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Attachment XII (S pages): Postprocessing input/output files for the finite-element analysis of
the WP with 50% outer barrier degradation. The input file was used to obtain the linearized
stresses for the outer and inner barriers: postl.oldl.out: Jul 31 1996
Attachment XIII (40 pages): Stress intensities for the WP with 50% outer barrier degradation:
sintl.res: Jul 31 1996
Attachment XIV (101 pages): Linearized stresses for the WP with 50% outer barrier
degradation: rockfal.res: Jul 31 1996
Attachment XV (88 pages): Input/output files for the finite-element analysis of the WP with
75% outer barrier degradation: ob75pl.oldl.out: Aug 26 1996
Attachment XVI (5 pages): Postprocessing input/output files for the finite-element analysis of
the WP with 75% outer barrier degradation. The input file was used to obtain the stress
intensities for the outer and inner barriers: postint.oldl.out: Aug 05 1996
Attachment XVII (5 pages): Postprocessing input/output files for the finite-element analysis of
the WP with 75% outer barrier degradation. The input file was used to obtain the linearized
stresses for the outer and inner barriers: postl.oldl.out: Aug 05 1996
Attachment XVIII (45 pages): Stress intensities for the WP with 75% outer barrier
degradation: sintl.res: Aug 05 1996
Attachment XIX (115 pages): Linearized stresses for the WP with 75% outer barrier
degradation: rockfal.res: Aug 05 1996
Attachment XX (2 pages): Fracture toughness for Alloy 625, facsimile message from Inco
Alloys International.
In order to keep the run times down and to avoid unnecessary output files, the FEA for 75 %
degradation level was terminated before the final time step was reached. Because of this, a
terminated run message is observed at the end of the input/output file given in Attachment XV.
This has no effect in the results since the desired maximum stresses were obtained before the
finite-element analysis was terminated.
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1. PURPOSE
The objective of this analysis is to explore the advanced uncanistered fuel (AUCF) design
waste package (WP) resistance to rock falls at different levels of degradation. This analysis
will be used to determine the critical rock sizes that can strike the WP causing a through crack
in the containment barriers when falling from a height based on the emplacement drift
dimensions. The purpose of this analysis is to document the models and methods used in the
calculations. The results of this analysis are not intended to show direct compliance with any
design requirements.
2. QUALITY ASSURANCE
The Quality Assurance (QA) program applies to this analysis. The work reported in this
document is part of the preliminary design structural analysis that will eventually support the
License Application Design phase. This activity, when appropriately confirmed, can affect the
proper functioning of the Mined Geologic Disposal System (MGDS) waste package; the waste
package has been identified as an MGDS Q-List item important to safety and waste isolation (pp.
5, 16, Ref. 5.1). The waste package is on the Q-List by direct inclusion by the Department of
Energy (DOE); a QAP-2-3 evaluation has yet to be conducted. The work performed for this
analysis is covered by a Waste Package Development (WPD) QAP-2-0 work control Activity
Evaluation entitled Perform Criticality, Thermal, Structural, and Shielding Analyses (Ref. 5.2).

The QAP-2-0 evaluation determined that such activities are subject to Quality Assurance
Requirements and Description (QARD) (Ref. 5.3) controls. Applicable procedural controls are
listed in the activity evaluation.
All design inputs which are identified in this document are for preliminary or conceptual design
and, excluding codes and standards, shall be treated as unqualified data; these design inputs will
require subsequent qualification (or superseding inputs) as the waste package design proceeds.
This document will not directly support any construction, fabrication, or procurement activity
and therefore is not required to be procedurally controlled as TBV (to be verified). In addition,
the inputs associated with this analysis are not required to be procedurally controlled as TBV.
However, use of any data from this analysis for input into documents supporting construction,
fabrication, or procurement is required to be controlled as TBV in accordance with the
appropriate procedures.
3. METHOD
Finite-element solutions of the problems are performed by making use of the commercially
available ANSYS finite element code. Basic principles of strain energy and calculations of
stiffness are used to develop inputs and interpret outputs from the finite-element model.
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4. DESIGN INPUTS
All design inputs are for conceptual or preliminary designs; these design inputs, excluding
codes and standards, will require subsequent qualification (or superseding inputs) as the waste
package design proceeds to the final design.
.4.1

Design Parameters.

A three-dimensional (3-D) finite element model of the 21 pressurized water reactor (PWR) fuel
assembly AUCF design waste package (including outer and inner barriers) is developed based
on WPD design sketches. These sketches are included in Attachment I. The 21 PWR WP
dimensions are as follows:
Outer barrier, outer diameter = 1.6619 m (Attachment I-1)
Outer barrier, inner diameter = 1.4619 m (Attachment I-1)
Inner barrier, outer diameter = 1.4619 m (Attachment 1-2)
Inner barrier, inner diameter = 1.4219 m (Attachment I-2)
Length of the waste package model = 1.5 m (see Assumption 4.3.1)
The following mass and dimensions are used for the 21 PWVR uncanistered fuel waste package
in Section 7.4:
WP mass = 47,797 kg (Ref. 5.21, p. 6.1-20, Table 6.1-2)
WP length = 5.335 m (Ref. 5.21, Appendix B, p. B-3, Figure B.1-3)
Outer barrier outer diameter = 1.629 m (Ref. 5.21, Appendix B, p. B-3, Figure B.1-3)
Inner barrier inner diameter = 1.389 m (Ref. 5.21, Appendix B, p. B-3, Figure B.1-3)
Three different material property'sets are defined in this finite-element analysis (FEA)
consisting of the properties needed for 3-D structural solid elements. These properties are
identified for the outer barrier, inner barrier, and the rock.
Levels of degradation have not been related to the time at which they will occur; therefore, the
temperatures of waste package components at various levels of degradation cannot be specified.
For this reason, room temperature (20'C) material properties are used in these analyses. The
impact of using room temperature material properties is small because while allowable stresses
would decrease with increasing temperature, stress results would also decrease due to the
decrease in the elastic modulus. Therefore, for this initial set of calculations, use of room
temperature properties is adequate (documented as Assumption 4.3.2).
The following materials'ive obtained for corresponding structural members (Ref. 5.4):
Outer barrier: ASTM A 516 carbon steel (grade 70)
Inner barrier: Allot' 625

