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I. PURPOSE

The objective of this calculation is to study mesh sensitivity of the results evaluated for a waste
package (WP) outer corrosion barrier (OCB) during the impact between the WP and an emplacement
pallet (hereinafter referred to as the pallet). The results selected for this purpose are the maximum
stress intensity in the WP OCB during the impact and the area of the WP OCB where the residual
1St principal stress exceeds a certain limit. (The area of the WP OCB where the residual IS' principal
stress exceeds the stress limit is hereinafter referred to as "the damaged area" with the exception of
Attachment V.) The stress limit (damage threshold) is defined as a fraction of the yield strength of
the OCB material, Alloy 22 (SB-575 UNS N06022 hereinafter referred to as Alloy 22), at given
temperature. Two stress limits (lower and upper) used throughout this document are defined as 80
percent and 90 percent, respectively, of yield strength of Alloy 22 (see Assumption 3.9) at
temperature of 150 "C.

The scope of this document is limited to:
1. Reporting the damaged area
2. Reporting the calculation results in terms of maximum stress intensity in the course of

transient simulation
3. Analyzing the results with respect to the finite element (FE) mesh size.

This calculation is associated with the WP design and is performed by the Analyses and Component
Design group. AP-3.12Q, Design Calculations and Analyses (Ref. 1) is used to perform the
calculation and develop the document. The WP is classified as Quality Level I (Ref. 5, p. 7).
Therefore, this calculation is subject to Quality Assurance Requirements and Description (Ref. 4).

The design of the 21-PWR (Pressurized Water Reactor) WP used in this calculation is defined in
Reference 24; the exceptions are the radial gap between the inner vessel and the OCB (for which a
value of 4 mm is used [Ref. 25, Section 8.1.8]) and the OCB thickness (for which a value of 18 mm
is assumed [Assumption 3.10]). The sketch in Attachment I provides additional information not
included in Reference 24. (Note that this calculation is performed for the baseline Site
Recommendation design, instead of the most recent 21 -PWR WP design, since it supports previously
performed calculations of the WP exposed to vibratory ground motion [presented in Ref. 16] that
are performed for the baseline design.) Also note that the WP components indicated as "inner shell"
and "outer shell" in Attachment I and Reference 24 are hereinafter called "inner vessel" and "outer
corrosion barrier", respectively.) Design of the pallet used in this calculation is defined in
Reference 22; the sketch in Attachment II provides additional information not included in
Reference 22 (see also Assumption 3.13). All obtained results are valid for these designs only.
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2. METHOD

The FE mesh is created by using the commercially available ANSYS V5.6.2 FE code (Software
Tracking Number [STN] 10364-5.6.2-01, Ref. 6). The FE calculations are then performed by using
the commercially available LS-DYNA V960.1 106 (STN 10300-960.1106-00, Ref. 7) FE code. The
results of this calculation are provided in terms of damaged area and maximum stress intensity.

3. ASSUMPTIONS

In the course of developing this document, the following assumptions are made regarding the
structural calculation.

3.1 Some of the temperature-dependent material properties (specifically: density and Poisson's
ratio) are not available for Alloy 22 and SA-240 S31600 (hereinafter referred to as 316
stainless steel [SS]) except at room temperature (RT) (20 'C). The RT density and RT
Poisson's ratio are assumed for both materials. The impact of using RT density and RT
Poisson's ratio is anticipated to be small. The rationale for this assumption is that the
material properties in question do not have dominant impact on the calculation results. This
assumption is used in Sections 5.1 and 5.1.1 and corresponds to Section 5.2.8.4 of
Reference 8.

3.2 The temperature-dependent material properties are not available for TSw2 (Topopah Spring
Welded-Lithophysal Poor) rock except at RT. The corresponding RT material properties are
assumed for this material. The impact of using RT material properties is anticipated to be
small. The rationale for this assumption is that the material properties of the rock do not
have an impact on the calculation results. This assumption is used in Sections 5.1 and 5.1. 1.

