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Note Regarding the Status of Supporting Technical Information

This document was prepared using the most current information available at the time of its development.  This
Technical Basis Document and its appendices providing Key Technical Issue Agreement responses that were
prepared using preliminary or draft information reflect the status of the Yucca Mountain Project’s scientific
and design bases at the time of submittal.  In some cases this involved the use of draft Analysis and Model
Reports (AMRs) and other draft references whose contents may change with time.  Information that evolves
through subsequent revisions of the AMRs and other references will be reflected in the License Application
(LA) as the approved analyses of record at the time of LA submittal.  Consequently, the Project will not
routinely update either this Technical Basis Document or its Key Technical Issue Agreement appendices to
reflect changes in the supporting references prior to submittal of the LA.
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APPENDIX K

POINT-LOADING ROCKFALL EVALUATIONS AND THE EFFECTS OF SEISMIC
EXCITATION ON THE DRIP SHIELD AND WASTE PACKAGE

(RESPONSE TO CLST 2.02, CLST 2.08, AND CLST 2.09)

This appendix provides a response for Key Technical Issue (KTI) agreements Container Life and
Source Term (CLST) 2.02, CLST 2.08, and CLST 2.09.  These KTI agreements cover the results
of calculations for point-loading rockfall evaluations for both the waste package and drip shield,
effects of variations in material properties for such rockfall calculations, departures from a
point-loading rockfall scenario, and the effect of vibratory ground motion due to seismic
excitation.

K.1 KEY TECHNICAL ISSUE AGREEMENTS

K.1.1 CLST 2.02, CLST 2.08, and CLST 2.09

Agreements CLST 2.02, CLST 2.08, and CLST 2.09 were reached during the U.S. Nuclear
Regulatory Commission (NRC)/U.S. Department of Energy (DOE) Technical Exchange and
Management Meeting on Container Life and Source Term held September 12 and 13, 2000, in
Las Vegas, Nevada.  Subissues 1 (effects of corrosion processes on the lifetime of the
containers), 2 (effects of phase instability and initial defects on the mechanical failure and
lifetime of the containers), 3 (the rate at which radionuclides in spent nuclear fuel are released
from the engineered barrier subsystem through the oxidation and dissolution of spent nuclear
fuel), 4 (the rate at which radionuclides in high-level radioactive waste glass are released from
the engineered barrier subsystem), and 6 (effects of alternate engineered barrier subsystem
design features on container lifetime and radionuclide release from the engineered barrier
subsystem) were discussed at the meeting (Schlueter 2000). There have been no submittals to the
NRC related to these agreements.

The wording of the agreements are as follows:

CLST 2.02

Provide the documentation for the point loading rockfall analysis.  DOE stated
that point loading rock fall calculations will be documented in the next revisions
of AMRs ANL-XCS-ME-000001, Design Analysis for the Ex-Container
Components, and ANL-UDC-MD-000001, Design Analysis for UCF Waste
Packages, both to be completed prior to LA.
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CLST 2.081

Provide documentation of the path forward items on Slide 16.  Rockfall
calculations addressing potential embrittlement of the waste package closure weld
and rock falls of multiple rock blocks will be included in the next revision of the
AMR ANL-UDC-MD-000001, Design Analysis for UCF Waste Packages, to be
completed prior to LA. Rock fall calculations addressing drip shield wall thinning
due to corrosion, hydrogen embrittlement of titanium, and rock falls of multiple
rock blocks will be included in the next revision of the AMR ANL-XCS--ME-
000001, Design Analysis for the Ex-Container Components, to be completed prior
to LA.  Seismic calculations addressing the load of fallen rock on the drip shield
will be included in the next revision of the AMR ANL-XCS-ME-000001, Design
Analysis for the Ex-Container Components, to be completed prior to LA

CLST 2.09

Demonstrate the drip shield and waste package mechanical analysis addressing
seismic excitation is consistent with the design basis earthquake covered in the
SDS KTI.  DOE stated that the same seismic evaluations of waste packages and
drip shield (revision of AMRs ANL-UDC-MD-000001 and ANL-XCS-ME-
000001) will support both the SDSS KTI and the CLST KTI, therefore
consistency is ensured. These revisions will be completed prior to LA.

K.1.2 Related Key Technical Issue Agreements

The responses to these three KTIs were combined due to their common subject matter and the
interrelationship among the analyses that respond to the issues.

CLST 2.02, CLST 2.08, and CLST 2.09 are related to Structural Deformation and Seismicity
(SDS) 2.04.  SDS 2.04 describes the seismic input for developing the consequence analysis
represented by CLST 2.02, CLST 2.08, and CLST 2.09.

K.2 RELEVANCE TO REPOSITORY PERFORMANCE

CLST 2.02 deals with rockfall analysis for the waste package during the preclosure period and
for the drip shield during the postclosure period.  For the anticipated seismic excitation during
the preclosure period, the waste package is not breached by rockfall.  During the postclosure
period, the drip shield can be damaged by rockfall but will continue to provide a flow barrier,
preventing seepage from passing through the drip shield, and a mechanical barrier, preventing
rockfall from damaging the waste package.  The analysis is expected to demonstrate conditions
that might compromise long-term integrity of the drip shield and waste package.
                                                
1 The issues addressed in CLST 2.08 are listed as path forward items in a presentation slide, “Subissue 2: Effects of
Phase Instability of Materials and Initial Defects on the Mechanical Failure and Lifetime of the Containers.”  Future
rockfall evaluations will address (1) effects of potential embrittlement of waste package closure material after stress
annealing due to aging, (2) effects of drip shield wall thinning due to corrosion; (3) effects of hydrogen
embrittlement on titanium drip shield; and (4) effects of multiple rock blocks falling on waste package and drip
shield.  Future seismic evaluations will address the effects of static loads from fallen rock on drip shield during
seismic events.
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CLST 2.08 considers rockfall effects of the drip shield and waste package under degraded
material conditions.  Material degradation results from corrosion processes.  The potential effect
of material degradation on performance is to reduce the long-term capability of the waste
package to isolate waste.

CLST 2.09 ensures that there is consistency between the design basis seismic events developed
in SDS KTIs and the mechanical analysis performed.  This can affect the overall safety analysis
and the performance expectation within the repository.  It ensures confidence that various aspects
of seismic events are adequately addressed for establishing repository performance.

K.3 RESPONSE

K.3.1 CLST 2.02

Point Loading Rockfall Analysis–Independent of the ground support system, the waste package
is not breached by bounding preclosure point-loading rockfalls.  For point-loading rockfalls
occurring during the postclosure period, such rockfalls do not result in immediate breach of the
drip shield.  Point-loading rockfalls can deform the drip shield, resulting in regions with high
residual stress that are susceptible to accelerated stress corrosion cracking.  However, the
presence of a crack network is not included in the seismic scenario class for total system
performance assessment (TSPA) because advection through the crack network is predicted to be
negligible.  Advection will be negligible because of the small crack apertures near crack tips, the
high tortuosity and roughness of the cracks, the infilling of cracks with corrosion products, the
very small head gradients and pressure gradients driving flow through a crack, and the potential
for crack plugging from evaporation-induced precipitation over a time period of a few hundred
years.  The formation of the crack network and its properties are described in Section 5.1 of
Technical Basis Document No. 14: Low Probability Seismic Events.

The drip shield also provides a mechanical barrier against rockfall for the waste package and
cladding because deformation of the drip shield does not result in contact with the waste package
for even the largest rock block predicted for the nonlithophysal zones of the repository.

K.3.2 CLST 2.08

Path Forward Items for Effects of Phase Instability of Materials and Initial Defects on the
Mechanical Failure and Lifetime of the Containers–This KTI is divided into four parts.

• Embrittlement due to Thermal Aging–When this agreement was made, the final
closure weld of the waste package was to be remediated by induction annealing.  With
the evolution of the design, the remediation method for that weld has been changed to
either laser peening or low-plasticity burnishing.  Because neither of these treatment
methods involve elevated temperatures, the potential for embrittlement of the final
closure weld region due to thermal aging does not exist; therefore, this potential source
of material structural performance degradation no longer exists

• Effects of Drip Shield Thinning due to Corrosion–A conservative reduction in drip
shield material thickness is included in the analysis of point-loading rockfalls.  This
assumption is discussed in more detail in Section K.4.1.2.
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• Effects of Hydrogen Embrittlement on Drip Shield–Structural property changes due
to absorption of hydrogen by the drip shield are anticipated to be negligible.  The effects
of hydrogen embrittlement is discussed in Section K.4.2.3.

• Effects of Multiple Rock Blocks on the Drip Shield and Waste Package and Effects
of Static Load of Fallen Rock on Drip Shield–The effect of multiple rockfalls on the
drip shield and the waste package is appropriately bounded by the point-loading rockfall
calculations.  The static load of credible fallen rock on the drip shield is insufficient to
induce buckling or immediate plate failure of the drip shield.

