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RAI Volume 3, Chapter 2.2.1.3.2, Second Set, Number 4:  

Demonstrate that uncertainties in the angle of impact for drip shield components 
onto the waste package outer corrosion barrier would not affect significantly the 
calculation of waste package damage fraction or rupture probability. 

Basis:  Kinematic analyses in SAR 2.3.4.5.4 assume that drip shield components 
have zero contact angles (i.e., lie flat) on the waste package outer corrosion 
barrier when vertical loads are applied.  However, the SAR does not provide a 
basis to conclude that drip shield components will have a zero contact angle with 
the waste package if the drip shield framework collapses.  Information in the SAR 
does not address how uncertainties in contact angle resulting from, for example, 
differential deformation of the drip shield (e.g., partial framework collapse) or 
tilting of the waste package (e.g., due to the waste package emplacement pallet 
degradation), could affect the kinematic analyses for waste package damage.  
Additionally, localization of stress from angular impacts may affect the 
localization of tensile strain on the outer corrosion barrier, and increase the 
likelihood of puncture or rupture (e.g., SAR 2.3.4.5.4.4.2). 

1. RESPONSE 

The modeling approach allows the drip shield to fully collapse onto (i.e., lie flat on) the waste 
package after the failure of the drip shield sidewalls.  This modeling approach was chosen 
because it overestimates the total load on the waste package during a seismic event.  The 
overestimate results because the drip shield is not expected to completely lose its load-bearing 
capacity after buckling of its lower side walls as a consequence of rubble loading during a 
seismic event.  The assumption that the waste package pallet remains intact for kinematic 
analyses, also overestimates the potential waste package damage.  Greater damage to the waste 
package outer corrosion barrier (OCB) occurs during vibratory motion when the waste package 
impacts the relatively stiff pallet as opposed to the crushed tuff invert.  Uncertainties associated 
with tilting of the waste package and differential deformation of the drip shield are addressed in 
Section 1.2. 

The modeling approach provides an estimate that bounds the damage to the OCB, independent of 
the angle of the drip shield components relative to the OCB.  The following text explains the 
basis for and net effect of this modeling approach on the structural response of the OCB.  
Calculations to support this approach were carried out in two steps.  The first step evaluated the 
drip shield structural response in two-dimensional dynamic simulations; the second step 
evaluated three-dimensional quasi-static loads transferred from a seismically accelerated rubble 
load, through the drip shield bulkheads, to the waste package OCB (SAR pp. 2.3.4-8 to 
2.3.4-12). 
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1.1 EVALUATION OF DRIP SHIELD MECHANICAL RESPONSE  

The drip shield components are modeled to lie flat on the waste package OCB after seismically 
induced failure of the drip shield sidewalls under a rubble load.  This geometry was chosen 
because it assumes that there is no load-bearing capacity for the failed sidewalls of the drip 
shield, thereby maximizing the total load on the waste package from static rockfall and from the 
dynamic acceleration during a seismic event.  

For several reasons, the drip shield is expected to retain some structural integrity after failure of 
the sidewalls.  Dynamic analyses for the failure modes of the drip shield demonstrate that the 
assumption of no load-bearing capacity significantly underestimates the structural strength of the 
drip shield.  A series of 24 two-dimensional simulations were performed to evaluate the dynamic 
failure modes of the drip shield (SNL 2007, Section 6.4.4).  Three different drip shield 
geometries were analyzed to assess the effect of corrosion on drip shield performance: (a) the 
initial configuration (15-mm plate thickness); (b) the configuration in which all components are 
thinned by 5 mm (10-mm plate thickness); and (c) the configuration in which all components are 
thinned by 10 mm (5-mm plate thickness).  Each configuration was analyzed for four sets of 
ground motion time histories at two peak ground velocity (PGV) levels: 2.44 and 4.07 m/s.  The 
four ground motion time histories were selected from the set of 17 time histories available at 
each PGV level, and generally had the largest values for peak ground acceleration or PGV in the 
set of 17 motions (SNL 2007, Section 6.4.4.5). 