3.3 Some of the strain-rate-dependent material properties are not available for Alloy 22 at any
strain rate. The material properties obtained under the static loading conditions are assumed
for Alloy 22. The impact of using material properties obtained under static loading
conditions is anticipated to be small. The typical maximum strain rate in the WP OCB
observed in this calculation is 55 s-' (as indicated by maximum slope of the effective-strain
time history, see Figure 1). The rationale for this assumption is that the mechanical
properties of ductile materials do not significantly change at the peak strain rates that occur
during the drop simulation (Ref. 14; Figures 27 and 30). Furthermore, this is primarily a
mesh study and the objective should not be significantly affected by the relatively small
variations of mechanical properties due to strain rate. This assumption is used in Section 5.1
and corresponds to Section 5.2.5 in Reference 8.

3.4 The Poisson's ratio of Alloy 22 is not available in literature. The Poisson's ratio of Alloy
625 (SB-443 N06625) is assumed for Alloy 22. The impact of this assumption is anticipated
to be negligible. The rationale for this assumption is that the chemical compositions of Alloy
22 and Alloy 625 are similar (see Ref. 9, Table "Chemical Composition in Weight %" and



Anal.y---and C i'm qm ( it I )csozn ( alcula ion

'ritle: o)rop of Waste Packac ol E'mplacement llete -- A Mesh Studv
I)tcumient Identifier (}tX)-()OC'f)S0-4O-()2200-(XX)-(U)O\ Pa1'e 6 of. 3 I

Ret. 101. 1. 14-3, lesixtxIciv ly. This .is ullniptIn is Used In Sclctil 5 1 and koi cspiumitls lt

Section X.28.2 of lReference

3.5 The mi xiLJltis (if clasticitv and Pois sons ratio of the 1FSw2 are characteri/,ed hs a %onificant
scatter of data (see Ref 28. Tables I anid 4. repecttively. [or the purpose of the present
calculation. mIoduflus of elast icitv is a ssUmied to tv 33 (Wia. and Poison ,s ralio (0. 1. The
rationale for this, assuimption is that these values agree with typical values of said propetlies
for mllost rocks of interest (see Ref. 28. Tables 3 and 41 .1 [hie MOdUlutPs o1f elasticity Mid
1'oissonr s ratio of the Trsw2 are use(d iII this calculation only to represent Ile contact
propcrties of tlhe invert (,which is reprsentled as a rigid pal. [17he said properties. therefbic,
have a negligible effect oil thle WI) O('B result-s presented in this calculation. [h'llis
assilillption is 15se(i in Section 5. 1

! A 131'5
A3

0 05. . -.

O4 i- - - - - - - -- I - ---- --- --- -- ---- ------

0 0005 0o0 0015 007

Time (S)

Figure 1 Effective Strain Time History (Detail) for Element 137465 Characterized by the Maximum Stress
Intensity Among the OCB Elements (5- mls Horizontal Drop with Mesh 4)

3.6 h rhe density of the TSw2 is asumied to bh 2370k/ IIn . rhe rationale for this ;assumption

is that this value agrees well with all 'ropxpah Spring Welded rocks and is not exceeded by
any of the other rocks presented in Reference 23 (Table 2). It should be noted that this
assumiption has no effect on the calculation results since density of the rock affects- only the
alliss of the rigid inven. Trhis assumption is used in Section 5. 1.

3.7 The exact geornetry of the loaded internal.s i simiplifiled for thie purpose of this calculallion.
IThe WI' inner vessel I ricludino the inner vessel lids) and its internalls (includin, tile spent
nuclear fuel (SNF 1) are represented by a thick-wall cylinder of unifonr tiickness an(d circular
cross section miade fromi 316 SS (see Section 5.2). The thickness of this cylinder is

deterinined hby [te cumulat ive mass of these coilitml'ents. T[he rat iu ale for this assuImIni) ionl



Analyses and Component Design Calculation
Analyses and Component Design Calculation

Title: Drop of Waste Package on Emplacement Pallet - A Mesh Study
Document Identifier: 000-OOC-DSUO-02200-000-OOA Page 7 of 31

is that the inner vessel internal structure and the SNF affect the results of this calculation
predominantly through their mass and overall dimensions. This assumption is used in
Section 5.2.