K.3.3 CLST 2.09

Consistency of Seismic Analysis with Design Basis Earthquake–The analyses supporting
postclosure assessment of damage to the waste packages and drip shields due to seismically
induced vibratory ground motion are described and shown to be inputs to the seismic model
abstraction used within the TSPA framework.  Thus, the analyses are demonstrated to be
consistent with those used to address SDS KTI issues.

The information in this report is responsive to agreements CLST 2.02, CLST 2.08, and
CLST 2.09 made between the DOE and NRC.  The report contains the information that DOE
considers necessary for NRC review for closure of these agreements.

K.4 BASIS FOR THE RESPONSE

K.4.1 Point-Loading Rockfall Analysis

Rockfalls may occur both in the preclosure and postclosure periods.  The point-loading rockfalls
occur only in the nonlithophysal regions of the repository because that is the only region that can
generate large, structurally intact rock blocks.  For the preclosure period, the drip shields will not
yet have been emplaced so rocks may fall onto the emplaced waste packages.  For the
postclosure period, the drip shield will retain its functionality as a barrier to seepage because
advective flow through the resulting network of stress corrosion cracks is predicted to be
negligible.  The drip shield also does not collapse from even the largest rock block impacts,
maintaining the capability to intercept falling rock blocks and protect the waste packages.

K.4.1.1 Preclosure Rockfalls

The four waste package configurations to be included in the initial license application (21-PWR
absorber plate, 44-BWR, 5-DHLW/DOE SNF Short, and Naval SNF Long) have been
investigated to determine the structural response to rockfall dynamic loads (Minwalla 2003,
Table 5.1.1-1; BSC 2004a, Section 6).  Using the commercially available LS-DYNA finite
element code, a finite element analysis was performed.  Four axial locations of impact were
evaluated.  The first impact location was selected at the waste package bottom-end, directly
above the trunnion-to-bottom lid fillet-weld region.  The second impact location was selected at
mid-length; the third location was selected directly above the emplacement pallet support, and
the fourth location was selected at the waste package upper-end, directly above the closure-weld
region.  These locations were selected to pose the greatest challenge to the continued integrity of
the waste package and provide bounding results for structural evaluations.
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One waste package configuration was used to determine the most damaging location of impact
among the four impact locations.  For this purpose, LS-DYNA simulations of the 44-BWR waste
package were developed for the four impact locations.  The results of these calculations indicate
that the most damaging results are obtained when the axial location of the initial impact zone is
directly above the trunnion collar sleeve, at the bottom lid, fillet-weld region.  Consequently, the
rockfall calculations for the remaining waste package configurations were performed for this
impact location, which is the most damaging simulation setup used.

For single rockfall evaluations, a total of 11 three-dimensional half-symmetry finite element
representations of the waste package emplaced on the emplacement pallet and the rock were
developed in LS-DYNA for one bounding rock size of 6.8 MT and an impact velocity of 6 m/s.
One additional simulation was performed to determine the effect of the greatest initial impact
velocity (1.3 MT, 14 m/s).  The results show that the rock with the greatest mass causes higher
stresses than the rock with the greatest initial impact velocity.

One additional simulation was also performed to determine the response of the waste package
components to multiple rockfalls onto the same location.  The purpose of this study was to
determine the effect of two rocks on the stress intensity time history when they impact the same
location on the waste package.  (The rock block distribution is such that only two moderately
large rock blocks are present at a given location of the drift; therefore, considering more than two
rocks results in a set of three much smaller credible rocks.)  The 21-PWR waste package was
selected as the target for the rockfall.  This package is similar to the 44-BWR waste package, and
these two package types represent the bulk of the repository inventory.  The axial location of the
impact zone is directly above the trunnion collar sleeve (at the bottom lid, fillet-weld region),
resulting in the highest stress intensity within the waste package.  The results are applicable to
other waste package configurations because impact above the trunnion collar sleeve maximizes
the local stress intensity and because the rock block impact produces local deformation that
should be representative of any waste package type.

For the simulation of the rockfall onto a corroded waste package, the thickness of the Alloy 22
(UNS N06022) components was reduced by about 2.5 mm to represent the long-term effects of
general corrosion (BSC 2004a, Section 5.3).

The results of the rock block impact simulations indicate that the maximum stress intensity in the
outer corrosion barrier and outer lids is less than 70% of the tensile strength of Alloy 22 at the
maximum temperature expected in the preclosure period of the repository (BSC 2004a,
Section 6).  Therefore, the waste package is not anticipated to fail due to a preclosure rockfall
event.  If a significant rockfall occurs, the affected waste packages will be examined remotely
and, if necessary, recovered and inspected further in the surface facility.

K.4.1.2 Postclosure Rockfalls

A set of six representative blocks and three representative impact locations is selected to span the
range of blocks from the universal distinct element code (UDEC) analyses.  The idea behind this
approach is to perform a set of calculations that span the range of rock sizes, rock velocities, rock
impact angles, and rock impact points on the drip shield.  This set of calculations then provides
the basis for determining the response of the drip shield to: (1) the maximum rock blocks ejected
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from drift walls during a ground-motion-induced event in the nonlithophysal zones and (2) the
smaller rock fragments and rubble that can fall from the roof and sides during drift collapse in
the lithophysal zones.

The selection of representative rocks is based on their kinetic energy because the impact energy
of a rock block should provide a reasonable correlation with damaged area (see Table K-1).  The
impact energies associated with the selected rocks correspond to the minimum, the 5th
percentile, the median (50th percentile), the 95th percentile, and the maximum of the sorted
impact energies for the 2.44 m/s peak ground velocity time histories (BSC 2004b, Attachment
XI).  A sixth block has been added to capture the maximum rock-block energy observed for the
set of ground motions with the 5.35 m/s peak ground velocity.

Table K-1.  Characteristics of Selected Rock Blocks for the Single Block Impact Analyses

Rock Block Mass
(MT)

Kinetic Energy
(J)

Vertical Velocity
(m/s)

Lateral Velocity
(m/s)

0.25 ~0 0.0137 0.0103
0.11 42 0.202 0.383
0.15 902 3.09 0.955
3.3 24,712 3.75 0.0824

14.5 163,083 4.69 0.656
11.5 348,174 7.7 0.295

Source: BSC 2004b, Attachment XI.

Damage to the drip shield from impact of individual rock blocks is determined by structural
response calculations using a commercially available version of the finite-element program,
LS-DYNA.  The objective of these calculations is to determine the areas on the drip shield where
the residual first principal stress in the drip shield plates exceeds the failure criterion for
Titanium Grade 7.  The rationale for using the first principal stress as a measure of susceptibility
to accelerated corrosion is documented in the response to Repository Design and Thermal
Mechanical Environment (RDTME) 3.18 (Appendix F).

In these calculations, the thickness of the drip shield plates has been reduced by 2 mm, which
corresponds to the potential corrosion losses for twice the duration of the 10 CFR Part 63
10,000-year postclosure regulatory period (BSC 2004c, Section 3.10).  The duration is selected
to demonstrate that there is no degradation in repository performance from these mechanisms
well beyond the regulatory requirements.  These calculations also evaluate mechanical properties
at 150°C to represent the potential decrease in mechanical strength if a seismic hazard occurs
during the initial thermal pulse after repository closure.  The adequacy of the finite-element mesh
was determined by systematically reducing the mesh size to obtain convergence of the stress
intensity and first principal stress.  This process is described in Waste Package Component
Design Methodology Report (Mecham 2004, Section 6.2.3).

Eighteen calculations have been performed with LS-DYNA for each of the six representative
rock sizes at three representative locations: top, corner, and side (BSC 2004c).  Figure K-1 is a
schematic of the initial configuration for the top-impact calculation.  The block impacts the drip
shield edge-on to maximize damage.
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Source: Anderson 2003, Slide 18.

