weld bead can result in a flaw that
nearly penetrates the full thickness of the weld. However, the predicted depth
distribution drops by about two orders of magnitude when the depth approaches 100%
of the wall thickness. This drop occurs because the PT examination performed at the
outer weld surface has an effectiveness of about 99% in detecting small
surface-breaking defects. For these welds the probability of fabricating small flaws is
relatively high but the probability decreases for much larger flaws.
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Fig. 1. Number of flaws per weld versus flaw size for the welds used

in the fabrication and closure of the HISTORM MPC.

In this analysis a leak is defined as a through-wall-crack (TWC) as predicted by
PRODIGAL. In welds 1,5 and 6 TWC's were not predicted by PRODIGAL even after
simulating 106 meters of weld. In these cases, it was conservatively assumed that the
probability of a TWC was equal to that of the largest flaw predicted by PRODIGAL. This
is shown by the dashed portion of the curves in Welds 1,5, and 6 of Figure 1. Table 1
also summarizes results of PRODIGAL analyses in terms of the predicted number of
through-wall-flaws per weld.
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Leak Probabilities for Multiple Welds

The MPC lid-to-shell weld and the vent and drain cover plate welds form the primary seal
to the MPC lid. A closure ring is then placed on the MPC lid and welded to the shell and
the lid to form a redundant cask seal (Welds 2 and 3). Thus, the cask environment is
separated from the outside atmosphere by two independent lid welds. In order for the
cask to leak through the lid, both a primary and a secondary weld must have a TWC
which are not found during NDE. The probability of forming a leak in the cask lid seal
welds (PMd) is determined from the probabilities of individual welds containing a TWC,
P(weld number), taken from Table 1:

(1)

If only a leak in the MPC lid-to-shell weld is considered for the primary weld leak, then
the probability of leakage (PMPC iid) is given by

(2)

To determine the probability of leakage for the entire MPC, the other welds must also be
considered. The probability of leakage in the MPC is calculated from the probability of
leakage from the shell-to-baseplate weld, the seam weld, and primary and secondary lid
welds.

Pro,arP(6) +P(5) +lP(\)+P(4)+P(4MP(2)+P(3)]}

PTotal=9J XI 0"6 (3)

P-rotai is driven mostly by the failure probability of the shell-to-baseplate weld and by the
seam welds, which undergo a hydrostatic test that is not considered in these analyses.
Therefore, PTotai could be considerably smaller than 9.7x10"6.

Uncertainty Analysis

The predictions by the PRODIGAL code are subject to large uncertainties. Using the
methodology of Khaleel and Simonen [8], analyses were performed to address the
uncertainties in the flaw distributions of Figure 1. The uncertainty evaluations were
based on a number of assumptions. The model assumed for example that the quality
level of the cask fabrication is similar to that for fabrication of nuclear piping and
pressure vessels. As such the model does not address departures from specified
welding and inspection procedures. For example, gross errors such as the inadvertent
use of welding wire not intended for stainless steels were not considered. Rather it is
assumed that post-weld inspections and quality assurance programs will prevent such
welds from entering into service.

The uncertainty calculations assumed that the uncertainty in the total number of flaws per
weld was bounded by a factor of 10 in each direction from the best estimate values



from the PRODIGAL code. A triangular distribution was used to describe the
uncertainty of the log of the number of flaws per weld. Similarly the uncertainty in the
shape function for the conditional depth distribution was taken to be t ie same as the
triangular distribution described in Khaleel and Simonen [8]. The net result as shown for
example by Figure 2 was a very large uncertainty in the number of flaws, and in
particular for flaws with large depths approaching the full wall thickness. This trend was
particularly strong for welds consisting of many passes, as for example Weld 1.

Uncertainty Analysis Results for MPC Lid to Shell Weld
Weldi
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Fig. 2. Results of uncertainty analysis for the MPC lid-to-shell-weld.