The drip shield is considered to fail whenever the maximum effective plastic strain, calculated 
for any location in the drip shield numerical representation, is greater than the ultimate plastic 
strain for Titanium Grade 24, which is 0.152 (SNL 2007, Table 6-134).  Effective plastic strain is 
calculated from the effective plastic shear strain, and is a positive quantity that always increases 
during dynamic response with plastic yielding.  The strain accumulation method for predicting 
failure ignores the tensile or compressive state of the material (SNL 2007, Section 6.4.4.6 and 
response to RAI 3.2.2.1.3.2-2-007).  If the state of the material is compressive, tensile failure 
cannot occur, but the damage evaluation defines failure whenever the ultimate plastic strain is 
exceeded, regardless of the material state. 

In the majority of the fully dynamic calculations, the maximum plastic shear strain is at the bases 
of the drip shield legs, close to where the legs are resting on the invert or the rubble (SNL 2007, 
Section 6.4.4.6 and Figures 6-60 to 6-62).  The results of the calculations indicate that the drip 
shield, as a structural entity, fails by buckling of the legs near their bases (i.e., within 20 to 30 cm 
of the invert), and the large deformation and high plastic strain are generally localized near the 
bases of the legs.  Even though the drip shield fails by buckling of the legs, the drip shield might 
not contact the waste package because the clearance between the top of the package and 
underside of the drip shield, 36 to 69 cm (14 to 27 in) (SAR Figure 2.3.4-53, dimension D3), is 
greater than the distances of 20 to 30 cm (8 to 12 in) above the base of the leg.  In addition, 
buckling of the drip shield legs near their bases does not mean that the remainder of the drip 
shield, including the upper sidewalls, loses its load-bearing capacity.  In these instances, when 
the legs and the lower part of a drip shield buckle, only a fraction of the rubble dynamic load 
might be applied to the waste package.  The drip shield, then, retains a significant fraction of its 
load-bearing capacity.  The approach for estimating waste package damage allows for the 
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possibility that no contact occurs between waste package and drip shield after buckling of the 
sidewalls because of clearances or residual load-bearing capacity.  This is enabled through 
selection of appropriate bounding abstractions to estimate waste package damage and probability 
of rupture. 

1.2 LOAD IS CONCENTRATED NEAR THE LID-END OF THE WASTE PACKAGE 

The geometry for the three-dimensional quasi-static analysis of a waste package loaded by a 
collapsed drip shield is illustrated in Figure 1 (SNL 2007, Figure 6-90).  The model 
representation encompasses a quarter symmetry of the total waste package.  Thus, it includes half 
of the two end bulkheads and flanges and a quarter of the middle bulkhead and flange of the drip 
shield.  Figure 1 is for the waste package with fully degraded internals; a quarter-symmetric 
representation is also used for the waste package with intact internals (SNL 2007, Figure 6-89). 

 

Source: SNL 2007, Figure 6-90. 

Figure 1. Geometrical Representation of the Waste Package Loaded by the Collapsed Drip Shield for 
the Case of Degraded Internals 

In the analysis, the drip shield bulkhead flanges are pushed uniformly downward against the 
OCB.  Although the bulkheads move uniformly, the loads on the flanges are not equal because 
the waste package is much stiffer near the lid end than in the center.  Table 1 presents the flange 
reaction loads at the final state of the simulations, with the maximum downward displacement 
for the three bulkhead flanges.  This state corresponds to an average pressure of 563 kPa for the 
17-mm-thick OCB and an average pressure of about 807 kPa for the 23-mm-thick OCB.  
Bulkhead flange 1 is at the lid-end of the waste package and bulkhead flange 3 is at the center of 
the waste package.  Bulkhead flange 2 is between bulkhead flanges 1 and 3, approximately 
1.07 m away from each. 
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Table 1. Reaction Loads on the Bulkhead Flanges at the End of the Simulations for the Waste Package 
with Degraded Internals 

 Reaction Force (kN) 
OCB Thickness Bulkhead Flange 1 Bulkhead Flange 2 Bulkhead Flange 3 
17 mm 1,295 208 0 
23 mm 1,865 303 0 
 

The reaction load on the lid-end bulkhead flange is about six times greater than the reaction load 
on the adjacent bulkhead flange (flange 2).  In addition, the load on the bulkhead flange 
(flange 3) at the center of the waste package is zero.  