Figure K-1.  Illustration of LS-DYNA Configuration for Rock-Block Impact Calculations

The results from each structural response calculation are reviewed to determine the elements in
the drip shield plates where residual stress exceeds 50% of the yield strength of Titanium
Grade 7.  (No analyzed rockfall resulted in the immediate breach of the drip shield.)  These
elements are then converted into a damaged surface area.  This conversion conservatively models
damaged area: if a single element on the surface of the drip shield is damaged (i.e., exceeds the
residual stress threshold), then the elements directly beneath this surface element are also
damaged.  This is conservative because the elements inside the thickness of the drip shield may
be in a compressive state that will arrest crack propagation from a stress corrosion crack.
Table K-2 shows the results for the structural response calculations (BSC 2004c, Section 5.5.1).
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Table K-2.  Damaged Areas from Individual Rock Blocks Impacting the Drip Shield

Damaged Area (m2) and Damaged Area as a % of Total Drip Shield
Surface Area

Rock Mass and
Kinetic Energy

(MT and Joules)
Vertical Rockfall

(90° from horizontal)

Rockfall onto Drip
Shield Corner

(60° from horizontal)

Rockfall onto Drip
Shield Side-Wall

(40° from horizontal)
11.5 MT Rock

(348,174 J)
4.304

(11.25%)
2.835

(7.41%)
1.126

(2.94%)
14.5 MT Rock

(163,083 J)
3.508

(9.17%)
0.612

(1.60%)
0.079

(0.21%)
3.3 MT Rock

(24,712 J)
0.548

(1.43%)
0.416

(1.09%)
0.0

(0.00%)
0.15 MT Rock

(902 J)
0.0015
(0.00%)

0.0091
(0.02%)

0.0
(0.00%)

0.11 MT Rock
(42 J)

0.0
(0.00%)

0.0
(0.00%)

0.0
(0.00%)

0.25 MT Rock
(~0 J)

0.0
(0.00%)

0.0
(0.00%)

0.0
(0.00%)

Source: BSC 2004d, Section 6.6.1.2.

The information in Table K-2 provides insight into the potential for smaller rocks generated by
collapse of drifts in the lithophysal zones to damage the drip shield.  The damaged areas in
Table K-2 could also be used to estimate damage to the drip shield from multiple rock blocks in
the nonlithophysal zones.  However, the damaged areas (exceeding the residual stress threshold)
from multiple rock blocks have not been included in TSPA because the advective flow through
the resulting network of stress corrosion cracks is predicted to be negligible.  Advection will be
negligible because of the small crack apertures near crack tips, the high tortuosity and roughness
of the cracks, the infilling of cracks with corrosion products, the very small head gradients and
pressure gradients driving flow through a crack, and the potential for crack plugging from
evaporation-induced precipitation over a time period of a few hundred years.  The formation of
the crack network and its properties are described in Section 5.1 of Technical Basis Document
No. 14: Low Probability Seismic Events.

A key result from this set of calculations is that the maximum vertical displacement in the drip
shield components takes place in the longitudinal stiffener during the vertical impact of the
11.5 MT rock block, which has the highest kinetic energy (BSC 2003a, Section 6).  The
maximum displacement is 25.4 cm (BSC 2003a, Figure II-5).  The drip shield does not buckle or
collapse from this impact.  In addition, this maximum displacement is less than the minimum
clearance (367 mm) between the inside height of the drip shield and the top of the 5-DHLW
waste package (BSC 2004e, Figure 1).  It follows that the drip shield does not contact the waste
package even for an impact by the largest rock block, thereby providing a mechanical barrier
against rockfall for the waste package and cladding.
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K.4.2 Path Forward Items for Effects of Phase Instability of Materials and Initial Defects
on the Mechanical Failure and Lifetime of the Containers

This KTI agreement contains several items that are addressed in the following sections.

K.4.2.1 Final Closure Weld Region Thermal Aging Due to Induction Annealing

When this agreement was made, the final closure weld of the waste package outer closure lid
was to be remediated by induction annealing.  The remediation method for that weld has changed
to either laser peening or low-plasticity burnishing.  Because neither of these treatment methods
involve elevated temperatures, the potential of embrittlement of the final closure weld region due
to thermal aging no longer exists; therefore, this potential source of material structural
performance degradation does not exist.

K.4.2.2 Drip Shield Thinning Due to Corrosion

As noted in the discussion of CLST 2.02 (Section K.4.1.2), a conservative reduction in drip
shield material thickness is assumed in the analysis of point-loading rockfalls; therefore, this
consideration is included in the analyses.

K.4.2.3 Hydrogen Embrittlement of Drip Shield

Hydrogen-induced cracking of Titanium Grade 7 is not expected to occur under the anticipated
repository conditions.  Locally hydrided regions resulting from galvanic coupling are possible,
but their effects are negligible, as demonstrated in Appendix H of this technical basis document.
Therefore, this event can be excluded, based on low probability of consequences.  There are two
analyses that support this assessment: General Corrosion and Localized Corrosion of the Drip
Shield (BSC 2003b) and Hydrogen Induced Cracking of Drip Shield (BSC 2003c).

K.4.2.4 Effects of Multiple Rockfalls and Dead Load of Fallen Rock

K.4.2.4.1 Multiple Rockfalls

When more than one rock block falls upon a waste package, the distance between the two rock
impacts (the critical distance) is important because of the influence of the stress field generated
by the first rock impact.  This question has been addressed for rockfalls on the waste package in
Critical Distance Between Impact Locations for Multiple Rock Fall on Waste Package (BSC
2002a) and for the drip shields in Critical Distance Between Impact Locations for Multiple Rock
Fall on Drip Shield (BSC 2003d).

Additional complementary calculations that relate to the region of impact within the critical
distance for multiple rockfalls have been performed for the waste package and the drip shield.
These are documented in Rock Fall on Waste Packages (BSC 2004a) and Multiple Rock Fall on
Drip Shield (BSC 2004f), respectively.  The effect of multiple rockfalls on waste packages
within the critical distance is addressed in Section K.4.1.1.  The effect of multiple rockfalls upon
the drip shield is evaluated in Sections K.4.2.4.1.2 and K.4.2.4.1.3.



Revision 1

No. 6: Waste Package and Drip Shield Corrosion K-10 June 2004

K.4.2.4.1.1 Critical Distance between Rock Impacts for Waste Package

For multiple rockfalls on waste packages, the calculation is performed with the following goals:
(1) reporting the results in terms of a chosen set of stress and strain components, (2) the relative
change in these components as a function of the impact distance; and (3) identification of the
critical distance.  The critical distance is defined as the one for which the maximum effective
plastic strain in the first (primary) impact region of the waste package outer barrier is negligibly
affected by the second rockfall.  Since rockfall produces localized deformation near the point of
impact, any of the large diameter waste packages may serve as a proxy for the others.  In this
particular analysis, the Naval SNF Long waste package was the target of the rockfall.

The rock geometries used in this evaluation are depicted schematically in Figure K-2.  A typical
finite element analysis mesh used in this evaluation is shown in Figure K-3.

Source: BSC 2002a, Figure 4.

Figure K-2.  Simulation Setup for 6-MT Rockfall with 50 cm between Impact Locations
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Source: BSC 2002a, Figure 3.

Figure K-3.  Finite Element Representation for 1-MT Rockfall with 25 cm between Impact Locations

The waste package outer corrosion barrier, trunnion collar sleeve, and the waste package outer
lid are represented by solid (brick) elements.  The outer barrier is the most important waste
package component in this calculation, so the stresses and strain components are reported
exclusively for that part.  The finite element representation of the outer barrier consists of a
finely-meshed half, where rock impacts take place, and a coarsely-meshed half.  The finite
element representation of the outer barrier in the finely-meshed half has five layers of brick
elements across the thickness; only two layers of brick elements span the thickness of the
coarsely-meshed layer.  Furthermore, the finite element mesh is refined in the impact regions in
both axial and hoop directions (see Figures K-3 to K-5).
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Source: BSC 2002a, Figure 2.

NOTE: The inner shell of a naval waste package is 2-in. (50.8-mm) thick and the outer shell is 1-in. (24.5-mm) thick
(BSC 2004g, Table 1).

Figure K-4.  Detail of Finite Element Representation Close to Impact Locations

The finite element representation of the waste package is developed in such a way that the
loose-fit gap between the corrosion resistant barrier and inner vessel is maximized to 5 mm
(Plinski 2001, p. 17).  As a result, considering the importance of preserving the nominal
dimensions of the outer corrosion barrier, the thickness of the inner vessel is reduced from
50 mm to 46 mm.  Consequently, the inner vessel is free to move within the outer barrier, as well
as the Naval SNF canister within the inner vessel.
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Source: BSC 2002a, Figure 5.

Figure K-5.  Detail of Finite Element Representation of Outer Shell

The finite element representation of rocks is also divided into two regions: a small finely-meshed
impact region and a large coarsely-meshed part of the rock (see Figure K-6).  The continuity of
deformation between two rock parts is ensured by a tied interface contact.  The fine mesh in the
impact region is essential for the rock deformation.  The fine mesh, coupled with
elastic-ideally-plastic constitutive representation (see Figure K-7) ensures more realistic rock
deformation in the impact zone compared to the elastic rock because this representation
simulates the localized crushing of the rock and the consequent load distribution over the larger
outer shell area (see Figure K-6).  The rock shapes are based on the rock geometry and
dimensions obtained from a previous version of the Drift Degradation Analysis (BSC 2004b,
Table IX-2 and pp. IX-4 to IX-15); however, rock shape should have a negligible effect on the
determination of the critical distance.
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Source: BSC 2002a, Figure 6.