3.8 The uniform strain (strain corresponding to the ultimate strength on the stress-strain curve)
of Alloy 22 is not available in literature. Therefore, it is conservatively assumed that the
uniform strain is 90 percent of the elongation. The rationale for this assumption is the
character of stress-strain curve for Alloy 22 (see Ref. 15). This assumption is used in Section
5.1.2 and corresponds to Section 5.2.8.6 of Reference 8.

3.9 The distribution of the residual stress threshold is assumed to be uniform with a lower bound
of 80 percent of the yield strength of Alloy 22 and an upper bound of 90 percent of the yield
strength of Alloy 22. The basis for this assumption is the data provided in Reference 29.
This assumption is used in Section I and Attachment V.

3.10 The thickness of the WP OCB is reduced by 2 mm. The rationale for this assumption is
discussed here. The OCB will degrade due to general corrosion during the regulatory period.
The thickness reduction of 2 mm over the regulatory period of 10,000 years corresponds to

the general corrosion rate of 2 1 I0 mm/yr. This thickness reduction is used for seismic
calculations (Ref. 16, Section 3) and is retained for consistency in the present FE mesh study.
This assumption is used in Sections 1 and 5.2 and Attachment VII.

3.11 The friction coefficients for contacts among the Alloy 22 components, or for the contacts
involving Alloy 22 and 316 SS, are not available in literature. It is, therefore, assumed that
the dynamic (sliding) friction coefficient for both of these contacts is 0.55. The rationale for
this assumption is that this friction coefficient is typical for most dry nickel-on-steel and
nickel-on-nickel contacts (see Ref. 26 [Table 3.2.1, p. 3-26]), nickel being the dominant
component in Alloy 22 (Ref. 9, Table "Chemical Composition in Weight %"). This
assumption is used in Section 5.2.

3.12 The variation of functional friction coefficient between the static and dynamic value as a
function of relative velocity of the surfaces in contact is not available in literature for the
materials used in this calculation. Therefore, the effect of relative velocity of the surfaces
in contact is neglected in these calculations by assuming that the functional friction
coefficient and static friction coefficient are both equal to the dynamic friction coefficient.
The impact of this assumption on results presented in this document is anticipated to be
negligible. The rationale for this conservative assumption is that it provides the bounding
set of results by minimizing the friction coefficient within the given FE-analysis framework.
This assumption is used in Section 5.2 and corresponds to Section 5.2.14.4 of Reference 8.

3.13 The longitudinal pallet tubes (Tube 1 in Attachment 11) are, for the purpose of this
calculation, assumed to be made of Alloy 22. This assumption has a negligible impact on
the calculation results. The rationale for this assumption is that due to the long-term
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corrosion it is impossible to take structural credit for these tubes as long as they are made of
316 SS. This assumption is used in Sections 1, 5.1, and 5.2.

3.14 The temperature of the WP is assumed to be 150 'C for temperature-dependent material
properties. The rationale for this assumption is that this temperature is conservative for most
of the regulatory period for high-temperature operating modes (97 percent of the regulatory
period [see Reference 21, Figure 6-3]) and strictly conservative for low-temperature
operating modes. This assumption is used in Section 5.1.

3.15 The WP bottom and top ends are, for the purpose of FE representation, both based on the
bottom-end configuration (see Attachment I and Reference 24). This simplification has no
effect on the results, as obtained in this calculation. The rationale for this assumption is that
it simplifies FE representation without affecting the calculation results. This assumption is
used in Section 5.2.
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4. USE OF COMPUTER SOFTWARE

One of the FE analysis computer codes used for this calculation is ANSYS V5.6.2, which is obtained
from Softwvare Configuration Management in accordance with appropriate procedure (Ref. 2), and
is identified by STN 10364-5.6.2-01 (Ref. 6). ANSYS V5.6.2 is a qualified, commercially available
FE code and is appropriate for application performed in this calculation. The calculations using
ANSYS V5.6.2 software are executed on two Hewlett-Packard (HP) 9000 series UNIX workstations
(Operating System HP-UX 11.00) identified with the YMP (Yucca Mountain Project) property tag
numbers 151324 and 151325 located in Las Vegas, Nevada. The development of FE mesh by
ANSYS is fully within the range of the validation performed for ANSYS V5.6.2 code. Access to the
code is granted by the Software Configuration Management in accordance with the appropriate
procedures.