l
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ASTM A 516 carbon steel (grade 70) (outer barrier material):
Density = 8131 kg/m 3 (Ref. 5.5, p. 670)
Poisson's ratio = 0.3 (Ref. 5.6, p. 374) (see Assumption 4.3.3)
Modulus of elasticity = 206 GPa (calculated from English Unit, 30* 106 psi * 6895*10-9
GPa/psi, Ref. 5.7, p. 646) (Ref. 5.6, p. 374) (see Assumption 4.3.3)
Tensile Strength = 485 MPa (Ref. 5.8) (see Assumption 4.3.4)
Yield strength = 260 MPa (Ref. 5.8)
Elongation % in 2 in. = 21 (Ref. 5.8)
Alloy 625 (inner barrier material):
Density = 8442 kg/M3 (Ref. 5.9)
Poisson's ratio = 0.278 (Ref. 5.10, p.143)
Modulus of elasticity = 208 GPa (Ref. 5.10, p.143)
Tensile Strength = 758 MPa (Ref. 5.9)
Yield strength = 379 MPa (Ref. 5.9)
Elongation % in 2 in. = 30 (Ref. 5.9)
Material properties of the rock:
Density = 2297 kg/r 3 (Ref. 5.11, Section 1.1325, item a, p. 4)
Poisson's ratio = 0.22 (Ref. 5.11, Section 1.1322, item a, p. 3)
Modulus of elasticity = 32.7 GPa (Ref. 5.11, Section 1.1322, item a, p. 3)
Emplacement drift and invert dimensions:
Emplacement drift diameter = 5.0 m (Ref. 5.12, p. 9-7, Assumption 4.3.17)
Invert depth = 5.0 - (2.5+1.8) = 0.7 m (Ref. 5.12, p. 9-7, Assumption 4.3.17)

Although there is no significant lateral motion between the surfaces of the WP and the rock,
the following approximate values of coefficients of friction are obtained from Ref. 5.13 as
inputs to the analysis (see Assumption 4.3.5):
Coefficient of static friction = 0.74
Coefficient of kinetic friction = 0.57
4.2

Criteria

The following criteria are applicable to the design subject; however, it is not the intent of these
analyses to show complete compliance or resolution of the following requirements from the
Engineered Barrier Design Requirements Document (EBDRD) (Ref. 5.14):
4.2.1

"The Engineered Barrier Segment shall maintain performance under rock-induced
loading (TBD)."
[EBDRD 3.7.F1
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4.2.2

"The waste package shall contribute to limiting the dispersal of radioactive waste
materials in the event of accidents or other dynamic effects."
[EBDRD 3.7.1.H]

4.2.3

"The container shall contain the radioactive waste materials during all normal handling
and emplacement operations and, in the event of accidents or other dynamic effects,
contribute to limiting dispersal of the waste. The container shall also have the
mechanical integrity to sustain routine handling and transportation loads (TBD)."
[EBDRD 3.7.1.2.A]

4.2.4

"The container shall contribute (TBD) to controlling the release of radionuclides during
the period of isolation."
[EBDRD 3.7.1.2.C]

4.2.5

"The container shall be designed so that neither its in situ chemical, physical and nuclear
properties, nor its interactions with the waste form and the emplacement environment,
compromise the function of the waste package or the performance of the natural barriers
or engineered barriers."
[EBDRD 3.7.1.2.G]

This analysis contributes to the design meeting requirements identified from 4.2.1 through 4.2.5
by examining the ability of the WP to withstand a through crack due various size rock falls for
degraded WP.
4.2.6

"Packages for SNF and HLW shall be designed so that the in situ chemical, physical, and
nuclear properties of the waste package and its interactions with the emplacement
environment do not compromise the function of the waste packages or the performance of
the underground facility or the geologic setting."
[EBDRD 3.7.1.A]

This analysis examines the physical properties of the WP and its ability to function properly in
the emplacement environment as it degrades.
4.2.7

"The design of waste packages shall include, but not be limited to, consideration of the
following factors: solubility, oxidation/reduction reactions, corrosion, hydriding, gas
generation, thermal effects, mechanical strength, mechanical stress, radiolysis, radiation
damage, radionuclide retardation, leaching, fire and explosion hazards, thermal loads, and
synergistic interactions."

[EBDRD 3.7.I.B]
EBDRD requirement 3.7.I.B items addressed in this design analysis are considerations of
corrosion, mechanical strength, and mechanical stress. The purpose of this document is to report
the results of structural analyses while taking into account the effects -ofcorrosion.
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4.2.8 "The container shall maintain lifting and handling capabilities through the loading,
emplacement, and retrieval phases.
1.

All of the emplaced containers shall remain intact (TBV) and have sufficient
strength through the period of retrievability so that the waste package may be
removed."

[EBDRD 3.7.1.2.F.1]
EBDRD requirement 3.7.1.2.F.1 items addressed in this design analysis are considerations of
emplacement containers to remain intact and have sufficient strength through the period of
retrievability.
The notation "TBD" (to be determined) in EBDRD requirements 3.7.F, 3.7.1.2.A, 3.7.1.2.C,
and "TBV" (to be verified) in EBDRD requirement 3.7.1.2.F. 1 will not be carried to the
conclusions of this analysis based on the rationale that the conclusions derived by this analysis
are for conceptual or preliminary design that will not be used as input into documents
supporting construction, fabrication, or procurement.
4.3

Assumptions

In the course of developing this document, several assumptions were made regarding the rock
fall analysis. These assumptions along with the assumptions contained in the Controlled Design
Assumptions (CDA) Document (Ref. 5.15) (TBV-221-DD) are identified below. Documents
which use data from this document as input must carry this TBV forward if they are developed in
support of construction, fabrication, or procurement.
The relevant assumptions from the CDA (Ref. 5.15) are as follows:
Assumption Identifier: Key Oll

Subject: Horizontal In-Drift Emplacement

Waste packages will be emplaced in-drift in a horizontal mode.
Assumption Identifier: EBDRD 3.7.F