Figure K-6.  Waste Package and Rock Deformation in Impact Region
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Source: BSC 2002a, Figure 7.

Figure K-7.  Elastic-Ideally-Plastic Constitutive Representation

In general, the constitutive representation of rock behavior (stress–strain relation) should address
the complexities of rock deformation.  In contrast to the elastic-ideally-brittle behavior of rock
under tension, the stress–strain behavior of rock under compression can take numerous forms
depending on the loading conditions (lateral confinement is a notable example), geometry (the
slenderness ratio of the test specimen), and size.  When subjected to compression, brittle
materials generally exhibit the wide range of nonlinear stress–strain behaviors due to the
nucleation, propagation, and coalescence of microcracks under different boundary conditions
(Jaeger and Cook 1979, Sections 4.2 to 4.5).  Moreover, the compressive strength of brittle
materials (including rock) is significantly higher than the tensile strength.  Finally, unlike
engineering metals, the rocks may exhibit nonlinear behavior even under moderate hydrostatic
compression and significant effect of size on strength (Jaeger and Cook 1979, Sections 4, 6,
and 7).

The rock deformation is important only as it affects the stresses and strains in the waste package
corrosion-resistant barrier, which is the focus of this work.  Thus, as a first approximation, the
constitutive representation of rock behavior should appropriately capture local crushing of the
rock at the point of impact, resulting in distribution of impact energy over the larger contact area.
It is, therefore, considered appropriate to conservatively represent the rock behavior as
elastic-ideally-plastic (Figure K-7) (Jaeger and Cook 1979, Section 9).  This representation of
nonlinear behavior seems to offer obvious advantages compared to the elastic representation,
while remaining conservative under the given loading conditions.  The unconfined compressive
strength of rock, used as the yield strength in the constitutive representation (see Figure K-7), is
one of the parameters in this study that affects the results.  A very conservative value of the
unconfined compressive strength is used to provide a bounding set of results.  A very
conservative value of the unconfined compressive strength is the one that assumes relatively high
rock strength, resulting in the conservative stress estimates.  Because the loading conditions of
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the rock are predominantly compressive, 290 MPa is an appropriate upper bound of the rock
strength.

In addition to the discussions provided above, a recent drift degradation study revealed that a
recommended value of 70 MPa can be used for the rock-block compressive strength (BSC
2004b, Figure V-5).  The use of 70 MPa leads to a bounding set of results because the
recommended value is larger than the maximum calculated heated drift global rock mass
compressive strength of 63 MPa (BSC 2004b, Table V-12).

Table K-3 presents results for the 0.1-MT rockfall for three different impact distances: 0.05,
0.25, and 0.50 m.  The values in parentheses represent the maximum value of the parameter
attained after the first impact on the waste package corrosion-resistant barrier in the course of
drop simulation.  The values outside the parentheses represent relative values of the
corresponding parameter after the second impact.  For example, the 0.1-MT rockfall results in a
maximum stress intensity after the first impact of 328 MPa for an element at the impact location.
The maximum stress intensity at the same element following the second impact is 226 MPa.
Therefore, the relative value of maximum stress intensity after the second impact is 0.69 of the
maximum stress intensity after the first impact; both values refer to the same location
characterized by the maximum value after the first impact.  It should be emphasized that the
second impact is characterized by its own maximum value, reached at a different location (in the
second-impact region).  The objective of this calculation is to observe the change at the primary
impact location following the secondary impact.

Table K-3 Relative Change of Stresses and Effective Plastic Strain for 0.1-MT Rockfall for Three Impact
Distances

Distance of Second
Impact (m)

Stress Intensity Residual Stress
Intensity

Residual First
Principal Stress

Effective Plastic
Strain

0.05 0.69 (328 MPa) 0.86 (164 MPa) 0.88 (167 MPa) 1.19 (5.05%)
0.25 0.61 (327 MPa) 0.97 (161 MPa) 0.95 (163 MPa) 1.03 (5.02%)
0.50 0.57 (328 MPa) 0.93 (175 MPa) 0.95 (166 MPa) 1.00 (5.01%)

Source: BSC 2002a, Table 6-2.

The maximum stress intensity at the primary impact region after the second impact is not as high
as the value reached after the first impact.  The maximum stress intensity after the second impact
is naturally a function of the distance between impacts, but even for a relatively small distance
between two impact locations, such as 0.05 m, the maximum stress intensity at the first location
is below 70% of the stress intensity reached after the first impact.  This lower stress intensity has
a consequence on immediate breach of the corrosion-resistant barrier: if the corrosion-resistant
barrier does not breach after the first rockfall, it seems highly unlikely to breach in the primary
impact region following the second rockfall.  In other words, it is unlikely that maximum stress
intensity in the waste package corrosion-resistant barrier will be increased enough to cause a
breach as a consequence of the second rockfall, unless the second rock hits in exactly the same
location.

With respect to residual stresses, the trend is similar for both stress intensity and first principal
stress.  The maximum residual stresses in the primary impact region are not amplified (i.e., ratio
does not exceed 1.0) by the second rockfall, regardless of the distance between impacts (within
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the given range).  This observation does not imply that the second rockfall has no effect on the
residual stresses anywhere in the primary impact region of the corrosion-resistant barrier, but it
does imply that the second rockfall has no effect in the region characterized by the maximum
residual stresses.  The effects of residual stress can be explained by a careful examination of the
corrosion-resistant barrier deformation.  After the primary impact (the second impact needs to be
nearby the first impact for this effect to occur), a dent is created in the outer barrier.  The
surfaces of this dent are characterized by maximum residual stresses, reflecting the plastic
deformation caused by the rock.  After the second impact, though, the curvature of this primary
dent is flattened because, in the primary impact region, the second rockfall creates bending
moments of opposite sign from the bending moments previously created by the first rockfall.
Nonetheless, with increase of the impact distance, the residual stresses are, as expected,
increasingly unaffected by the second impact (the ratio approaches to 1.0).

The most helpful parameter to observe the critical distance between impact locations is the
effective plastic strain, because the effective plastic strain is a cumulative strain measure that
takes into account the whole deformation history.  It is a hardening parameter, similar to plastic
work, that provides an excellent measure of the plastic distortion.  Table K-3 shows that the
effective plastic strain in the primary impact region increases by 19%, following the secondary
impact, when the impact distance is 0.05 m.  This increase of the effective plastic strain is much
smaller when the impact distance is increased to 0.25 m and disappears at 0.50 m.

The qualitative observations from 0.1-MT rockfall related to the maximum stress intensity,
maximum residual stresses, and maximum effective plastic strain remain valid for the 1-MT
rockfall (Table K-4).  The absolute values of stresses and strain are, of course, higher for the
1-MT rockfall, reflecting the larger impact energy.  The most important quantitative observation
is that for the distance between impact locations of 0.25 m, the relative increase of the effective
plastic strain is still relatively pronounced (7%).

Table K-4 Relative Change of Stresses and Effective Plastic Strain for 1-MT Rockfall for Three Impact
Distances

Distance of Second
Impact (m)

Stress Intensity Residual Stress
Intensity

Residual First
Principal Stress

Effective Plastic
Strain

0.05 0.45 (488 MPa) 0.95 (245 MPa) 0.85 (334 MPa) 1.15 (15.4%)
0.25 0.36 (487 MPa) 0.98 (227 MPa) 1.00 (320 MPa) 1.07 (15.6%)
0.50 0.31 (496 MPa) 0.96 (229 MPa) 0.96 (325 MPa) 1.01 (15.4%)

Source: BSC 2002a, Table 6-3.

The results provided in Table K-5 indicate that this increase is much less pronounced in the case
of a 6-MT rockfall.  A plausible explanation is that in the case of a 0.1-MT rockfall, the rock is
so small that it really does not affect stress–strain state some distance away.  On the other hand,
in the case of a 6-MT rockfall, the absolute strains are two times higher, which results in a more
modest relative change for the similar absolute change in strain.  Furthermore, in the case of a
6-MT rockfall, a smaller part of impact (kinetic) energy is actually transformed into the
deformation energy because the center of gravity of the rock is not directly above the impact
location, as in the two other cases.
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Table K-5. Relative Change of Stresses and Effective Plastic Strain for 6-MT Rockfall for Three Impact
Distances

Distance of Second
Impact (m)

Stress Intensity Residual Stress
Intensity

Residual First
Principal Stress

Effective Plastic
Strain

0.05 0.46 (550 MPa) 0.94 (236 MPa) 0.47 (318 MPa) 1.08 (35.7%)
0.25 0.33 (546 MPa) 0.92 (239 MPa) 0.80 (311 MPa) 1.01 (35.1%)
0.50 0.36 (545 MPa) 0.87 (235 MPa) 0.86 (324 MPa) 1.00 (35.8%)

Source: BSC 2002a, Table 6-4.