These results demonstrate there is a significant asymmetry in the loading caused by the three 
bulkhead flanges on the OCB.  If the drip shield were to deform or collapse unevenly along its 
long axis, a nonzero angle between the drip shield and waste package would result and 
concentrate the load on the single bulkhead flange, represented here as bulkhead flange 1.  If all 
of the load from the interior bulkheads were shifted, the resulting load on bulkhead flange 1 
would increase by approximately 16%, which is insignificant in comparison to the other 
uncertainties in this configuration, such as how much of the dynamic load is transferred to the 
waste package after failure of the drip shield sidewalls (see discussion in Section 1.1). 

The results in Table 1 show that in the approach used, when the drip shield bulkheads are rigidly 
pushed on the waste package and assuming that the entire rubble load is transferred onto the 
waste package, 43% of the total rubble load (i.e., from Table 1: (1,295/1,295+208)/2; the divisor 
of 2 accounts for symmetry of the model representation (SNL 2007, Sections 5.22 and 6.4.3.1.2)) 
is localized at a single end bulkhead.  This approximation overestimates non-uniformity of the 
load because it does not consider compliance of the drip shield.  That is, any deformation of the 
drip shield will result in a more uniform load.  The drip shield would contact the waste package 
at an angle other than zero when a part of the drip shield still carries the rubble load (e.g., partial 
framework collapse or tilting of the waste package.  Under such conditions, the rubble load 
transferred on the waste package through a single bulkhead would be a fraction of the total load 
acting on the drip shield.  The greater the angle of the contact between the drip shield bulkheads 
and the waste package, the smaller the fraction of the rubble load acting on the drip shield will be 
transferred onto the waste package.  Thus, while 43% of the total rubble load transferred through 
a single bulkhead likely over-estimates the load, it is a reasonable approximation that bounds the 
load that would be transferred in the case of a contact angle other than zero. 

A non-uniform load that transfers a large portion of the rubble load through a bulkhead closer to 
the middle of the waste package would result in an increase in the damage area and potential for 
rupture compared to a case with load concentrations near the waste package lids.  However, the 
analyses have shown that for the rupture failure to occur, the OCB has to buckle (SNL 2007, 
Appendix D) and undergo large deformations.  If the drip shield fails by buckling of the legs 
only, most of the framework (above the location where strains due to buckling are localized) 
retains its load-bearing capacity.  Thus, the load on the waste package is a function of the 
interaction between the waste package and the remaining drip shield structure.  Consequently, 
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possible load concentrations and large deformations near the middle of the waste package would 
lead to load redistribution (i.e., more load would be carried by the drip shield than transferred 
onto the waste package).  But also more load would be carried by the segments (frames) of the 
drip shield that did not fail or the portions of the drip shield frame that are not in contact with the 
waste package.  This would result in a reduction of the load concentration in the middle of the 
waste package (i.e., the drip shield bulkhead in the middle of the waste package would transfer a 
smaller proportion of the vertical load onto the waste package).  Consequently, the completed 
analyses provide a reasonable bounding scenario of the possible interactions between the waste 
package and the drip shield when the drip shield fails by buckling of its legs.  The case of 
concentrated, active load (i.e., a load that does not change as a result of waste package 
deformation) by the drip shield bulkhead in the middle of the waste package is an unrealistic 
mechanical response between the waste package and failed drip shield. 

Although the drip shield bulkhead flanges are represented in the analyses (shown in Figure 1) as 
being infinitely stiff, any deformation of the flanges at the contact with the waste package would 
reduce localized stresses in the drip shield.  This is true in either the case of a zero or a non-zero 
contact angle between the drip shield and the waste package.  The deformation of the flanges is 
not considered in the analyses.  In fact, rigidity of the bulkhead representations and deformation 
of the OCB result in localized contact only along the bulkhead flange edges, and localized 
stresses between the bulkhead flanges and the OCB (as illustrated in Figure 2).  Thus, the 
completed analysis does not underestimate localization of stresses from a potential angular 
contact between the drip shield and waste package. 
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Figure 2. Distribution of the Contact Forces (Pa) in the Interface between the Bulkhead Flange 1 and 
the Waste Package in the Case of the 23-mm-thick OCB with Degraded Internals 

1.3 POTENTIAL FOR RUPTURE OF THE OCB 

Figure 3 presents the maximum effective plastic strain in the OCB as a function of vertical load 
for a waste package loaded by a collapsed drip shield.  Effective plastic strain is calculated from 
the plastic shear strain, and is a positive quantity that always increases during a simulation with 
plastic deformation.  The effective plastic strain is calculated by multiplying the plastic shear 
strain by 3/4  (SNL 2007, Section 6.4.3.1.3).  Figure 3 is similar to SAR Figure 2.3.4-93, but 
defines maximum effective plastic strain in the OCB for a given load, rather than percent 
damaged area on the OCB. 