Subject: Rock-Induced Waste Package Loading

The waste package must be able to withstand a uniform external pressure of 0.50 MPa and a
dynamic load of 50 kN and still maintain structural integrity.
Assumption Identifier: EBDRD 3.7.1.2.C Subject: Controlled Release During Period of
Isolation
The container shall contribute to controlling the release rate of radionuclides during the period of
isolation.
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All assumptions are for conceptual or preliminary designs; all of these assumptions will require
qualification/confirmation as the waste package design proceeds.
4.3.1 The finite-element model includes a section of the containment barriers in the midspan
of the WP, and its length is assumed to be 1.5 m. Although the WP is conservatively
placed on the invert to result in a maximum rock fall height, this lengthis -selected in
order to provide approximately equal distances between the multiple pedestals)hich
will be used for WP support. Furthermore, the assumed 1.5 m length is-greater than
the region of nonlinear deformation resulting from the rock impact., This region of the
WP experiences the highest stresses due to rock fall since contact between the rock and
the WP is assumed to occur at midspan. The equations of strain energy derived for
structures under normal stresses, and bending sresses are directly proportional with the
length of the structural members (Ref. 5.20, pp. 474-477). Therefore, an increse in the
length of the WP would result in an increased amount of strain energy which can be
stored in the WP. In other words, the WP would be able to withstand a higher kinetic
energy transfer from the rock. Therefore, the use of a shorter length of the WP is
conservative. This assumption is used in Sections 4.1 and 7.
4.3.2 Levels of degradation have not been related to the time at which they will occur;
therefore, the temperatures of waste package components at various levels of degradation
cannot be specified. For this reason, room temperaturejZ20C) materIp
used in these analyses. The impact of using room temperature material properties is small
because while allowable stresses would decrease with increasing temperature, stress
results would also decrease due to the decrease in the elastic modulus. Therefore, for this
initial set of calculations, use of room temperature properties is adequate. This
Assumption is used in Section 4.1.
4.3.3 The elastic modulus of cast carbon steel is assumed for A 516 carbon steel. Since the
physical properties of wrought steel are generally similar to those of cast carbon steel,
the elastic modulus and Poisson's ratio of cast carbon steel can be used for A 516
carbon steel (Ref. 5.6). This assumption is used in Section 4.1.
4.3.4 The lower limit of the given ultimate tensile strength range for A 516 carbon steel (Ref.
5.8) is used in this analysis. This is a conservative assumption and used in Section 4.1.
4.3.5 The coefficients of static and dynamic friction values have been provided for steel on
steel, which have been obtained from the limited data in the literature. Since there is
no relative displacement between the rock and the WVP along the surface perpendicular
to the line of impact, the friction coefficients do not have significant effect on the
results. However, the following numbers had to be specified in order to meet the
computational requirements:
Coefficient of static friction = 0.74 (Ref. 5.13)
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Coefficient of kinetic friction = 0.57 (Ref. 5.13)
This assumption is used in Section 4.1.
4.3.6 There are no codes or standards which directly apply to the design of disposal containers
(waste packages). However, the ASME Boiler and Pressure Vessel Code has been
chosen as a guide for setting stress limits for the waste package components. Therefore,
the criteria for developing a through crack in the containment barriers are assumed to
be the same as the failure criteria given in Section III, Division 1, Subsection NB and
Appendix F of the ASME Boiler and Pressure Vessel Code (Ref. 5.18). This
assumption is used in Section 7.
4.3.7 The bottom of the WP is aligned with a rigid unyielding invert, to result in maximum
rock fall height for conservatism. Displacement constraints between the support
locations prevent vertical motion and horizontal motion normal to the axis of the WP
along the section length. These boundary conditions provide a conservative approach
for the simulation of the WP length used in this analysis. This assumption is used in
Section 7.
4.3.8 For the WP preliminary designs, the outer and inner barriers of the 21 PWR WP are
assumed to be fabricated as one piece. The inner barrier is assumed to be weld cladded
to the outer barrier (Ref. 5.24). This assumption is used in Section 7.2.
4.3.9 The rock is assumed to have a sphe rical shape. This geometry was selected because the
impact of a sphere will result in a global distributi?,of stress onto the WP, whereas a
sharp-wedge geometry would fail thdepointedregion-of the rock as a result of high
stress concentration. This assumption provides a bounding approach to the problem
since the most severe effect of impact on the WP will be determined without any failure
on the rock surface. This assumption is used in Section 7.2.
4.3.10 The magnitude of the contact stiffness between the rock and the WP is one of the
parameters that affects the results. If the stiffness value is very large, stiffness matrix
ill-conditioning and divergence occur. Similarly, an extremely small stiffness value
results in compatibility violations. Therefore, an optimum value for the contact
stiffness is one that is between and is arrived at iteratively. The result of iterations
revealed that the contact stiffness between the rock and the WP that works best is
1.5*108 N/m. This assumption is used in Section 7.2.
4.3.11 The WP model consists of the outer and inner barriers. The weights-1~fhFTVP-internals (basket assembly and the fuel assembliestare not included in this.analyjs.
Impact occurs on the surface of the outer barrier in the middl6ftei-WP length. The
weight of the WP internals would have a significant effect on the stress distribution in a
static equilibrium analysis of the WP. However, considering the fact that the
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magnitude of dynamic loading on the WP is very large compared to the static load (see
Section 7.4), and the overall stiffness of the system will not be considerably affected by
absence of the WP internals, the load is not incorporated in the model. This
assumption is used in Section 7.
4.3.12 There is no structural damping in the materials used for this simulation. Attenuation of
stress waves is not of interest because the failure criteria are based solely on the
comparison of maximum stress with the allowable stress. However, absence of
structural damping also provides conservative results to the FEA since the peak stress
magnitudes will be larger. This assumption is used in Section 7.
4.3.13 For conservatism, it is assumed that all of the kinetic energy of the falling rock is
imparted onto the WP as mechanical energy. Furthermore, the rock does not shatter
and deflection of the rock as compared to deflection of the WP is negligible. This
assumption is used in Section 7.
4.3.14 The rock fall stress analyses are performed in the time interval where the rock is in
contact with the waste package. Since the maximum stresses are obtained during the
time interval the WP is in contact with the rock, there is no need to analyze the stress
magnitudes after separation. However, a small time interval is still allowed for the WP
to verify that the stress magnitudes do not exceed previously determined peaks after the
contact is lost between the surfaces. Although in some of the results files it is observed
that there is a slight increase in the stress magnitudes toward the end of the simulated
time interval, it is an expected local change in stress magnitudes caused by the absence
of damping in the system. This assumption is used in Sections 7 and 8.
4.3.15 It is assumed that the outer barrier degrades completely prior to any-pi ing of the inner
barrier. This assumption is made because the outer barrier is a less noble material, so
it will degrade faster and also provide protection to the inner barrier. This assumption
is used in Section 7.
4.3.16 The stress-strain curve given in Section 7.5 is an approximation to the real material
behavior. The materials are assumed to reach the ultimate tensile strength at the
maximum percent elongation. The basis for this assumption is that the failure criteria
are based on the ultimate tensile strength of the materials, and not on the path followed
by the curve in the plastic region of the stress-strain diagram. Hence, the results are
conservative in this analysis. This assumption is used in Section 7.5.
4.3.17 The emplacement drift diameter is assumed to be 5 m and invert depth is assumed to be
0.7 m as given in Ref. 5.12. This assumption is used in Section 4.1.