According to the results presented in Tables K-3 to K-5, a conservative value for the critical
distance between impact locations for multiple rockfalls on the waste package is 0.50 m.  The
results suggest that for this impact distance, the effective plastic strain in the primary impact
region is practically unaffected by the second rockfall (the limit being 1% of relative change of
the effective plastic strain).  Additionally, although the residual stresses appear to be slightly
affected in the case of a 6-MT rockfall, the nature of the change is such that the maximum
residual stresses are actually reduced by the second rockfall.

K.4.2.4.1.2 Critical Distance between Rock Impacts for Drip Shield

For multiple rockfalls on drip shields, the calculation was performed with the following goals:
(1) reporting the calculation results in terms of a chosen set of strain components; (2) their
relative change as a function of the impact distance; and (3) identification of the critical distance.
The calculation is performed as a parametric study, for a range of rock sizes: 0.1, 1, and 6 MT.
These rock-block sizes represent small, medium, and large rock blocks in an emplacement drift.
As the block size increases, the minimum distance between the two rock blocks also increases;
therefore, these three rock sizes are adequate for determining a critical distance between impact
locations for multiple rockfalls on drip shield.

The drip shield components are represented by solid (brick) elements.  The stress and strain
values are reported for the drip shield top plate because it is the component of the drip shield that
is most affected by the rock impact and the stress corrosion cracking.  The finite element
representation of the drip shield consists of two finely-meshed regions where the rock impacts
take place and other-coarsely-meshed regions.  The finite element representation of the drip
shield top plate contains five layers of brick elements through the thickness.  Furthermore, the
finite element mesh is refined in the impact regions in both axial and hoop directions.

The invert is represented by rigid shell elements.  The drip shield freely rests on the invert with
an appropriate coefficient of friction specified.  There is no lateral constraint because the gantry
rail is not expected to remain intact during the postclosure period.  Therefore, there is no
structural support for the drip shield sidewalls.

The full length of the drip shield is represented in the finite element solutions, excluding the
connector plates.  The Alloy 22 base plate is also excluded from the finite element
representation.  These components are not essential to obtaining accurate results for the problem.
In finite element representations, the thickness of the Titanium Grade 7 and Titanium Grade 24
plates are reduced by 2 mm, which represents the effect of corrosion during the postclosure
period (BSC 2003d, Section 3.10).
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The finite element representation of rocks is also divided into two regions: a small finely-meshed
impact region and a large coarsely-meshed part of the rock.  This approach attempts to capture
the localized crushing of the rock and the consequent load distribution over the larger drip shield
top plate area.  The fine mesh in the impact region is essential to represent the local deformation
of rock in this area.  The fine mesh, coupled with elastic-ideally-plastic constitutive
representation ensures more realistic rock deformation in the impact zone compared to the elastic
rock representation.

The specified termination times of rockfall simulation allow the second rock to bounce off the
drip shield top plate after the impact and allow the essentially steady-state stresses to be
established.

The constitutive representation of the rocks is the same as that for the analysis described for
multiple rock block impact on waste packages (Section K.4.2.4.1.1).

Table K-6 presents the results for the 6-MT rockfall for three different impact distances: 0.05,
0.25, and 0.50 m.  The value in parentheses represents the maximum value of the parameter
attained after the first impact in the drip shield top plate in the course of drop simulation.  The
value outside the parentheses represents a relative value of the corresponding parameter after the
second impact.  For example, the 6-MT rockfall for an impact distance of 0.05-m results in the
maximum effective plastic strain after the first impact of 0.42.  The maximum effective plastic
strain at the same element following the second impact is 0.63.  Therefore, the relative value of
maximum effective plastic strain after the second impact is 1.5 of the maximum effective plastic
strain after the first impact.  Both values refer to the same location characterized by the
maximum value after the first impact.  The second impact occurs at approximately 0.09 seconds.
The second impact is characterized by its own maximum value reached at a different location (in
the second-impact region).  However, the objective of this calculation is to observe the change at
the primary impact location following the secondary impact.

Table K-6.  Relative Change of Effective Plastic Strain for 6-MT Rockfall for Three Impact Distances

Distance of Second Impact (m) Effective Plastic Strain
0.05 1.5 (0.42)
0.25 1.2 (0.54)
0.50 1.0 (0.46)

Source: BSC 2003d, Table 6-2.

Table K-6 indicates that there are small differences between the effective plastic strain values
after the first impact.  These small differences are due to the fact that there is no damping in the
system.  Although the second rocks have the same velocity as the first rocks, their impact times
are slightly different due to the amount of drip shield top plate deflection and the distance of the
second impact from the first impact.  This effect is slightly pronounced for the cases of 0.05 m
and 0.25 m, whereas the case of 0.50 m shows no such effect due to its large distance from the
second impact.
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Table K-6 shows that the effective plastic strain in the primary impact region increases 50%
following the secondary impact, when the impact distance is 0.05 m.  The increase of effective
plastic strain becomes negligible when the impact distance is increased to 0.50 m.

Using the results of the 6-MT rockfall for three distances, only the most critical distance is
selected to run for the 1 and 0.1-MT rock sizes.  For a 0.5-m distance of second impact, the
effective plastic strain is 1.0 (0.248) for 1-MT rockfall and 1.0 (0.058) for 0.1-MT rockfall.  This
critical distance is considered to be the 0.5-m case because the increase of the effective plastic
strain is negligible.

K.4.2.4.1.3 Multiple Rockfall onto the Same Location on the Drip Shield

Because the potential effects of multiple rockfalls within the critical distance cannot be screened
out based on low probability, a finite element analysis of a bounding case is performed and an
assessment of the consequence is provided in this section.  The structural response of the drip
shield to multiple (two) rockfalls onto the same location is evaluated and is also compared to the
single rockfall case with a kinetic energy that is equal to the kinetic energy of the two rocks
combined.

Three-dimensional half-symmetry finite element representations of the drip shield and the rocks
are developed for two identical rockfall sizes and velocities, 2 MT, 5.5 m/s, (BSC 2004f,
Section 3.17).  Figure K-8 shows the geometry of the finite element representation.  In order to
compare the effects of the two rockfalls with one large rockfall, an additional simulation is also
performed for a single rockfall size of 4 MT with an impact velocity of 5.5 m/s.  The rock angles
of inclination are adjusted so that the rock center of gravity lies directly above the point of
impact.  This approach provides bounding results by allowing the maximum linear momentum
transfer from the rock to the drip shield top plate.
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Source: BSC 2004f, Figure 1.

Figure K-8.  Drip Shield Multiple Rockfall Finite Element Representation

The drip shield bottom surface is constrained in the vertical direction. There is no lateral
constraint because the gantry rail is not expected to remain intact during the postclosure period.
Therefore, there is no structural support for the drip shield sidewalls.

The full length of the drip shield is represented in the finite element solutions, excluding the
connector plates.  The Alloy 22 base plate is also excluded from the finite element
representation.  These components are not essential to obtaining accurate results for the problem.
In finite element representations, the thickness of the Titanium Grade 7 and Titanium Grade 24
plates are reduced by 2 mm, which represents the effect of corrosion during the postclosure
period (BSC 2004f, Section 3.10).

The finite element representation of rocks is divided into two regions: a finely-meshed impact
region and a coarsely-meshed remaining part of the rock.  This approach attempts to capture the
localized crushing of the rock and the consequent stress distribution over the large drip shield top
plate area (Figures K-9 and K-10).  The two regions of the rock are connected by a tied-interface
type of contact.  The fine mesh in the impact region is essential to represent the local
deformation of the rock.  The fine mesh, coupled with an elastic-ideally-plastic constitutive
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representation, ensures more realistic rock deformation in the impact region compared to an
elastic rock representation.

Source: BSC 2004f, Figure 2.

Figure K-9.  Drip Shield Top Plate and First Rock Deformation at Time of Maximum Displacement
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Source: BSC 2004f, Figure 3.

Figure K-10.  Drip Shield Top Plate and Second Rock Deformation at Time of Maximum Displacement

LS-DYNA contact algorithms are used to represent contacts between the rocks and the drip
shield top plate.  Dynamic friction coefficients are based on handbook values for metal–rock
contact, although friction is not important because the relative motion of the rock with respect to
the Titanium Grade 7 plate is negligible because there is no significant sliding between the two
objects.  As for the boundary condition where the drip shield side walls meet the invert, there is
no lateral constraint and a small amount of sliding occurs due to rockfall.  The separation of the
drip shield sidewalls from each other implies that the top plate can deflect more and,
subsequently, can be exposed to slightly higher stresses.  Therefore, this approach provides a
bounding set of results.