The uncertainty analysis performed for all the MPC welds indicate that the PRODIGAL
results approximate the 50th percentile curves (median values). The results also show an
uncertainty of an order of magnitude about the median values (PRODIGAL results) for
the smallest flaws with increasing uncertainty for larger flaw sizes. At the largest flaw
sizes predicted by PRODIGAL the upper and lower bound curves can vary by as much
as 3 or 4 orders of magnitude about the median curve. It should be noted however that
the 10th and 90th percentile curves only vary by 1 or 2 orders of magnitude about the
median curves.

Multiple Cask Failures

Equations 1, 2 and 3 give the probabilities of leaks in a single cask due to fabrication
(welding) flaws. Let p be the probability of cask leakage (p = Plid , PMPCiid or Ptotgl).
Assuming that casks leak independently, the probability, P(/c), that exactly k out of n
casks leak is given by a Poisson distribution with expected value A=«p, provided p is
small and n is large. Hence

(4)

The probability that no cask leaks is given by Equation 4 with k = 0 and is
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(5)

The probability that at least one cask leaks is

l-P(0)=pr (£>0)=l-e-A (6)

For the case of p = Ptota, and n = 4,000, A?=0.039. From Equation 5, the probability of at
least one cask leaking is

Pr(A:>0)=0.038 (7)

From Equation 4, the probability of exactly one cask leaking is

(8)

The large probabilities shown in Equations 7 and 8 are due to the large number of casks
(n = 4000) being considered. However, the probability of multiple casks leaking drops
dramatically. The probability of more than one cask leaking is

(9)

For the case of 10 casks leaking, Equation 4 gives

P(lO)=2xio~21~O (10)

In the extreme case of all casks leaking, the probability becomes

)=wr0

Probability of Leakage Under Accident Conditions

An elastic-plastic fracture assessment was performed on the HI-STORM cask according
to the "R6" Failure Assessment Diagram (FAD) methodology developed by the Central
Electricity Generating Board in the United Kingdom [9,10]. Adherence to the protocols
described in these references has repeatedly been demonstrated to provide
conservative assessments of the fracture integrity of operating structures. To perform a
FAD analysis, two values are calculated for the situation of interest: Kr and Sr. Both
values are illustrated on Figure 3. Kr is the ratio of tie fracture driving force to the
fracture resistance, while Sr is the ratio of the applied stress to the yield stress. Once Kr

and Sr are calculated for the situation of interest, the (Sr, Kr) point is plotted on Figure 3.
If the point is between the curve and the origin, a failure is not predicted. If the point lies
outside of this region, then a failure is predicted.
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Fig. 3: CEGB R6 Level 1 Failure Assessment Diagram.
Figure 4 illustrates the flaw geometry. For the purpose of this analysis, the flaw length
(2c) is assumed to be infinite (i.e. very large compared to a).

The parameter, Sr is the X-axis value. It is calculated as follows:

So,^applied

& yield
(12)

where

q
°applied

is the mechanically applied stress, and

is the stress required to yield the un-cracked ligament behind the flaw (see
Figure 4).

Fiq 4. Flaw Geometry

-Yielding of this region is
considered "failure" by collapse

Fiq 5. Collapse Criteria.

For the austenitic stainless steels considered in this analysis, Sr may not exceed 1.8.
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Syieid is calculated for the flaw geometry illustrated in Figure 5 as follows [11]:

nac

If ^<0.8, then

ff^>10,then«=f

Elseif 2<^<10,then<

E l s e l f f > 0 . 8 , t h e n o ^ .

Let Oy equal the material yield strength and let P equal \-cx.

If c£0.545 then Syieu=l.996«cr^y(0.794-/3)2+O.5876)82-(0.794-y3)

Else if «<0.545 then SyieM=l.996*cry*{\-a-\.232d+ci)

The parameter, Kr is the Y-axis value. It is calculated as follows:

V applied

K,c
(13)

where

Kapplied

Kic

is the stress intensity factor produced by the sum of the
mechanically applied stress and the yield stress of the material. The yield
stress of the material is added only if the crack is in a weld and the weld
has not been stress relieved.

is the fracture toughness. If a J,c value is available it should be converted
to K|C using the following formula:

K -IM-Klc~t-v2

where

(14)

E is Young's modulus, and
v is Poisson's ratio.