V91!
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Codes and Standards

The use of codes and standards for the design of the waste package is restricte o being a
source for material properties, specifically for A 516 carbon steel and Altoy-625-(American
Society for Testing and Materials (ASTM)), and for providing the criteria for the failure
analysis of containment barriers (ASME Boiler and Pressure Vessel Code). The specific codes
and standards used, along with identification of all other sources used regarding material
properties, are listed in Section 5.
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Metals Handbook Ninth Edition, Volume 3, Propertiesand Selection: Stainless Steels,
Tool Materialsand Special-PurposeMetals, American Society for Metals, Metals Park,
OH, 1980.

5.11

Reference Information Base, YMP/93-02 Rev. 3, Chapter 1, Section 1.1322, Item a,
1.1325, Item a, Yucca Mountain Site Characterization Project.

5.12

Recommended Layout Concepts Report, DI Number: BCAAOOOOO-01717-5705-00001
REV 00, CRWMS, M&O.

5.13

University Physics, Sixth Edition, Francis W. Sears, Mark W. Zemansky, and Hugh D.
Young, Addison-Wesley Publishing Company, Reading, MA, 1982.

5.14

EngineeredBarrierDesign Requirements Document, YMP/CM-0024 Rev. 0, ICN 1,
Yucca Mountain Site Characterization Project.

5.15

ControlledDesign Assumptions Document, DI Number: BOOOOOOOO-0 1717-4600-00032
REV 03, CRWMS M&O. (TBV-221-DD)

5.16

Software QualificationReportforANSYS Version 5.1HP (CSCI: 30003 V5.1HP), DI
Number: 30003-2006 REV 01, CRWMS M&O.

5.17

Life Cycle Planfor ANSYS Version 5.1HP (CSCI: 30003 V5.1HP), DI Number: 300032007 REV 01, CRWMS M&O.

5.18

1992 ASME Boiler and Pressure Vessel Code, Section III, Division 1, Subsection NB
and Appendix F, American Society of Mechanical Engineers, 1992.

5.19

ANSYS User's ManualforRevision 5.1, Volume Ill, Elements, DN-R300:51-3 UpdO
2nd Revision, Swanson Anaiysis Systems Inc., September 30, 1994.

5.20

Mechanics of Materials, SI Metric Edition, Ferdinand P. Beer and E. Russell Johnston,
Jr., McGraw-Hill Ryerson Limited, Toronto, Canada, 1987.

5.21

Mined Geologic DisposalSystem Advanced Conceptual Design Report, Volume m11, DI
Number: BOOOOOOOO-01717-5705-00027 REV 00, CRWMS M&O.

5.22

Mechanical Engineers' Handbook, Myer Kutz Ed., John Wiley & Sons, New York,
NY, 1986.

5.23

Alloy 625 FractureToughness, Facsimile Message from Inco Alloys International, Inc.,
Huntington, West Virginia, July 24, 1996, p. 2. (Attachment XX)
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Waste Package FabricationProcess Report, DI Number: BBAOOOOOO-01717-250000010 REV 00, CRWMS M&O.
6. USE OF COMPUTER SOFTWARE

The FEA computer code used for this analysis is ANSYS version (V) 5.1 which is identified
with the Computer Software Configuration Item (CSCI) 30003 V5.lHP and was obtained from
Software Configuration Management in accordance with appropriate procedures. ANSYS is a
commercially available finite-element analysis code and is appropriate for structural analysis of
waste packages as performed in this analysis. The analyses using the ANSYS software were
executed on a Hewlett-Packard 9000 Series 735 workstation. The software qualification of the
ANSYS software, including problems of the type analyzed in this report, is summarized in the
Software Qualification Report for ANSYS Version 5. 1HP (Ref. 5.16). The ANSYS
evaluations performed for this design are fully within the range of the validation performed for
the ANSYS V5.1 code. Access to and use of the code for the analysis were granted and
performed in accordance with the Life Cycle Plan for ANSYS Version 5. 1HP (Ref. 5.17) and
the QAP-SI series procedures.
The input/output files and results for all computer analyses performed in this report are
presented in Attachments II through XIX.
7. DESIGN ANALYSIS
7.1

Criteria for a Through Crack

The criteria for developing a through crack in the containment barriers are assumed to be the
same as the failure criteria given in the ASME Boiler and-Pressure Vessel Code (Assumption
4.3.6). Su is defined as the ultimate tensile strength of the materials and the criteria for the
plastic analysis are described in the ASME Boiler and Pressure Vessel Code (Ref. 5.18, NB3225 and Article F-1341.2) as follows:
The general primary membrane stress intensity shall not exceed 0.7SU and the maximum
primary stress intensity at any location shall not exceed 0.9S,. Therefore,
Maximum Membrane Stress < 0.7 Su
Maximum Membrane + Bending Stress < 0.9 Su
will be satisfied for both outer and inner barriers of the WP in order to prevent a through
crack.
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For the outer barrier material, A 516 carbon steel, Su = 485 MPa (Section 4.1). Therefore,
the criteria for the outer barrier are specified as follows:
Maximum Membrane Stress < 0.7*(485) = 339.5 MPa
Maximum Membrane + Bending Stress < 0.9*(485) = 436.5 MPa
For the inner barrier material, Alloy 625, Su = 758 MPa (Section 4.1). Therefore, the criteria
for the inner barrier are specified as follows:
Maximum Membrane Stress < 0.7*(758) = 530.6 MPa
Maximum Membrane + Bending Stress < 0.9*(758) = 682.2 MPa
The margin of safety for the stress magnitudes is defined as follows (Ref. 5.7, p. 1 1):
margin of safety = (SalO,,bI, / a) - 1
where SuAj,,b', is obtained from the ASME Code limits given above and a is the maximum
stress on the containment barriers.
7.2