The specified termination times of rockfall simulation allow the second rock to bounce off the
drip shield top plate after the impact (Figure K-11) and allow the essentially steady-state stresses
to establish.
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Source: BSC 2004f, Figure 4.

NOTE: Red represents the highest stress intensity, followed by orange, yellow, green, and blue in decreasing order
of intensity.

Figure K-11. Drip Shield Stress Intensity Plot after the Second Rock Impact, Showing Bounce of Second
Rock off Drip Shield Top Plate

There are no codes or standards directly applicable to the design of the drip shield.  The drip
shield structural performance is evaluated in terms of the event consequences.  The stress
magnitudes, deformations, and potential failure mechanisms are evaluated using finite element
analyses and the principles of materials mechanics.  However, for manufacturing, fabrication,
and nondestructive examination purposes, the requirements of ASME Boiler and Pressure Vessel
Code (ASME 2001) will be used (BSC 2004h, Sections 4.1 and 6.2).

Although the ASME design margins are not directly applicable to the drip shield design, the
results of the finite element analyses are processed for shell components (e.g., the drip shield top
plate) using some of the code definitions to determine the potential damage to the drip shield
when subjected to rockfalls.  For beam components (e.g., the drip shield longitudinal stiffener), a
simpler maximum principal stress criterion is used.
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The ASME design-by-analysis guidance recognizes the differences in importance of different
types of stresses and provides guidance on their correct assignment to the different categories of
stress intensity used to evaluate different types of failure modes.  The three types of stresses are
membrane, bending, and peak stresses.  The three categories of stress intensity are primary
( mP —general primary membrane, LP —local primary membrane, and bP —primary bending),
secondary (Q), and peak (F).

A primary stress is defined by ASME (ASME 2001, Section III, Division 1, Appendix XIII,
XIII-1123(h)) as a normal stress developed by the imposed loading that is necessary to satisfy
the laws of equilibrium of external and internal forces and moments.  The basic characteristic of
a primary stress is that it is not self-limiting.  Primary stresses that considerably exceed the yield
strength will result in failure or, at least, in gross distortion.

A secondary stress is defined by ASME (ASME 2001, Section III, Division 1, Appendix XIII,
XIII-1123(i)) as a normal stress or a shear stress developed by the constraint of adjacent parts or
by self-constraint of a structure.  The basic characteristic of a secondary stress is that it is
self-limiting.  Local yielding and minor distortions can satisfy the conditions that cause the stress
to occur and failure from one application of the stress is not to be expected.  An example of a
secondary stress is described as bending stress at a gross structural discontinuity.  A gross
structural discontinuity is defined by ASME (ASME 2001, Section III, Division 1, Appendix
XIII, XIII-1123(b)) as a source of stress or strain intensification that affects a relatively large
portion of a structure and has a significant effect on the overall stress or strain pattern or on the
structure as a whole.  Examples of gross structural discontinuities are described as head-to-shell
junctions and junctions between shells of different thickness.

The bending stresses created by the constraint of adjacent parts or impact surfaces, which can be
considered temporary adjacent parts, are reviewed on individual cases with attention to the
amount and type of constraint introduced.  In analyses to date, the constraint of the adjacent part
or impact surface (in this case, rock) created local yielding and minor local distortions in the drip
shield top plate.  The bending stresses in these locally yielded regions, therefore, are self-limiting
and satisfy the basic characteristic of a secondary stress.

The rockfall events considered in this report are not repetitive enough to warrant performing an
analysis in which fatigue cracking or incremental collapse might be an issue.  It follows that
evaluation of secondary stress intensities (Q) or maximum total stress intensities (PL + Pb + Q +
F) are not appropriate.  Brittle fracture is also precluded by the moderate ductility of the titanium
material.  Although the high-stress areas are comprised of primary, secondary, and peak stresses,
only the primary stress intensities (Pm, PL, and Pb) contribute to tensile instability and ductile
rupture (characterized by tearing of metal accompanied by appreciable gross plastic deformation
and dissipation of considerable energy).  Therefore, only the primary stress intensities are
evaluated for the rockfall events.  Based on the previous discussion, the bending stresses in the
drip shield top plate only contribute to secondary stress intensities, so only the primary
membrane stress intensities (Pm and PL) must be evaluated.

A conservative, simplified bound on the primary-membrane stress intensities is derived using the
wall-average of total stress intensities along selected stress classification lines.
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The results of the finite element solution indicate that maximum stresses occur in the vicinity of
the impact region between the rocks and the drip shield top plate.  The highly stressed region is
limited to the highly deformed area on the top plate.  A group of elements along a line
perpendicular to the top plate surface is selected to determine the average stress intensity through
the plate thickness.  This procedure is repeated for several different locations of potentially high
average stress intensity.

The finite element results show that the maximum stresses in the drip shield structural support
components occur in the longitudinal stiffeners (Titanium Grade 24) in the proximity of the
impact region.  The longitudinal stiffeners are predominantly subjected to load-controlled
bending stresses.  Thus, the maximum principal stress at the tension-side of the extreme fiber
bending surfaces is a more appropriate quantity to determine the damage to the stiffeners.  The
stress results for the drip shield top plate and the longitudinal stiffeners for the multiple rockfall
case are summarized in Table K-7.  The results indicate that the wall-averaged total stress
intensities through the drip shield top plate (Titanium Grade 7) and the maximum bending
surface principal stress in the longitudinal stiffeners (Titanium Grade 24) do not exceed the
respective true tensile strengths of titanium.  Therefore, no ductile rupture or tensile tearing is
anticipated to occur in the drip shield components when they are subjected to the rockfall events
considered here.

Table K-7.  Multiple Rockfall Stress Results (Two 2-MT Rocks, 5.5 m/s)

Drip Shield Top Plate (Titanium Grade 7) Drip Shield Longitudinal Stiffener (Titanium Grade 24)
Location Average Stress

Intensity through
Thickness (MPa)

Titanium
Grade 7
Tensile

Strength
(MPa)

Location Maximum Principal
Stress (MPa)

Titanium
Grade 24
Tensile

Strength
(MPa)

1 296
2 288

330 1 806 820

Source: BSC 2004f, Table 2.

The finite element solution results for a single rockfall onto the drip shield are compared to the
results obtained for the multiple rockfall case provided above.  The wall-averaged stress intensity
locations and magnitudes in the top plate and the maximum principal stress in the longitudinal
stiffeners are determined as previously described.  The results are summarized in Table K-8.
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Table K-8.  Single Rockfall Stress Results (Single 4-MT Rock, 5.5 m/s)

Drip Shield Top Plate (Titanium Grade 7) Drip Shield Longitudinal Stiffener (Titanium Grade 24)
Location Average Stress

Intensity through
Thickness (MPa)

Titanium
Grade 7
Tensile

Strength
(MPa)

Location Maximum Principal
Stress (MPa)

Titanium
Grade 24
Tensile

Strength
(MPa)

1 276
2 283
3 277

330 1 774 820

Source: BSC 2004f, Table 3.

A comparison of Tables K-7 and K-8 reveals that the maximum stresses for the multiple rockfall
case are slightly higher than the maximum stresses for the single rockfall event.  This is
attributed to a ratchet effect of the residual strains in the drip shield from the first rock impact,
which causes the second rock to accumulate more strain (and higher stress) in the drip shield.

The results of the single rockfall case also indicate that the average total stress intensities through
the drip shield top plate (Titanium Grade 7) and the maximum principal stress in the longitudinal
stiffeners (Titanium Grade 24) do not exceed the respective true tensile strengths of titanium.
Thus, consistent with the previous conclusion made for the multiple rockfall case, no ductile
rupture is expected to take place in the drip shield components due to the rockfall events
evaluated here.

K.4.2.4.2 Dead Load of Fallen Rocks

The structural response of the drip shield subjected to statically applied pressure due to backfill
and loose rock mass in the repository emplacement drift is evaluated in the calculation entitled
Drip Shield Statically Loaded by Backfill and Loose Rock Mass (BSC 2003e).  In this
calculation, a finite element analysis was performed for the drip shield statically loaded by
backfill and loose rock mass.  The results have been provided in terms of the component stresses
in x (drip shield lateral), y (vertical), and z (axial) directions.  The maximum stresses are given in
Tables K-9 and K-10 as functions of temperature and decreased thicknesses.  In Drip Shield
Statically Loaded by Backfill and Loose Rock Mass (BSC 2003e, Table 6-3), thickness
reductions that account for a corrosion allowance are applied to both surfaces of the drip shield.