The greatest value of the maximum effective plastic strain in Figure 3 is 0.0594, which occurs 
for the maximum load on the 23-mm-thick OCB with degraded internals.  With intact internals, 
the greatest value of the maximum effective plastic strain in Figure 3 is 0.0276.  These strain 
values are much less than the minimum tensile strain for failure of Alloy 22 (0.285), which 
includes the “knockdown” factor of 2 for a triaxial stress state (SNL 2007, Appendix A.2).  The 
maximum effective plastic strains presented in Figure 3 (0.0594) are approximately a factor of 
five below the minimum tensile strain for tensile failure of Alloy 22 (0.285).  This statement is 
also accurate if the drip shield components impact the OCB at an angle because the calculations 
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for Figure 3 already fully discount the probable residual strength of a collapsed drip shield as 
discussed in Section 1.1, and include a significant asymmetry in the load as discussed in 
Section 1.2.  As long as the drip shield plates are intact, the probability of rupture is calculated as 
if the drip shield is undamaged, regardless of the state of the drip shield frame work. 

 

Figure 3. Maximum Effective Plastic Strains in the OCB as a Function of Vertical Load for a Waste 
Package Loaded by the Collapsed Drip Shield 

1.4 POTENTIAL FOR PUNCTURE OF THE OCB 

The OCB puncture mechanism evaluated in SAR Section 2.3.4.5.4.4.2 (referenced in the Basis 
statement) features a waste package covered by rubble from a collapsed drift and drip shield.  
Deformation of the OCB does not result in strains sufficiently large to cause tensile failure in 
Alloy 22, (Section 1.3), and the rubble load would not cause puncture of the OCB from the 
outside.  However, a severely deformed OCB, loaded as described, could be punctured by the 
sharp edges of fractured or partly degraded internal components (SAR Section 2.3.4.5.4.4.2), 
which include fragments of the stainless steel inner vessel and parts of the Zircaloy cladding that 
could persist for some period of time following breach.  
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The probability of puncture is estimated using a simple analysis based on the area within a 
deformed OCB (SNL 2007, Section 6.5.1.4.1).  The probability of puncture of the OCB by the 
waste package internals is judged to be 0.0 until OCB deformation is great enough to reduce the 
diametral distance across the OCB by 4 in and is judged to be 1.0 when the OCB completely 
collapses onto the internals within the waste package (i.e., reduces the internal area within the 
OCB to 50% of its original value).  Further details of the approach used to estimate the 
probability of puncture are provided in Mechanical Assessment of Degraded Waste Packages 
and Drip Shields Subject to Vibratory Ground Motion (SNL 2007, Section 6.5.1.4.1). 

The probability of puncturing the OCB for a waste package surrounded by rubble is calculated 
from the cross-sectional areas of the final deformed configurations of the OCBs (SNL 2007, 
Figures 6-79 to 6-86).  The puncture probability at 0.4 m/s is zero irrespective of the OCB 
thickness.  That result is consistent with observations of the OCB deformed shapes (SNL 2007, 
Figures 6-79 and 6-83), which do not indicate significant permanent deformation or distortion of 
the OCB.  For the 23-mm-thick OCB, the puncture probability is also zero at the 1.05 m/s PGV 
level.  The greatest puncture probability (0.20 on average, for 17 analyzed cases) is for the 
4.07 m/s PGV level with 17-mm-thick OCB (SNL 2007, Section 6.5.1.4.1). 

Figure 4 shows the response of a 23-mm-thick OCB loaded by a collapsed drip shield for the 
case of degraded internals and with the point of maximum vertical load on the OCB.  Figure 4 
illustrates that no significant permanent deformation of the OCB occurs, even at the point of 
maximum vertical load.  This conclusion is valid for the 23-mm-thick OCB with intact internals 
(SNL 2007, Figure 6-93), and for the 17-mm-thick OCB, based on the similarity of response for 
the 23-mm-thick and 17-mm-thick OCBs shown in Figure 3 and in SAR Figure 2.3.4-93 
(SNL 2007, Figure 6-95) for the same condition of internals, intact or degraded.  The probability 
of puncture of the OCB is judged to be zero when the waste package is loaded by a collapsed 
drip shield. 
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Source: SNL 2007, Figure 6-92 and SAR Figure 2.3.4-91. 