Model Development

A three-dimensional finite-element model of the 21 PWR AUCF WP (including inner and outer
barriers) has been developed in accordance with the WP conceptual designs. The region of
impact between the rock and WP is included in the model by using a midspan length of 1.5 m,
which is assumed to be the section of the WP that experiences the highest stresses due to rock
fall (see Assumption 4.3.1).
The SNF basket assembly is not included in the model in order to use an increased number of
elements through the thicknesses of the containment barriers, to keep the ANSYS run times
down, and to increase the accuracy of the finite-element solution (see Section 7.4). No
structural credit is taken for the basket assembly. This is a conservative assumption; therefore,
the results are bounding.
A transient dynamic analysis solution is produced, with gravitational acceleration as the load
on the system. The bottom of the WP is aligned with a rigid unyielding invert, providing
maximum rock fall height for conservatism. Displacement constraints between the support
locations prevent vertical motion and horizontal motion normal to the axis of the WP along the
section length. These boundary conditions provide a conservative approach for the simulation
of the WP length used in this analysis (Assumption 4.3.7).
For the WP preliminary designs, the outer and inner barriers of the 21 PWR WP are fabricated
as one piece (Assumption 4.3.8, Ref. 5.24). However, material properties are unique to each
specific material.
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The eight node brick element (Solid45) is commonly used for the three dimensional modeling
of solid structures. This element has three degrees of freedom at each node (translations in the
nodal x, y, z directions) (Ref. 5.19). Solid45 also has plasticity, creep, swelling, stress
stiffening, large deflection, and large strain capabilities. The plasticity, large deflection, and
large strain options are of interest for this analysis.
The finite-element model for the barriers is meshed in one operation. The region where the
rock impacts is meshed with many small elements that will result in a more accurate stress
distribution in the vicinity of impact area.
The rock is assumed to have a spherical shape (see Assumption 4.3.9). In order to reduce the
computer execution time, the bottom half of the rock is modeled by using twice the density of
the rock. Different rock sizes have been simulated by changing the radius of the rock. These
rock sizes for different containment barrier degradation levels are calculated in Section 7.6.
The magnitude of the contact stiffness between the rock and the WP is one of the parameters
that affects the results. If the stiffness value is very large, stiffness matrix ill-conditioning and
divergence occur. Similarly, an extremely small stiffness value results in compatibility
violations. Therefore, an optimum value for the contact stiffness is one that is between and is
arrived at iteratively. The result of iterations revealed that the contact stiffness between the
rock and the WP that works best is 1.5*108 N/m (Assumption 4.3.10).
The WP consists of the outer barrier and the inner barrier. The weight of the WP internals
(basket assembly and the fuel assemblies) are not included in this analysis. The static load on
the WP due to the internals is much less than the dynamic impact load. Therefore, this
assumption does not significantly affect the results (see Assumption 4.3.11 and Section 7.4).
There is no structural damping in the materials used for this simulation. Attenuation of stress
waves is not of interest because the failure criteria are based solely on the comparison of
maximum stress with the allowable stress. However, absence of structural damping also
provides conservative results to the FEA since the peak stress magnitudes will be larger
(Assumption 4.3.12).
It is assumed that all of the kinetic energy of the falling rock is imparted onto the WP as
mechanical energy. Furthermore, the rock does not shatter and deflection of the rock as
compared to deflection of the WP is negligible (see Assumption 4.3.13).
The rock fall stress analyses are performed in the time interval where the rock is in contact
with the waste package. Since the stress in the WP after the rock bounces off the WP surface
will not be critical, the FEA solution is obtained only for the time interval the rock is in
contact with the WP. This procedure reduces solution times and output file sizes (see
Assumption 4.3.14).
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It is assumed that the outer barrier degrades completely prior to any pitting of the inner barrier
(see Assumption 4.3.15).
The ANSYS output files include the inner and outer barrier masses of the 21 PWR AUCF NVP
model. The mass values are calculated by ANSYS based on the actual densities given in
Section 4.1 and element volumes in the model. The rock densities are adjusted in order to
account for the upper half of the rock which was excluded from the model. The input/output
files of all analyses performed in this document are provided in Attachments.
7.3

Kinetic-Strain Energy Relation

An evaluation of the WP which is placed on the invert results in higher local nonlinear bending
stresses at the top of the WP close to the point of application of the force due to rock fall. The
finite-element solutions of the rock fall analyses verify the fact that nonlinear deformation takes
place in the containment barriers in the vicinity of the impact region. The bottom of the WP in
contact with the invert, on the other hand, would experience much smaller magnitudes of
bending stress since there is no deflection allowed in the vertical direction. Although the
deformation is nonlinear in a local region of the WP, an estimate of the strain energy including
the WP length can still be obtained from the beam theory for elastic deformations. The
relation will eventually be used to relate the WP length to the amount of kinetic energy which
can be transferred from the rock.
The potential energy of the rock is converted into kinetic energy by the time it falls to the top
surface of the outer barrier. Assuming that all of the kinetic energy of the rock is spent
deflectinig the containment barriers, which is a conservative approach, strain energy stored in
the barriers will be equal to the kinetic energy of the rock (see Assumption 4.3.13). The
equations of strain energy derived for structures under normal stresses and bending stresses are
directly proportional with the length of the structural members (Ref. 5.20, pp. 474477).
Therefore, an increase in the length of the WP would result in an increased amount of strain
energy which can be stored in the WP. In other words, the WP would be able to withstand a
higher kinetic energy transfer from the rock. Therefore, the use of a shorter length of the WP
is conservative.
7.4

Bending Stress Calculations Due to Static Weights of AUCF Waste Packages

The WP is placed on the invert in this analysis. However, a static load due to WP weight
results in higher stresses when the waste package is supported at both ends because of higher
bending moment along the WP length. Therefore, the following calculations are based on the
full length of the WP supported at both ends which results in a conservative bending stress
magnitude.
In order to approximate the effect of the WP static weight in the FEA, the maximum bending
moment and stress can be calculated on the 21 PWR AUCF WP due to its own weight which is
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assumed to be a point load at the center of the span. The overall mass value of the 21 PWR
AUCF is close to the mass of the previously designed 21 PWR tube type basket UCF WP,
since the number of SNF assemblies and the thicknesses of the outer and inner barriers are the
same. Therefore, the following calculations are used to determine the maximum bending stress
on the WP:
a = M*c/I, M = (P/2)*(L12), and P = m*g
where:

(Ref. 5.20)

M = bending moment
c = outer barrier outer radius
I = area moment of inertia of the containment barriers
P = force on barriers
L = length of the WP
m = mass of the WP
g = gravitational acceleration

Thus, a = m*g*L*c / (4*I)
where m = 47,797 kg (Ref. 5.21, p. 6.1-20, Table 6.1-2) and L = 5.335 m (Ref. 5.21,
Appendix B, p. B-3, Figure B.1-3)
Inertia (I) is calculated as follows:
Outer barrier outer diameter =
= 1.629 m (Ref. 5.21, Appendix B, p. B-3, Figure B.1-3)
Inner barrier inner diameter =
= 1.389 m (Ref. 5.21, Appendix B, p. B-3, Figure B.1-3)
I = (7t / 64) (D.' - Di4) (Ref. 5.22)
I = (7; /64) (1.6294 - 1.3894) = 0. 162947 m4
Therefore, a = 47,797*9.81*5.335*(1.62912) l (4*(0.162947)) = 3.1 MPa
This magnitude of stress is small compared to the order of magnitude of stresses obtained from
the finite-element solutions for dynamic loading on the waste packages (see Section 8). The
difference in the order of magnitudes of the dynamic and static loads, therefore, suggests that
the magnitude of dynamic loading on the WP is very large compared to the static load. Thus,
the weights of the WP internals (basket assembly and the fuel assemblies) are not included in
this analysis (see Assumption 4.3.11).
7.5

Stress-Strain Curve Calculations

The results of this impact simulation are required to include elastic and plastic deformations in
the WP. When the materials are driven into the plastic range, the slope of the stress-strain
curve continuously changes. Thus, a simplification for this curve is needed to incorporate
plasticity into the model. A standard approximation is commonly used in engineering by
assuming a straight line that connects the yield point to the ultimate tensile strength point of the

Design Analysis

Waste Package Development
Title: Rock Size Required to Cause a Through Crack in Containment Barriers
Document Identifier: BBAAO0000-01717-0200-00015 REV 00

Page 19 of 28

material (see Assumption 4.3.16). Figure 7-1 illustrates the procedure and the parameters used
in the following calculations.

stress

strain

Figure 7-1. Simplified stress-strain curve for the
materials
where,

Sy = Yield strength of the material
Su = Ultimate tensile strength
el, e 2, e3 = strain magnitudes

E = Elastic modulus (slope of the line in the elastic region)
E= Tangent modulus (slope of the line in the plastic region)
The slope, El is determined by:
For A 516 carbon steel:
E = 206 GPa (see Section 4.1)
Su= 485 MPa (see Section 4.1)

SY= 260 MPa (see Section 4.1)
e3 = 0.21 (see Section 4.1)
e2 = e3 - e,
where e3 = elongation specified for material
e, = S / E and
Hence, El = (Su - Sy) / e 2 = (0.485 - 0.260) / (0.21 - (0.260 /206))

Calculated value is given as, E, = 1.0779 GPa
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For Alloy 625:
E = 208 GPa (see Section 4.1)
Su= 758 MPa (see Section 4.1)
Sy= 379 MPa (see Section 4.1)
e3 = 0.30 (see Section 4.1)
E= (Su - Sy) / (e3 - (Sy / E)) = (0.758 - 0.379) / (0.30 - (0.379 / 208))
Therefore, E, = 1.271 GPa
7.6

Calculations of Model Inputs

The fall height of the rock is calculated from the given dimensions of the emplacement drift
(Ref. 5.12). Figure 7-2 depicts the emplacement drift geometry. For conservatism, the rock
fall height is maximized by placing the WP directly on the invert. Fall height is the distance
from the top surface of the WP to the bottom of the rock.
Calculations on the emplacement drift (Figure 7-2):
D = Emplacement drift diameter = 5.0 m (see Section 4.1)
r, = WP containment barrier outer radius
r2 = Rock radius (determined by finite-element analysis for different levels of degradation in
the containment barriers)
k = Invert depth = 5.0 - (2.5+ 1.8) = 0.7 m (see Section 4.1 and Figure 7-2)
h = Rock fall height = Emplacement drift diameter - 2*(rl) - 0.7
y = Distance from the WP center to the rock center = h + r, + r2
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y

Figure 7-2. Emplacement Drift Geometry

The parameters listed above are calculated for different barrier thickness values. Detailed
calculations of these parameters are provided below:
For 0% degradation on the outer barrier and 0% degradation on the inner barrier:
r, = 0.83095 m (Attachment m, p. 2)
r2 = 1.60126 m (Attachment III, p. 2) (38,000 kg rock mass)
h = 5.0 - 2*(0.83095) - 0.7 = 2.6381 m
y = 2.6381 + 0.83095 + 1.60126 = 5.07 m

For 50% degradation on the outer barrier and 0% degradation on the inner barrier:
r, = 0.78095 m (Attachment X, p. 2)
r2 = 1.37385 m (Attachment X, p. 2) (24,000 kg rock mass)
h = 5.0 - 2*(0.78095) - 0.7 = 2.7381 m
y = 2.7381 + 0.78095 + 1.37385 = 4.89 m
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For 75 % degradation on the outer barrier and 0% degradation on the inner barrier:
r, = 0.75595 m (Attachment XV, p. 2)
r2 = 0.72314 m (Attachment XV, p. 2) (3,500 kg rock mass)
h = 5.0 - 2*(0.75595) - 0.7 = 2.7881 m

y = 2.7881 + 0.75595 + 0.72314 = 4.27 m
Small difference between the rock size diameters given in Table 8-1 and the ones listed above
and used in FEA input files is due to the fact that the finite-element representation of the
spherical rock consists of many small elements which do not exactly add up to the same
volume as a perfect sphere. Since the rock mass is the controlling parameter in the analysis,
the small difference in the rock size diameter has no significant effect in the results. The
corrected rock size diameters are calculated as follows (also given in Table 8-1):
Volume = 4nr3/3