For the performance of the Titanium Grade 7 components for full drip shield thickness, the
margin to yield is least for the 150°C case (see Table K-9).  For this case, the peak stress is 68%
of the yield stress.  For the performance of the Titanium Grade 24 structural components, the
margin yield is substantial for the 150°C case.  For this case, the peak stress is only about 15% of
the yield stress.  For the same analyses at room temperature, the stresses are slightly lower,
indicating margin to sheet rupture and structural member buckling (BSC 2003e, Section 6,
p. 17).
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Table K-9.  Stresses in the Drip Shield for Various Backfill Heights

Temperature Type of
Component

Direction of
Stress

Backfill Height 1
(0.9 m) MPa

Backfill Height 2
(1.1 m) MPa

X 94 107
Y 106 110

Titanium
Grade 7
Components Z 117 119

X 45 47
Y 98 101

Room
Temperature Titanium

Grade 24
Components Z 91 92

X 96 108
Y 106 110

Titanium
Grade 7
Components Z 117 120

X 45 47
Y 98 101

150°C
Titanium
Grade 24
Components Z 91 93

Source: BSC 2003e, Table 6-2.

Table K-10.  Stresses in the Drip Shield with Decreased Thicknesses and Backfill Height 2

Temperature Type of
Component

Direction of
Stress

Thickness Decreased 1
mm (MPa)

Thickness Decreased 1.5
mm (MPa)

X 110 111
Y 127 138

Titanium
Grade 7
Components Z 159 185

X 48 53
Y 122 135

Room
Temperature Titanium

Grade 24
Components Z 121 137

X 113 112
Y 127 138

Titanium
Grade 7
Components Z 159 181

X 48 53
Y 123 137

150°C
Titanium
Grade 24
Components Z 120 134

Source: BSC 2003e, Table 6-3.

For the performance of the Titanium Grade 7 components for reduced drip shield thickness, the
margin to yield is still generally high, except for the sheet response in the z-direction for the
150°C case (see Table K-10).  For this case, the peak stress is slightly greater than the yield
stress, indicating the potential for some plastic deformation; however, the Titanium Grade 7
yield strength is much higher at room temperature (20°C), so this result is dependent upon the
time the drift is filled with debris.

For the performance of the Titanium Grade 24 structural components, the margin to yield is still
substantial for the 150°C case.  For this case, the peak stress is only about 22% of the yield
stress, indicating that buckling will not occur (BSC 2003e, Section 6, p. 17).
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The potential for stress corrosion cracking of the drip shield due to this static load of fallen rock
is discussed in Appendix C.

K.4.3 CLST 2.09

K.4.3.1 Waste Package Response to Vibratory Ground Motion

Structural response calculations have been performed to determine the damage from impacts
between the waste package and emplacement pallet and from impacts between adjacent waste
packages under vibratory ground motions (BSC 2004i).  The potential for damage from impacts
between the waste package and drip shield is included in the analysis but produces negligible
damage because the drip shield is unrestrained.

Damage to the waste package from vibratory ground motion is determined by structural response
calculations using a commercially available version of the finite element program LS-DYNA
V960 (BSC 2002b).  A set of 15 calculations for the dynamic waste package response was
performed for a set of 15 ground motions (a total of 17 sets of three component ground motions
are generated for the emplacement drifts).  The damage abstractions are often based on results
from less than 15 calculations because of input errors or numerical difficulties (see footnotes to
Table K-11) with a peak ground velocity of 2.44 m/s (10−6 annual exceedance frequency).  A
similar set of calculations was also performed for a peak ground velocity of 5.35 m/s
(10−7 annual exceedance frequency) (BSC 2004i; BSC 2004d).  Figure K-12 shows the cutaway
view of the setup for the waste package simulations.  The adjacent waste package is
conservatively represented in Figure K-12 as an essentially rigid wall anchored to the invert.
The rigid wall is used for computational feasibility but results in conservative damage from
end-to-end impacts.  Figure K-13 shows the finite-element mesh on the corrosion-resistant
barrier of the waste package.  This mesh is very fine in regions labeled “C” and “F” because
most impacts occur in these regions for the 2.44 m/s peak ground velocity ground motions.
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Table K-11.  Damaged Area from Vibratory Ground Motion at a Peak Ground Velocity of 2.44 m/s

Damaged Area on the Waste Package

Waste Package to Pallet
Interaction (m2; % of

total outer surface area)

Waste Package to Waste
Package Interaction (m2;
% of total outer surface

area)

Total
(m2; % of total outer

surface area)
Realization

Numbera

Ground
Motion
Number

80% Yield
Strength

90% Yield
Strength

80% Yield
Strength

90% Yield
Strength

80% Yield
Strength

90% Yield
Strength

1 7
0.0029;
0.010

0.0014;
0.0050

0.023;
0.082

0.012;
0.043

0.026;
0.092

0.013;
0.046

2 16b 0; 0 0; 0 0.017;
0.060

0.0089;
0.032

0.017;
0.060

0.0089;
0.032

3 4
0.0050;
0.018 0; 0 0.19; 0.67 0.083; 0.29 0.20; 0.71 0.083; 0.29

4 8
0.030;
0.11

0.0064;
0.023 0.12; 0.43 0.061; 0.22 0.15; 0.53 0.067; 0.24

5 11
0.0015;
0.0053 0; 0 0.15; 0.53 0.066; 0.23 0.15; 0.53 0.066; 0.23

6 1
0.025;
0.089

0.0028;
0.0099 0.15; 0.53 0.063; 0.22 0.18; 0.64 0.066; 0.23

7 2
0.017;
0.060 0; 0 0.11; 0.39 0.057; 0.20 0.13; 0.46 0.057;  0.20

9 10
0.0035;
0.012 0; 0 0.12; 0.43 0.062; 0.22 0.12; 0.43 0.062; 0.22

10 9 0; 0 0; 0 0.014; 0.05 0.0071;
0.025 0.014; 0.05 0.0071;

0.025

11 5
0.012;
0.043

0.0037;
0.013 0.074; 0.26 0.032; 0.11 0.086; 0.30 0.036; 0.13

12 6
0.0039;
0.014 0; 0 0.073; 0.26 0.036; 0.13 0.077; 0.27 0.036; 0.13

13 12 0; 0 0; 0 0.032; 0.11 0.016;
0.057 0.032; 0.11 0.016;

0.057

14 14
0.010;
0.035

0.0043;
0.015

0.0056;
0.020

0.0029;
0.010

0.016;
0.057

0.0072;
0.026

15 3
0.0078;
0.028

0.0015;
0.0053

0.020;
0.071

0.010;
0.035

0.028;
0.099

0.012;
0.043

Mean Valuec 0.310% 0.136%
Standard Deviation c 0.237% 0.097%
Minimum Value c 0.05% 0.025%
Maximum Value c 0.710% 0.290%

Source: BSC 2004i, Table 6.1.4-2.

NOTE: aOnly 14 realizations are presented in this table.  Results for realization 8 are not presented because of
an error in the input file for this calculation.
bCalculations are performed with 15 ground motions numbered 1, 2, 3, …, 14, and 16.  Time history 15
is not used because it has an anomalous response spectrum.
cMean, standard deviation, and minimum and maximum damaged areas are calculated in Seismic
Consequence Abstraction (BSC 2004d, Attachment II).
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Source: BSC 2004i, Figure 2.

Figure K-12.  Cutaway View of Setup for Waste Package Vibratory Simulations

Source: BSC 2004i, Figure 4.

Figure K-13.  Finite-Element Mesh for the Outer Corrosion Barrier of the Waste Package



Revision 1

No. 6: Waste Package and Drip Shield Corrosion K-32 June 2004

The stochastic (uncertain) input parameters for the 15 simulations are the 15 sets of
three-component ground-motion time histories, the metal-to-metal friction coefficient, and the
metal-to-rock friction coefficient.  A Monte Carlo sampling scheme defines the appropriate
combinations of ground-motion time histories and friction coefficients (BSC 2004j, Section 6.4)
for each peak ground velocity level.  The set of 15 ground-motion time histories for these
analyses is identical with that for the analyses of rockfall induced by vibratory ground motion.

These calculations incorporate the potential for corrosion to degrade the waste package over the
first 10,000 years after repository closure by reducing the thickness of the Alloy 22
corrosion-resistant barrier on the waste package by 2 mm (BSC 2004i, Section 2.3.1).  These
calculations evaluate mechanical properties at 150°C to represent the potential degradation in
mechanical strength if a seismic hazard occurs during the initial thermal pulse after repository
closure.  The adequacy of the finite-element mesh and the effect of the use of rigid elements to
reduce run times were considered through detailed studies that support the primary calculations
(BSC 2004i, Attachments IX and VI).