The input files (identified by .inp file extension) and output files (identified by .out file extension)
for ANSYS V5.6.2 are provided in Attachment VIII.

The qualified FE analysis computer code used for this calculation is Livermore Software Technology
Corporation (LSTC) LS-DYNA V960.1106 (Ref. 7). LS-DYNA V960.1106 is obtained from
Software Configuration Management in accordance with the appropriate procedure (Ref. 2) and is
identified by STN 10300-960.1106-00. LS-DYNA V960.1106 is appropriate for this calculation. The
LS-DYNA V960.1106 evaluation performed for this calculation is fully within the range of the
validation performed for the LS-DYNA V960.1106 code. The calculations are executed on six HP
9000 series UNIX workstations (Operating System HP-UX 11.00) identified with the YMP property
tag numbers 150688, 150689, 150690, 151691, 151664, and 151665 located in Las Vegas, Nevada.
Access to the code is granted by the Software Configuration Management in accordance with the
appropriate procedures.

The input files (identified by .k, .dat, and .inc file extensions) and output files (d3hsp, d3plot, d3thdt,
and messag) for LS-DYNA V960.1106 are provided in Attachment VIII.

As identified in Section 6, LSPOST V2 (LSTC) is a postprocessor used for visual display and
graphical representation of data that is exempt from the requirements defined in Reference 2 (Section
2.1.2).

The input and output ANSYS V5.6.2 and LS-DYNA V960.1106 files are archived by using WinZip
V8.1 and submitted on compact discs as Attachment VIII (see Table 9). WinZip VS. 1 belongs to the
category of automated office support systems that is exempt from the requirements defined in
Reference 2 (see Section 2.1.1).
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5. CALCULATION

5.1 MATERIAL PROPERTIES

Material properties used in these calculations are listed in this section. The material properties are
evaluated for 150 "C (Assumption 3.14). Some of the temperature-dependent and rate-dependent
material properties are not available for Alloy 22, 316 SS, and TSw2 rock. Therefore, RT density
and RT Poisson's ratio are used for Alloy 22 and 316 SS (see Assumption 3.1). RT material
properties are used for TSw2 rock (Assumption 3.2). Finally, all mechanical properties used in this
calculation are obtained under static tensile loading conditions (Assumption 3.3).

SB-575 N06022 (Alloy 22) (OCB, OCB lids, trunnion sleeves, and pallet [see Assumption 3.13])
(Note: All properties of Alloy 22 are obtained from Reference 9. However, while
the density, Poisson's ratio, and modulus of elasticity are uniquely defined therein,
the elongation and strengths are available in more than one table. The latter
properties are, for the purpose of this calculation, obtained from Table "Plate,

A - X in. (6.4 -19.1 mm) thick"):

Density = 8690 kg/rM3 (at RT)

Yield strength = 338 MPa (at 200 "F = 93 "C)

Yield strength = 283 MPa (at 400 "F = 204 "C)

Ultimate strength = 738 MPa (at 200 "F = 93 "C)

Ultimate strength = 676 ,MPa (at 400 "F = 204 "C)

Elongation = 0.65 (at 200 "F = 93 "C)

Elongation = 0.66 (at 400 "F = 204 "C)

Poisson's ratio = 0.278 (at RT) (Assumption 3.4)

Modulus of elasticity = 203 GPa (at 93 "C)

Modulus of elasticity = 196 GPa (at 204 "C)

SA-240 S31600 (316 SS) (Inner vessel and inner vessel lids):

Density = 7980 kg/M3 (at RT) (Ref. I 1, Table Xl. 1, p. 7)