NOTE: The damage area is the inner or outer surface of the OCB with maximum stress greater than 90% of the 
yield strength of Alloy 22 (i.e., 316 MPa).  The damage area is shown in brown. 

Figure 4. Damage Areas and Maximum Stress Contours Shown in Two Views for a 23-mm-Thick OCB 
of the Waste Package with Degraded Internals Loaded by the Collapsed Drip Shield: about 
807 kPa Average Vertical Load 

An examination of the probabilities of puncture for a waste package surrounded by rubble, as 
discussed in the previous two paragraphs, demonstrates that the seismic damage abstraction for a 
waste package surrounded by rubble as implemented in the Total System Performance 
Assessment (SAR Section 2.3.4.6.1, Drip Shield Fragility Assessment and Waste Package 
Damage Abstractions) provides an upper bound to the puncture probability for a waste package 
loaded by a collapsed drip shield.  This upper bound is valid if the drip shield components impact 
the OCB at an angle because the approach does not account for residual strength of a collapsed 
drip shield as discussed in Section 1.1.  In addition, calculations for Figures 3 and 4 already 
include a significant asymmetry in the load, as discussed in Section 1.2. 
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1.5 SUMMARY 

The DOE modeling approach allows the drip shield to fully collapse onto (i.e., lie flat on) the 
waste package after the failure of the drip shield sidewalls.  This modeling approach was chosen 
because it overestimates the total load on the waste package during a seismic event.  The 
overestimate results because the drip shield does not completely lose its load bearing capacity 
after buckling of its lower side walls when reacting to rubble loads during a seismic event.  As 
shown in this response, partial collapse of the drip shield might result angular contacts between 
the drip shield and OCB.  A partially collapsed drip shield, or angular contacts between the OCB 
and the pallet, would reduce the load on the OCB and thereby reduce the potential for puncture 
of the OCB.  Because the total load is overestimated, the resulting damage is overestimated.  
Therefore, the modeling approach provides an estimate that bounds the damage to the OCB, 
independent of the angle of the drip shield components relative to the OCB. 

2. COMMITMENTS TO NRC 

None. 

3. DESCRIPTION OF PROPOSED LA CHANGE 

None. 

4. REFERENCES 

SNL (Sandia National Laboratories) 2007.  Mechanical Assessment of Degraded Waste 
Packages and Drip Shields Subject to Vibratory Ground Motion.  MDL-WIS-AC-000001 
REV 00.  Las Vegas, Nevada: Sandia National Laboratories.  ACC:  DOC.20070917.0006 
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RAI Volume 3, Chapter 2.2.1.3.2, Second Set, Number 7: 

Demonstrate that the stresses and strains assessed at the end of dynamic analyses 
do not underestimate the stresses and strains experienced by the waste package 
during the time history of seismic events. 

Basis:  In the dynamic analyses for seismic events, DOE assesses the effective 
plastic stresses and strains of the final waste-package configuration after 
re-establishing equilibrium (SNL, 2007ap, section 6.5.1.2.2).  DOE has not 
explained if effective stresses and strains are assessed at intermediate steps during 
the dynamic loading simulations.  Because of the transient accelerations during 
modeled seismic events, the effective plastic stresses and strains of final waste 
package configurations after re-establishment of equilibrium may not be 
representative of the maximum effective plastic stresses and strains that occur 
during dynamic simulations. 

1. RESPONSE 

1.1 INTRODUCTION 

In the analysis of the waste package surrounded by rubble, DOE investigated the potential for the 
failure of the outer corrosion barrier (OCB) due to:  (1) rupture of the Alloy 22 and (2) the extent 
of the area (damage area) of the OCB where subcritical crack growth, related to the stress 
corrosion process, would be accelerated.  Rupture potential at any element on a waste package is 
assessed through the parameter of effective plastic strain after a given seismic event which 
accounts for the complete strain history during the event as explained below.  Damage area was 
assessed via the final stress state at the end of the dynamic analysis because the residual stress, 
which is a necessary precursor to stress corrosion, depends on the final mechanical state of the 
system, not on the transient history.   