The structural response calculations do not represent the dynamic response of the invert to the
ground motion.  The invert is represented as an elastic body whose surface responds
instantaneously and uniformly with the three-component ground-motion time history.  This is a
reasonable approach for small-amplitude ground-motions because the invert is compacted under
the weight of the waste package and drip shield and because any remaining steel framework in
the invert will provide some integrity to the rock mass.  For high-amplitude ground motions, the
invert ballast is likely to be redistributed, allowing the heavy engineered barrier system
components to settle on the bottom of the drift, directly in contact with the rock floor.  Applying
the ground motions in the rock directly to the surface of the invert is again a reasonable approach
for this case.

The damage to the waste package is determined by comparing the residual first principal stress
on the waste package outer shell to the failure criterion for Alloy 22.  The failure criterion for
Alloy 22 represents the initiation of stress corrosion cracking.  Two residual stress thresholds are
used to define the damaged area on the outer shell of the waste package.  The two stress
thresholds are 80% and 90% of the yield strength of Alloy 22.

The results from each structural response calculation are reviewed to determine the elements in
the corrosion-resistant barrier of the waste package whose residual stress exceeds 80% or 90% of
the yield strength of Alloy 22.  The damaged elements (i.e., those elements that exceed the
residual stress threshold) are then converted into a damaged surface area.  This conversion
conservatively models the damaged area; if a single element on the surface of the waste package
is damaged, then the elements directly beneath this element are also damaged.  This is a
conservative approach because the elements inside the thickness of the waste package may be in
a compressive state that will arrest crack propagation from a stress corrosion crack.

The damaged areas for 14  realizations at a peak ground velocity of 2.44 m/s are summarized in
Table K-11 (BSC 2004i, Table 6.1.4-2).  The mean damage for the 80% residual stress threshold
is approximately twice as large as the mean damage for the 90% residual stress threshold.  The
variability in damage (i.e., the ratio of the maximum damage to the minimum damage for a given
peak ground velocity value ground motion level), is approximately a factor of 10 for each



Revision 1

No. 6: Waste Package and Drip Shield Corrosion K-33 June 2004

residual stress threshold.  The uncertainty in damage is dominated by the uncertainty in ground
motion, rather than the uncertainty in the residual stress threshold.  These observations are also
true for the 14 calculations for a peak ground velocity of 5.35 m/s, corresponding to an annual
exceedance frequency of 10−7 (BSC 2004d, Section 6.5.1).

The results in Table K-11 also demonstrate that the total damaged area is dominated by the
contribution from end-to-end impacts of adjacent waste packages.  The damaged area from waste
package-to-pallet impacts is much smaller than the damage due to the end-to-end impacts of
adjacent waste packages, with the exception of realization number 14.  The damage from
end-to-end impacts is the dominant contribution because the adjacent waste package is
conservatively represented as an essentially rigid wall anchored to the invert.  The rigid wall is
used for computational simplicity but results in a very conservative estimate of the damage from
end-to-end impacts.  This same observation is true for the damaged areas from the 5.35 m/s peak
ground velocity level.

The results for peak ground velocities of 2.44 and 5.35 m/s have been supplemented with three
additional simulations for a peak ground velocity value of 1.067 m/s, corresponding to the 10−5

annual exceedance frequency.  Exact ground motions are not available for a peak ground
velocity of 1.067 m/s, so approximate ground motions were created by scaling the three
acceleration components for selected ground motions with a peak ground velocity of 2.44 m/s by
the ratio of the peak ground velocity values, or by (1.067/2.44 =) 0.4066.  This procedure is not
exact, but it provides a reasonable approach to extend the peak ground velocity range of this
damage abstraction.  The three selected ground motions have the highest intensity (energy)
among the set of 15 ground motions with 2.44 m/s peak ground velocity.  The damage results for
these three scaled ground motions are documented in Structural Calculations of Waste Package
Exposed to Vibratory Ground Motion (BSC 2004i, Table XI-2).

Additional details on how these results are used in the seismic damage abstraction are described
in Technical Basis Document No. 14: Low Probability Seismic Events.

K.4.3.2 Drip Shield Response to Vibratory Ground Motion

Structural response calculations have been performed with the LS-DYNA V960 (BSC 2002b) to
determine the damage from impacts between the drip shield and the waste package, emplacement
pallet, invert, and drift wall under vibratory ground motion (BSC 2003f).  In addition to damage
caused by impact, it is also possible that adjacent drip shields will be separated during
high-amplitude ground motion.  Separated drip shields could allow seepage to fall directly on a
waste package and, therefore, have the same effect as damage caused by impact.

Damage to the drip shield from vibratory ground motion is determined by structural response
calculations using a commercially available version of the finite element program LS-DYNA.  A
set of 15 calculations for the dynamic drip shield response was performed for a set of 15 ground
motions with a peak ground velocity of 2.44 m/s.  A similar set of calculations was also
performed for a peak ground velocity of 5.35 m/s (BSC 2003f).  Figure K-14 presents a cutaway
view of the structural configuration for these calculations.  The waste package and emplacement
pallet are represented as a rigid, lumped mass for computational efficiency.  The drip shields,
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waste package, and pallets are indicated with different color schemes to distinguish the various
structures in this figure.

Source: BSC 2003f, Figure 2.

Figure K-14. Cutaway View of Setup for Drip-Shield Ground Motion Simulations

The stochastic (uncertain) input parameters for the 15 calculations are the 15 sets of
three-component ground-motion time histories, the metal-to-metal friction coefficient, and the
metal-to-rock friction coefficient.  A Monte Carlo sampling scheme defines the appropriate
combinations of ground-motion time histories and friction coefficients (BSC 2004j, Section 6.4).
The set of 15 ground-motion time histories for these analyses is identical with that for the
analyses of rockfall induced by vibratory ground motion and for waste package structural
response.

The damage to the drip shield is determined by comparing the residual first principal stress on
the drip-shield plates to the failure criterion for Titanium Grade 7.  The failure criterion for
Titanium Grade 7 represents the initiation of stress corrosion cracking.  The results from each
structural response calculation are reviewed to determine the elements in the plates whose
residual stress exceeds 50% of the yield strength of Titanium Grade 7; the damaged elements are
then converted into a damaged surface area.  This conversion conservatively models damaged
area so that if a single element on the surface of the drip shield is damaged (i.e., exceeds the
residual stress threshold), then the elements directly beneath this surface element are also
damaged.
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These calculations incorporate the potential for corrosion to degrade the drip shield over the first
10,000 years after repository closure by reducing the thickness of the drip shield plates by 2 mm
(BSC 2004f, Section 2.3.1).  These calculations evaluate mechanical properties at 150°C to
represent the potential degradation in mechanical strength if a seismic hazard occurs during the
initial thermal pulse after repository closure.  The objectivity of the finite-element mesh was also
demonstrated (BSC 2003f, Attachment III).

The results of the structural response calculations for ground motions at the 0.18, 2.44, and
5.35 m/s peak ground velocity levels, corresponding to 5 × 10−4 annual exceedance frequency,
10−6 annual exceedance frequency, and 10−7 annual exceedance frequency ground-motion levels,
are summarized as follows (BSC 2003f):

• One simulation performed at the 5 × 10−4 annual exceedance frequency ground-motion
level indicates that there is no damage to the drip shield.  More specifically, no area of
the drip shield exceeds the residual stress threshold for Titanium Grade 7.

• Fourteen simulations are performed at the 2.44 m/s peak ground velocity ground-motion
level (BSC 2003f, Section 6.2, Table 4).  The mean percent surface area damaged is
0.70% and the maximum percent damaged area is 2.13%.  This latter value is an outlier
in the sense that the second greatest damaged area is 1.25%, or more than 40% below
the maximum value.  There is no indication of separation of drip shields in the
calculations for the 2.44 m/s ground-motion level.

• Simulations performed at the 5.35 m/s ground-motion level indicate separation of
adjacent drip shields for all realizations (BSC 2003f, Section 6.3).  The ground motions
become very intense at 5.35 m/s.  The kinematics of the unanchored repository
components are characterized by a plethora of rigid-body motion and high-speed
impacts, resulting in deformation and separation of adjacent drip shields.

Separation occurs between adjacent drip shields because of large plastic deformation of
the drip shield and because of the large magnitude of the ground motions.  Most of these
simulations do not run to completion because of numerical instability; however, the
results up to the time that the calculations stop are still useful because the simulations
demonstrate that a drip shield rides over its adjacent neighbor, implying that a separation
must occur somewhere in the emplacement drift.  The degree to which the drip shield
rides over its neighbor is substantial, on the order of 10% to 25% of the length of the
drip shield (BSC 2003f, Figures IV-3 to IV-7).  The degree of drip shield separation is
based on bounding arguments rather than the simulation output, because most
simulations do not proceed to completion, so the available data from the separations
represent a lower bound on the response to the ground-motions.

Additional details on how these results are used in the seismic damage abstraction are described
in Technical Basis Document No. 14: Low Probability Seismic Events.
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