Poisson's ratio = 0.298 (at RT) (Ref. 10, Figure 15, p. 755)
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Modulus of elasticity = 186 GPa (27.0 106 psi) (at 300 "F = 149 "C) (Ref. 12, Sec. II,
Part D, Subpart 2, Table TM-I)

Modulus of elasticity = 183 GPa (26.5 *1 O psi) (at 400 "F = 204 "C) (Ref. 12, Sec. 1I,
Part D, Subpart 2, Table TM-I)

TSw2 Rock:

Density = 2370 kg/M3 (at RT) (Assumption 3.6)

Poisson's ratio = 0.21 (at RT) (Assumption 3.5)

Modulus of elasticity = 33.0 GPa (at RT) (Assumption 3.5)

5.1.1 Calculations for Elevated-Temperature Material Properties

The structural calculations are performed for material properties evaluated at 150 'C (see
Assumptions 3.1 and 3.2). The material properties at this temperature are obtained by linear
interpolation of corresponding material properties presented in Section 5.1 by using the formula:

(T. - T,

Subscripts it and I denote the bounding values of generic material property p at the corresponding
bounding temperatures.

The following parameters are used in the subsequent calculations:

sY ay= yield strength

s,, engineering ultimate strength

el = elongation
E= modulus of elasticity

These material properties are obtained from Section 5. 1.

In the case of Alloy 22, the material properties at 150 "C are:

ay izs. =338+[(150-93).(283-338)1/(204-93)=31OMPa

s. =738+[(150-93). (676-738)1/(204-93)=706 APa

el = 0.65 + [(150 - 93) * (0.66 - 0.65)1/(204 - 93) = 0.66
E = 203 + [(150 - 93). (196 - 203)1/(204 - 93) = 199 GPa
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Similarly, for 316 SS at 150 "C:

E = 186 + [(150 -149).(183 -186)J/(204 -149) = 186GPa

5.1.2 Calculations for True Measures of Ductility

The material properties in Section 5.1 refer to engineering stress and strain definitions: s = P/AO

and e = L/LO - I (see Ref. 13, Chapter 9), where P stands for the force applied during a static tensile

test, L is the length of the deformed specimen, and L. and AO are the original length and cross-
sectional area of the specimen, respectively. The engineering stress-strain curve does not give a true
indication of the deformation characteristics of a material during plastic deformation since it is based
entirely on the original dimensions of the specimen. In addition, ductile metal that is pulled in
tension becomes unstable and necks down during the course of the test. Hence, LS-DYNA
V960.1106 FE code requires input in terms of true stress and strain definitions: a = P/A and

l= n(L/LO) (see Ref. 13, Chapter 9).

The relationships between the true stress and strain definitions and the engineering stress and strain
definitions, uf = s * (I + e) and e = In(l + e), can be readily derived based on constancy of volume
(A0 Lo = A -L) and strain homogeneity during plastic deformation (see Ref. 13, Chapter 9). These
expressions are applicable only in the hardening region of the stress-strain curve that is limited by
the onset of necking.

The following parameters are added in the subsequent calculations:

r,, true ultimate strength

e . e, = strain corresponding to yield strength

e.= engineering uniform strain (engineering strain corresponding to ultimate strength)

a,,= true uniform strain (true strain corresponding to ultimate strength)

In absence of data on the uniform strain in available literature, the uniform strain needs to be
estimated based on the character of stress-strain curves and elongation (strain corresponding to
rupture of the tensile specimen). The stress-strain curves for Alloy 22 do not manifest three-stage
(elastic-hardening-softening) deformation character (see Assumption 3.8). Therefore, the elongation
reduced by 10 percent (to take into account the specimen-failure part of the stress-strain curve) is
assumed for uniform strain.

Thus, the engineering uniform strain for Alloy 22 at at 150 "C is:

e,, = 0.9 * el = 0.9*0.66 = 0.59
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The true measures of ductility at 150 "C are:

,,= In(l + e, ) = In(l + 0.59) = 0.46

a,, =s,, (I+e,,)=706.(I+0.59)=1120MPa

Therefore, the true ultimate strength of Alloy 22 at 150 "C is 1120 MPa.