Newman and Raju provide suitable formulas for Kapp|ied [12].

Using this methodology, the NRC staff performed a probabilistic fracture mechanics
(PFM) analysis on the MPC lid-to-shell weld for the bottom end drop accident.

Statistical distributions of material properties for stainless steels and their welds were
taken from the open literature. A cumulative distribution function of fracture toughness
(J,c) values for stainless steel gas tungsten arc welds (GTAW) was developed using
data from W.J. Mills [13]. The yield stress distribution was taken from work performed at
Battelle Columbus described in NUREG/CR-6004 [14]. In this report type 304 stainless
steel material was tested at 550°F and the yield stresses found to fit a normal
distribution. The temperature of the MPC lid-to-shell weld is 164°F. The yield stresses
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used in the HI-STORM PFM analysis used Battelle's normal distribution but shifted to
higher yield stresses to account for the temperature difference. Young's modulus and
Poisson's ratio used in the analyses were 28x106 psi and 0.27 respectively.

The stress at the MPC lid-to-shell weld for a bottom end drop accident was taken from
the HISTORM-100 Topical Safety Analysis Report (TSAR). In the PFM analysis all flaws
were assumed to be surface-breaking with a flaw length of 20 inches. This is
conservative since many of the flaws predicted from the PRODIGAL analysis were short
flaws embedded in the weld. The flaw depth was taken from the depth distribution
produced from the PRODIGAL analysis of the MPC lid-to-shell weld.

The results of a PFM analysis performed by the NRC staff indicate that the probability of
forming a leak in the MPC lid-to-shell weld due to the bottom end drop accident is
5.2x10'6. This result was compared with a failure probability calculated independently by
PNNL. This calculation was based on finite element analyses and published toughness
data for Type 304 stainless steels. PNNL first concluded that the weld would not fail in a
linear elastic fracture mode under bottom end drop conditions. PNNL went on to
determine that the probability of failing the MPC lid-to-shell weld from exceeding the limit
load was 4.0x10"8. PNNL's analysis assumed flaws extending 360° around the weld.
The flaw depths were taken from the PRODIGAL analysis of the MPC lid-to-shell weld.

Both the PNNL and NRC analyses conclude that the MPC lid-to-shell weld will fail from
limit load rather than from brittle fracture. The higher probability of failure calculated by
the NRC is due to the more conservative nature of the NRC's analysis. The stress
specified in the TSAR (and used by the NRC) was conservatively calculated using a
weld thickness which is smaller than the actual weld thickness because no credit was
taken for the root pass of the weld. PNNL used the actual weld thickness and applied a
correspondingly lower stress value. The orientation of these stresses used by PNNL
and the NRC were also different. PNNL assumed the more realistic situation of a shear
stress causing failure in the weld while the NRC took the more conservative approach of
applying the stress normal to the remaining ligament of the weld.

Growth of Weld Defects

Since the HI-STORM MPC is constructed from stainless steel materials with an inert
internal environment of helium gas, RES staff does not postulate any viable active
degradation mechanisms which could cause welding flaws to grow in the MPC.
Therefore, the probability that an existing weld defect with a leak rate below the technical
specification limit will grow in size and eventually cause leakage that exceeds the
technical specification limit is negligible.

Summary and Conclusions

This paper has presented results of calculations that quantify the probabilities that a leak
will occur in one or more of a population of casks for dry storage of spent nuclear fuel.
The probabilities are small and are consistent with the high quality welds expected from
nuclear grade welding and inspection practices. Failure probabilities from the present
study will be used as inputs to future applications of risk-informed methods in support of
regulatory initiatives.
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