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Rock Fall Modeling

The objective of this task is to develop a fracture mechanics-based model for treatin g
the potential failure of degraded fuel cladding tubes caused by rock fall impacting on
waste packages in the repository. The proposed approach is to treat degraded fuel
cladding as internally pressured tubes containing surface or internal flaws. The size
and shape of these flaws will be deduced from pertinent experimental data or
information on the appropriate degradation mechanisms such as localized corrosion,
hydride embrittlement, delayed hydride cracking, and fuel-side iodine-induced stress
corrosion. Although these degradation processes may not lead to cladding failure
under the nominal conditions anticipated in the repository, they can induce surface

or internal cracks that may cause failure when the cladding are impacted by rock
falls.

The rock fall model will be developed by treating the forces on the fuel cladding rods
due to an impacting rock in terms of a distributed load. The fuel cladding is assumed
to be degraded and contain cracks whose size and geometry are known. Based on
these assumptions, the stresses in the cladding rods will be analyzed by performing
the appropriate bending analysis and the relevant fracture mechanics parameters
(stress intensity factor or the J-integral) will be obtained. The critical stress at the
onset of cladding failure will be predicted based on a K, or J. criterion, depending
on the amount of plastic flow associated with fracture. The critical stress will be
predicted as a function of crack size including conditions where cracks are absent or
small. Part of the proposed effect is to determine the possible size, shape, and
orientation of cracks that might be present initially before emplacement or
subsequently induced in the cladding by one or more of the pertinent degradation
mechanisms after emplacement in the repository. Once the crack geometry is
established, the failure of the fuel cladding subjected to impact loads resulting from
rock fall will be modeled on the basis of linear-elastic fracture mechanics or elastic-
plastic fracture mechanics. The proposed model will be used to assess the critical size
and weight of rock fall required to cause cladding failure as a function of the angle,
height and velocity of impacts, as well as the location, size, shape, and number of
microcracks in the cladding.
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Review of “Breakage of Commercial Spent Nuclear Fuel Cladding by Mechanical Loading,”
Document CAL-EBS-MD-000001 REV 00, by J. K. McCoy, 1999.

This report documents the results of analytical calculations performed to assess the failure rates of
commercial spent nuclear fuel cladding (CSNF) by mechanical loading during storage in a waste

repository. The calculation methods, assumptions, input parameters, and computational results are
described in detail in the report.

Two sources of mechanical loads were considered in the risk assessment calculations, which
included seismic loading and impact loading by rock fall. The failure modes considered for CSNF
rods were rupture and fracture. The approach taken was to compute the stresses in the cladding rods
due to seismic loading or impact loading by rock fall. The probabilities of rod failure by rupture and
fracture were computed for a given impact velocity, which was in turn related to the peak ground
acceleration of an earthquake at a particular strength. The total failure rate was then computed by
summing the contributions by earthquakes of all strengths. This approach appeared to be reasonable.

The rupture criterion was formulated in terms of the yield stress, while the fracture criterion was
based on linear-elastic fracture mechanics and the fracture toughness for irradiated rods. A rupture
criterion based on the onset of yielding is reasonable and conservative for irradiated rods. Hollow
rods were assumed in the computation of the cladding stress. This is likely to give higher cladding
stresses and therefore conservative results. The effect of loading rate on the yield stress was not
considered in the analyses, but it probably did not introduce significant errors to the results. The
distribution of yield strengths was not considered. This omission could alter the failure rate
significantly, and it should be addressed.

An exponential flaw distribution was assumed in the calculation of the failure probability for
fracture. The assumed flaw distribution was reasonable. However, it is uncertain that the flaw
distribution would give conservative estimates. The low failure probability computed for fracture
by seismic loading was probably the consequence of small crack sizes in the cladding and the use
of a fracture criterion based on large-crack fracture mechanics. Since failure that involved small
cracks would be captured by the rupture criterion, the total failure rates probably were not
significantly affected and the large-crack formulation appeared to be reasonable. On the other hand,
the author’s argument that the risk to fracture would be small regardless of the fracture properties,
the number of flaws, and the flaw size distribution was not supported by any calculations. A
systematic evaluation of these variables through the appropriate parametric calculations are needed
to support this claim.

The use of a point load to represent impact loading by rock fall was justified, since pervious work
(Chan and Lee, Nuclear Engineering and Design, vol. 201, 2000, pp. 209-226) showed that a point
load formulation would give the same result as a distributed load formulation. The placement of the
point load at the critical location (one-third of the rod length) was also justified based on the prior
work. The critical point corresponds to the impact location that induces the maximum bending
moment and stress at one of the fixed ends. Thus, it represents the worst case. The conclusion that
all rods would fail by rock fall is also supported by results in the literature (Chan and Lee, 2000). -
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DOE’s arguments are not consistent with cladding temperatures and stresses documented in Clad
Degradation -Summary and Abstraction (CRWMS M&O, 2000f, p.19 and 20). According the DOE’s

~ analyses, the center rod in an average WP will reach 308°C and the outer rods will peak at 291°C.

The temperature uncertainty is uniformly distributed over arange of + 13.5% Thus, the hottest center
rod in an average WP will peak at 350° C while the hottest outer rod will peak at 314°C. The
solubility of hydrogen in Zircaloy are 80 and 120 ppm at 314°C and 350°C, respectively (CRWMS,

" M&O, 2000e, p. 57). The average hydrogen content in commercial spend fuel rods is about 400 ppm

in the form hydrides. At the fuel rod temperature increases to the peak temperature, some of the
hydrides would dissolve and go back into solution. The dissolved hydrogen will re-precipitate as
radial hydrides, if the cladding stress exceeds a critical value during the precipitation process. The
tensile stress for hydride reorientation is between 69 to 208 MPa. (CRWMS M&O, 2000h) DOE’s

~ calculation of the cladding stresses over the temperature range of 250° - 385°C are between 55 MPa
- and 120 MPa. This range of stresses is well within the minimum tensile stress for hydride

reorientation to occur when the cladding cool slowly below the solvus temperature in the repository.
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After an evaluation of six creep models against five set of experimental data, DOE elected Murty’s
creep model over other five models including the one by Matsuo. DOE claimed that Murty’s creep
equations are accurate at low stresses and low temperatures because it incorporates Coble creep,
which is dominant at low stresses and low temperatures. In addition to Coble creep, Murty’ creep
equations include primary and steady-state creep by dislocation glide, the same creep mechanisms
treated in Matsuo’s model. Model uncertainty in creep correlations of all five set of experimental
data is 0.487 for Matsuo’s model and it is 0.557 for Murty’s model. A critical strain criterion was
used for creep failure. Upper and lower limits of rod failure by creep were computed based on
creep failure strain limits of 0.4% and 11.7%. These creep failure strains were supported by
experimental data of unirradiated Zircaloy and corresponded to an average creep failure strain of
3.3% used in an earlier analysis concerning cladding failure by creep during dry storage and
transportation (CRWMS M&O, 2000d). The Murty’s model and the creep strain criteria are
acceptable since they both lead to conservative failure estimates.
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