Density = 2297 kg/m3 (see Section 4.1)
Density = Mass / Volume

Therefore,
For the 38,000 kg rock, r = ((38,000*3/(2297*4*n))' 3 = 1.581 m, diameter = 3.16 m
For the 24,000 kg rock, r = ((24,000*3/(2297*4*-n))I 3 = 1.356 m, diameter = 2.71 m
For the 3,500 kg rock, r = ((3,500*3/(2297*4*n))1 ' = 0.714 m, diameter = 1.43 m
7.7

Fracture Analysis of Contaimnent Barriers

The structural integrity of the inner and outer barriers in terms of their resistance to fracture is
discussed in this section of the report. The finite-element model of the containment barriers
was described in Section 7.2. As the rock bottom surface contacts the waste package outer
surface, a nonlinear local deformation takes place in the vicinity of the impact region. When
the transient response of the impact region is observed in small time frames, a question can be
raised of potential crack growth through the inner and outer barrier thicknesses.
Fracture toughness is an essential material property for the fracture mechanics analyses. The
inner-barrier material is Alloy 625 which shows excellent fracture toughness as annealed.
Because of exceptionally high fracture toughness (277 MPa ml', Ref. 5.23, Attachment XX,
p. 2) of Alloy 625, an instantaneous fracture due to an unstable crack growth will not be
observed in the inner barrier.
It is likely to have a failure in the outer barrier due to an unstable growth of a pre-existing or a
rock-induced crack. However, because of high fracture toughness of Alloy 625, the
containment barrier is still capable of keeping its structural integrity. Therefore, the release of
radionuclides through the containment barrier does not occur as long as the inner barrier is
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intact. For this reason, a fracture mechanics evaluation on the outer barrier was not
performed; for the final WP design, it is intended to include a fracture mechanics review.
Thus, the rock fall analysis reported here determines the critical rock sizes which would cause
a through crack in both inner and outer barriers of the waste package in accordance with the
criteria obtained from the ASME Boiler and Pressure Vessel Code (see Assumption 4.3.6 and
Section 7.1).
7.8

Calculation of Energy Required for Breaking the Rock

The potential energy of the rock is converted into kinetic energy as the rock falls onto the
waste package outer barrier surface. Following the impact, part of this kinetic energy is
converted into strain energy in the waste package and the rock. The resulting deformation in
the waste package is elastic-plastic whereas it is only elastic in the rock. After the separation
of two objects, the rock bounces back with a smaller magnitude of velocity and less amount of
kinetic energy.
One form of energy which is not considered here is heat dissipation during the impact. The
amount of heat dissipation is negligibly small in impact problems and this is a conservative
approach since no credit is taken for the dissipation of heat.
The real mechanism of impact may involve breaking of the rock since it is more brittle than the
waste package materials. In the finite-element analysis, the rock is modeled using three
dimensional solid elements which are continuous and cannot be separated into pieces by
external forces. 'Therefore, a stress analysis on the rock is required in order to determine the
order of magnitude of energy required to break the rock.
The maximum amount of energy which can be stored in the rock depends on the compressive
load, so the compressive stress magnitude in the rock is analyzed. The stress magnitude in the
rock geometry is a function of time and location. An approximate location in the spherical
rock geometry is required to represent the time-history of the compressive stress and strain
magnitudes. Therefore, a node close to the mass center of the half sphere is used to obtain
maximum compressive stress and strain magnitudes in the rock.
Total elastic energy stored in the rock can be determined from the area under the stress-strain
curve. This area is maximized by using the maximum values of the compressive stress and
corresponding strain in the calculations. These magnitudes are 18 MPa for the stress (see
Attachment IX, page 4) and 0.56* 10-3 for the corresponding strain (see Attachment IX, page
19).

An approximate value for the energy stored in the rock in the elastic region of the stress-strain
curve is, therefore, obtained as follows:
Maximum third principal stress (compressive) = a = 18 MPa
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0.56*10-3

Volume of rock (half sphere in the finite-element model)

= (4 it r3 / 3) / 2
= 2*n*(1.60126) 3 / 3 = 8.6 n3

Area approximated under the stress-strain curve = oae / 2 = (18*106) (0.56*10-3) / 2
= 5,040 J/m3

Therefore, strain energy stored in the rock = 5,040*8.6 = 43,344 J
Initial energy of the rock = m*g*h = 38,000*9.81*2.6381 = 983,431 J

Ratio of strain energy to initial potential energy

=

43,344 /983,431 = 0.044

4.4%

The energy required to break the rock depends on the area under the plastic region of the
stress-strain curve. However, elastic properties of the rock are used in this finite-element
analysis so the results beyond the maximum stress and strain points do not represent the plastic
behavior of the rock. An estimate on the order of magnitude of the energy required to break
the rock can still be obtained by calculating the amount of energy stored in the rock in the
elastic region since the difference in the strain between the rock yield strength and the stress
magnitude at which the failure of the rock occurs is small for impact analyses. A comparison
between the strain energy stored in the rock during impact and the initial energy of the rock
from above calculations reveals that the amount of energy required to break the rock will also
be much smaller than the initial energy of the rock. Thus, it is also concluded that the overall
effect of not taking credit for the energy loss due to breaking of the rock is not significant.
8. CONCLUSIONS
As identified in Sections 2.0 and 4.0, this analysis is based on unqualified/unconfirmed input
data, and use of any data from this analysis for input into documents supporting construction,
fabrication, or procurement is required to be controlled as TBV in accordance with the
appropriate procedures.
At the instant of contact between the rock anrd the WP, the top surface of the WP deforms
elastically (deformation is based on the elastic modulus) until the yield strength of each of the
containment barrier materials are reached. The materials then begin to deform plastically
(deformation is based on the hardening modulus). The WP response to the impact indicates
that there are large local deformations in the impact region and that global deformation is
minor.
Figure Il-I shows the finite-element simulation of rock fall at the instant the rock bounces off
the WP surface. The simulation is terminated after this time step is reached for all analyses
performed in this report. Since the maximum stresses are obtained during the time interval the.
rock is in contact with the WP, there is no need to analyze the stress magnitudes after
separation. However, a small time interval following separation is still included to verify that
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the stress magnitudes do not exceed the previously determined peak after contact is lost
between the surfaces. Although in some of the results files it is observed that there is a slight
increase in the stress magnitudes toward the end of simulated time interval, it is an expected
local change in stress magnitudes caused by the absence of damping in the system (Assumption
4.3.14).
The maximum membrane and membrane plus bending stress magnitudes are obtained for each
WP containment barrier degradation level and rock size by a two step procedure. First, a postprocessing file is used to determine the location of the maximum stress intensity throughout the
containment barriers. Then, the node numbers for these critical stress locations are used to define.
linearized stress paths through the material thickness of inner and outer barriers. As a result, the
linearized stresses are obtained along these paths for each time-step used in the simulation.
The criteria for developing a through crack in the containment barriers were explained in Section
7.1. Thus, the maximum stresses from the ANSYS solution are compared to the stress.
allowables in order to determine the critical rock sizes for different degradation levels in the WP
containment barriers. Table 8-1 presents the maximum values of the membrane stress,
membrane plus bending stress, and allowable stress magnitudes. Related attachment and page
numbers for each stress magnitude are provided in parentheses.
For each outer barrier degradation case, the comparisons between the membrane plus bending
stresses and allowable stresses show a through crack development in the outer barrier as reported
in Table 8-1. The margin of safety values were calculated according to the relation given in
Section 7.1 and provided in the same table. Since the margin of safety values are small for the
membrane stresses in the inner barrier for the no-degradation and 50% degradation levels, and
for the membrane plus bending stress of the 75% degradation level, any further increase in the
rock mass causes a through crack in the inner barrier also. Therefore, the rock mass and sizes
given in Table 8-1 are used as the bounding results of this analysis.
Hence, for each case analyzed, the critical rock size for which the barriers are capable of
withstanding an impact during a rock fall in the emplacement drift has been determined. When
there is no degradation of the barriers, the WP is capable of withstanding the fall of a 38,000 kg
rock. When half of the outer barrier is removed the capability of the WP to withstand a rock fall
is reduced to a 24,000 kg rock. With three fourths of the outer barrier removed the critical rock
size drops to 3,500 kg.
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Table 8-1. Emplacement Drift Rock Fall Analysis Results
Barrier Analysis at Different Degradation Levels