1.2 EFFECTIVE PLASTIC STRAIN AS A METRIC TO ASSESS RUPTURE 
POTENTIAL 

For ductile materials, like Alloy 22, tensile rupture has been shown to correlate with effective 
strain.  Consequently, ultimate tensile failure (rupture) of the OCB was considered to occur when 
the effective strain (at any state during the dynamic simulation) exceeded a threshold value that 
depended on the state of stress at the location of interest.  The effective strain is a scalar measure 
of strain related to the second invariant of deviatoric strain (SNL 2007, Equation 6-6).  That 
relationship allows expressing the general strain state (which is a tensor variable) as a scalar 
variable, which in the case of uniaxial extension, is equal to the axial strain or elongation.  An 
effective strain threshold when the rupture occurs is defined based on elongation of Alloy 22.  As 
discussed in Mechanical Assessment of Degraded Waste Packages and Drip Shields Subject to 
Vibratory Ground Motion (SNL 2007, Section 6.2.2 and Section A.2), the elongation (or rupture 
strain measured in uniaxial experiments) of 64% is reduced to 28.5% (which is used as a rupture 
strain in the analyses irrespective of the stress state) to account for the effects of the stress state 
(triaxiality factor) and strain rate.  The triaxiality factor was selected in such a way that for any 



ENCLOSURE 2 

Response Tracking Number:  00587-00-00 RAI: 3.2.2.1.3.2-2-007 

 Page 2 of 6 

stress state, the strain threshold of 28.5% underestimates the rupture strain.  The rationale that the 
use of 28.5% threshold strain is conservative is presented in Section 6.2.2 and at the end of 
Section A.2 of the assessment (SNL 2007).  Thus, the stress state (or any stress measure) at any 
time during the simulation has not been used in the assessment of the rupture potential, because: 

1.  The rupture criterion is expressed in terms of the effective strain, and  

2. The triaxiality factor, which accounts for the effect of the stress state on the strain 
threshold, is selected in such a way to underestimate the rupture strain for any stress state. 

In the analysis of a waste package surrounded by rubble (SNL 2007, Section 6.5.1), the effective 
plastic strain, instead of the effective strain, was used in the assessment of the rupture potential.  
Plastic strain is typically stored as a history variable in analysis codes and effective plastic strain 
is determined as the sum of effective plastic strain increments over the history of the response.  
For this analysis, the final strain state is not used because the effective plastic strain captures the 
complete strain history.  The use of effective plastic strain in place of effective strain is justified 
because the difference between the two is insignificant for the case of monotonic loading and 
conservative for cases with hysteretic response.  Mechanical Assessment of Degraded Waste 
Packages and Drip Shields Subject to Vibratory Ground Motion (SNL 2007, Section A2, 
next-to-last paragraph) provides additional justification (reproduced below) for use of the 
effective plastic strain instead of effective strain: 

As a practical matter, it is easier to look at effective plastic strain than effective 
strain.  Effective plastic strain is a scalar that is stored as a history variable in 
most post-processing databases.  Effective plastic strain can be slightly lower than 
effective strain by an amount roughly corresponding to the elastic strain.  For a 
ductile material like Alloy 22, this difference is not significant.  At times, the 
effective plastic strain can be much larger than the effective strain.  This is 
because the effective plastic strain is a sum of all increments of plastic strain, 
including strain reversals.  Effective strain is a function of the current strain state.  
Given that the effective plastic strain is approximately equal to, or greater than, 
the effective strain, a value of 28.5% is determined for the effective strain 
threshold for Alloy 22.  This analysis provides a conservative threshold for the 
effective strain to determine whether rupture has occurred.  This is because using 
the effective plastic strain is conservative compared to the effective strain. 
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1.2.1 Relation between Effective Strain and Effective Plastic Strain 

The effective strain, ε , is defined as (SNL 2007, Section A.2): 

2
 ε ε= −  ( )1 2ε 2 2+ (ε2 − ε3 ) + (ε3 − ε 2

3
1)  (Eq. 1)

The total strain increment is a sum of the elastic and plastic strain increments.  Consequently, the 
plastic strain increment can be written as: 

 pl el ΔσΔ =ε εΔ − Δε = Δε −  (Eq. 2)
E

where Δσ  is the stress increment and E  is the Young’s modulus.  The effective plastic strain is: 

 ε εpl p= Δ l  (Eq. 3)

The total or final effective plastic strain is calculated by accumulating increments (during the 
calculation time increment) of the effective plastic strain.  The increments of the effective plastic 
strain are always positive (SNL 2007, p. 6-221, Equation 6-7).  Thus, the effective plastic strain 
is an irreversible, positive variable that, by definition, can never decrease.  