5.1.3 Calculation for Tangent Modulus

As previously discussed, the results of this simulation arc required to include elastic and plastic
deformations for Alloy 22. When the materials are driven into the plastic range, the slope of the
stress-strain curve continuously changes. A ductile failure is preceded by a protracted regime of
hardening and substantial accumulation of inelastic strains. Thus, a simplification for the stress-
strain curve is needed to incorporate plasticity into the FE analysis. An approximation commonly
used in engineering is to use a straight line that connects the yield strength point and the ultimate
strength point of the material (bilinear elastoplastic constitutive behavior). The tangent modulus (E,)
represents the slope of the stress-strain curve in the plastic region.- In the case of Alloy 22, the tangent
modulus at 150 "C is:

El= (a- O) )/(a,, - a, /E) = (L .12 - 0.310)/(0.46 - 0.310/199) = 1.77 GPa (see Sections 5. 1,

5.1.1, and 5.1.2)
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These two configurations are selected as typical examples of the impact configurations that can occur
during an earthquake simulation. It is readily acknowledged that this selection does not imply that
the two configurations yield the bounding set of results either in terms of maximum stress intensity
or damaged area.

The WP is represented as symmetric in this study (Assumption 3.15); both WP ends are, in FE
representation, based on the bottom-end configuration (see Attachment I and Reference 24). The
details of the WP top end (such as, for example, the extended OCB lid and closure lid) are ignored
and their mass is taken into account by increasing the thickness of the OCB lid.

For the drop simulation the thickness of the WP OCB is reduced by 2 me (from 20 mm to 18 mm;
see Assumption 3. 10). This thickness reduction is used for seismic calculations (Ref. 16, Section 3),
and is retained for consistency in the present FE mesh study. It needs to be emphasized, though, that
the objective of this calculation is not to rigorously evaluate the OCB-thickness reduction due to
corrosion or the corrosion-acceleration effects. A depth of corroded layer of 2 mm is, therefore,
conservatism within the stated objective of this calculation (see Section 1).

The WP OCB, the trunnion sleeve, and the boundary walls are represented by eight-node solid
(brick) elements. The part of the OCB that can come in contact with the pallet (see Figures 2 and 3)
is of the most importance in this calculation. The FE representation of this region of the OCB is
finely meshed on one side of the WP (F in Figure 3b), with four layers of brick elements across the
OCB thickness (in-plane mesh density varies in different FE meshes [see Tables I and 2]). All
results reported in this document are evaluated for the part of the OCB designated by F in Figure 3b.
The WP OCB is represented as clastoplastic (the bilinear kinematic hardening) while the inner vessel
and inner vessel lids are rigid. Two regions of the OCB that can get in contact with pallet are
connected to the remaining part of the OCB by tied-interface contacts (Ref. 17, Section 23.9 and
Ref. 18, p. 6.29). The effect of a potential shell-element representation of the OCB is studied in
Attachment VI.

The WP inner vessel and its lids, the pallet, and the invert are represented by shell elements. Shell
elements are adequate for representation of the pallet since their dominant mode of deformation is
bending. Additionally, the stress state in the pallet is of secondary importance in this analysis that
is focused on the WP OCB. In order to reduce the computer execution time while preserving all the
features relevant for the solution, the inner vessel and inner vessel lid, as well as the invert surface,
are represented as rigid bodies. Thus, the use of shell elements (as opposed to possible use of solid
elements) for representation of these parts is inconsequential.

The structure of the 21-PWR WP is simplified by reducing the structure of the inner vessel and
its interior structure, including the SNF, to a thick-wall cylinder of circular cross section and
uniform density (Assumption 3.7). The outside diameter of the inner vessel is kept unchanged.
The thickness of the inner vessel is determined by using density of 316 SS and matching the total
mass of the inner vessel and internals as presented in Attachment I. The benefit of using this
approach is to reduce the computer execution time while preserving all features of the problem
relevant to the structural response.
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The FE representation of the 21-PWR WP is developed in such a way that the loose-fit radial gap
between the outer and inner vessel is maximized to 4 mm (Ref. 25, Section 8.1.8). Consequently,
the inner vessel is free to move within the OCB.