Percent Degradation (General Thinning of Outer Barrier).
It is assumed that the outer barrier degrades completely prior to any
pitting of the inner barrier.
The numbers next to the stresses represent: (Attachment #-Page I)

Outer Barrier Degradation

0%

50%

75%

Inner Barrier Degradation

0%

0%

0%

208
(VIII-3)

233
(XIV-34)

301
(X -I 1)

Membrane Stress Allowable in Outer Barrier

339.5

339.5

339.5

Margin of safety

0.632

0.457

0.128

Membrane Stress in Outer Barrier
.

Membrane Plus Bending Stress in Outer Barrier

636

655

495

(XIV-23)

(XIX-10)

436.5

436.5

436.5

Limit Exceeded

Limit Exceeded

Linit Exceeded

518
(VIII-55)

510
(XIV-73)

497
(XIX-87)

Membrane Stress Allowable in Inner Barrier

530.6

530.6

530.6

Margin of safety

0.024

0.040

0.068

584
(VIII-77)

583
(XIV-77)

671
(XIX-67)

Membrane Plus Bending Stress Allowable in Inner Barrier

682.2

682.2

682.2

Margin of safety

0.168

0.170

0.017

38.000

24,000

3.500

3.16

2.71

1.43

|__

Membrane Plus Bending Stress Allowable in Outer Barrier
Margin of safety
Membrane Stress in Inner Barrier

Membrane Plus Bending Stress in Inner Barrier

Critical Rock Mass (kg)

.

Rock Size Diameter for Critical Rock Mass Values (m)
All stresses in MPa

_ _(VIII-15)
__
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9. ATTACHMENTS
The following attachments are provided in this section:
Attachment-I: Sketches 2 pages
I-I: Waste Package Tube Design (21-PWR) Outer Barrier Preliminary Sketch.
1-2: Waste Package Tube Design (21-PWR) Inner Barrier Preliminary Sketch.
Attachment II (1 page): Figure obtained from ANSYS V5.1.
Attachment m (83 pages): Input/output files for the finite-element analysis of the WP with no
degradation: nodeg8.oldl.out: Jul 05 1996
Attachment IV (5 pages): Postprocessing input/output files for the finite-element analysis of the
WP with no degradation. The input file was used to obtain the stress intensities for the outer
and inner barriers: postint.oldl.out: Jul 07 1996
Attachment V (5 pages): Postprocessing input/output files for the finite-element analysis of the
WP with no degradation. The input file was used to obtain the linearized stresses for the outer
and inner barriers: postl.oldl.out: Jul 07 1996
Attachment VI (5 pages): Postprocessing input/output files for the finite-element analysis of the
WVP with no degradation. The input file was used to obtain the principal stress and strain for
the rock: rockl.oldl.out: Jul 25 1996
Attachment VII (32 pages): Stress intensities for the WP with no degradation: sintl.res: Jul 07
1996
Attachment VIII (81 pages): Linearized stresses for the WP with no degradation: rockfal.res:
Jul 07 1996
Attachment IX (32 pages): Principal stress and strain in the rock for the FEA run with no WP
degradation: rkstres.res: Jul 25 1996
Attachment X (84 pages): Input/output files for the finite-element analysis of the WP with 50%
outer barrier degradation: ob50pl.oldl.out: Jul 31 1996
Attachment XI (5 pages): Postprocessing input/output files for the finite-element analysis of the
WP with 50% outer barrier degradation. The input file was used to obtain the stress intensities
for the outer and inner barriers: postint.oldl.out: Jul 31 1996
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Figure Il-1. Displacement Plot of Rock Bouncing off the WP Surface (Model With No Degradation)
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PURPOSE:

To determine the fracture toughness of INCONEL alloy 625
plate in various heat treat conditions.
FINDINGS:

c

The fracture toughness values are:

.2

1.

(marginally not an ASTM valid value) for
48 hs~i 'Fm.
+ l400EF/1000 hr AC heat treatment,
AC
2150°F/.5 hr

2.

252 ksi Ji.

for a mill annealed heat treatment,

3.

248 ksi 4in.

for a 2150OF/.5 hr AC solution anneal,

4.

(not ASTM valid values) for mill
58 to 76 ksi 'f3.
annealed + 1400°F/1000 hr AC heat treatment.

o

2

INCONEL alloy 62S shows excellent fracture toughness as annealed,
but poor when aged at 14001F/1000 hr.
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