Figure 1 shows the effective strain and the effective plastic strain, as functions of time, for the 
discrete model element with the maximum effective strain from a waste package-to-pallet impact 
catalog analysis (SNL 2007, Table 6-92).  Figure 2 shows the corresponding principal stresses in 
the element, as functions of time.  These figures illustrate that the effective plastic strain is 
always increasing and is larger than the effective strain.  These figures also show that the 
effective plastic strain deviates from the effective strain during stress reversals and 
loading/unloading transitions, which start at approximately 0.02 seconds. 
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Source: SNL 2007, Table 6-92. 

Figure 1. Effective Strain and Effective Plastic Strain as a Function of Time (seconds) for 
Element 27615 
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Source: SNL 2007, Table 6-92.  

Figure 2. Principal Stresses as a Function of Time (seconds) for Element 27615 

1.3 RESIDUAL STRESS AS A METRIC TO ASSESS DAMAGE AREA 

In metals, stresses above a certain threshold and in certain environmental conditions can result in 
accelerated subcritical crack growth, or stress corrosion cracking (SCC).  The formation and 
analysis of stress corrosion cracks and its analysis are discussed in Mechanical Assessment of 
Degraded Waste Packages and Drip Shields Subject to Vibratory Ground Motion (SNL 2007, 
Section 6.2.1).  SCC is a complex process in which cracks with the stress intensity factor less 
than the fracture toughness, but greater than a certain threshold, can propagate with time at small 
velocities.  SCC can eventually lead to formation of macro cracks and damage.  The process of 
subcritical crack growth was not explicitly modeled to estimate the damage area due to SCC.  A 
simple methodology was used to estimate the damage area based on the residual (long-term) 
stresses in the structure.  For modeling purposes, a damage area is considered to exist wherever 
the residual stresses exceed the SCC threshold.  Because the time scale required for subcritical 
crack growth to form macro cracks is several orders of magnitude longer than the duration of a 
seismic ground motion (typically lasting tens of seconds), the durations of instantaneous stress 
states during seismic ground motion are too short to contribute to SCC.  However, the tensile 
residual stresses at the end of the seismic response are considered to contribute to SCC. 
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The stress state at the end of the dynamic analysis is the appropriate basis for estimating the SCC 
damage area because the residual stress, which drives the stress corrosion that is assumed to lead 
to cracking, depends on the final mechanical state of the system, not the transient history.  Stated 
differently, the potential for stress corrosion is quantified as a function of the long-term residual 
stress in the metal, not the transient response.  Therefore, it is not necessary to explicitly track 
intermediate states in assessment of the SCC-related damage area. 

1.4 CONCLUSION 

The effective plastic strain at the end of a dynamic analysis is appropriate for estimating the 
potential for rupture of Alloy 22 because:  (1) effective plastic strain is cumulative and always 
increases, and (2) effective plastic strain is larger than effective strain when strain reversals and 
loading/unloading transitions occur (which is typical for response to seismic events).  Thus, the 
effective plastic strain at the end of the dynamic analysis is an appropriate measure of the total 
strain for estimating the potential for rupture. 

The stress state at the end of the dynamic analysis is appropriate to estimate the damaged area 
that results from SCC because the residual stress, which can drive local stress corrosion in cracks 
under certain environmental conditions, depends on the final mechanical stress state of the 
system, not the transient history.  Stated differently, stress corrosion cracking is assumed to exist 
when and is quantified by the areas of long-term residual stress in the metal, not the transient 
response.  

Therefore, it is not necessary to track or quantify intermediate stress and strain states when 
assessing the potential for rupture or stress corrosion cracking. 

2. COMMITMENTS TO NRC 

None. 

3. DESCRIPTION OF PROPOSED LA CHANGE 

None. 
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Packages and Drip Shields Subject to Vibratory Ground Motion.  MDL-WIS-AC-000001 
REV 00.  Las Vegas, Nevada: Sandia National Laboratories.  ACC:  DOC.20070917.0006; 
DOC.20080623.0002; DOC.20081021.0001.  
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