Contacts are specified between the OCB and inner vessel, OCB and pallet, and pallet and invert. In
absence of more specific data, the dynamic friction coefficients for all contacts are selected to be
0.55 (see Assumption 3.1 1). The functional friction coefficient used by LS-DYNA V960.1 106 FE
code is defined in terms of static and dynamic friction coefficients and relative velocity of the
surfaces in contact (Ref. 18, p. 6.9). The effect of the relative velocity of the surfaces in contact is
introduced by the way of a fitting parameter-exponential decay coefficient. The variation of
friction coefficient between the static and dynamic value as a function of relative velocity of the
surfaces in contact is not available in literature for the materials used in this calculation. Therefore,
it is not possible to objectively evaluate the exponential decay coefficient. Hence, the effect of the
relative velocity of the surfaces in contact is neglected in these calculations by assuming that the
functional friction coefficient and the static friction coefficient are equal to the dynamic friction
coefficient (Assumption 3.12). This approach maximizes the relative motion of the unanchored
repository components by minimizing the friction coefficient within the given FE-analysis
framework.

The WP OCB is in a stress-free condition prior to impact. The effect of residual stresses caused by
solution annealing and double-sided quenching is studied in Attachment VII.

The FE representation is then used in LS-DYNA V960.1106 to perform a transient dynamic
analysis of the WP impacting the pallet. To reduce the computer execution time, the WP is
initially set in a position just before impact and initial velocity is assigned to all its nodes.

The stiffness-proportional damping is applied in the finely meshed OCB region (F in Figure 3b) for
the entire duration of the simulation. The stiffness-proportional damping is an effective technique
for reduction of the high-frequency noise, and it does not affect the rigid body motion. The necessity
for damping and the choice of the damping coefficient are discussed in detail in Attachment Ill. In
addition to the stiffness-proportional damping being applied locally (in the finely meshed OCB
region), the system damping is also applied but globally (to all objects) and only after the WP
bounces off the pallet. The purpose of the global system damping is to reduce the time necessary
to obtain steady-state results (i.e., residual stresses) as much as possible (see Section 5.2.1 for
details).

Results obtained for four FE meshes for the horizontal drops and five FE meshes for the oblique
drops are presented in this document. The typical element size of the coarsest FE mesh (designated
henceforth as "Mesh }'?) corresponds to the one used in Reference 16 (Section 5.2). The subsequent
FE representations (named: "Mesh 2", "Mesh 3", "Mesh 4", and, in the case of oblique drop,
"Mesh 5") are obtained by substantially refining the in-plane discretization of the part of the OCB
that can contact the pallet (part F in Figure 3b). Specifically, the typical element size in the Mesh 2,
Mesh 3, Mesh 4, and Mesh 5 (when applicable) is respectively 9, 16, 25, and 36 times smaller than
the one in the Mesh I (see Tables I and 2).
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Table 1. Parameters of Typical Element for Horizontal Drop

Typical Element Mesh I Mesh 2 Mesh 3 Mesh 4
Number 45015 46983 48675 50967

Dimensions (mm) 22.2x34.0 7.38x11.3 5.54x8.51 4.43x6.81
Area (mm) 755 83.4 47.1 30.2

Table 2. Parameters of Typical Element for Oblique Drop

Typical Element Mesh I Mesh2 Mesh3 Mesh4 Mesh 5
Number 45783 51877 58943 67040 76535

Dimensions (mm) 21.4x34.0 7.13x11.3 5.35x8.51 4.28x6.81 3.22x5.67
Area (mm>) 728 80.6 45.5 29.1 j 18.3

5.2.1 System Damping

In order to obtain steady-state results (i.e., residual stresses) in a reasonable time, it is necessary to
apply system damping after the WP bounces off the pallet. The system damping is applied globally.

As discussed in Reference 17 (Section 28.2), the most appropriate damping constant for the system
is usually the critical damping constant. According to the calculation presented in Reference 16
(Section 5.2.2), the critical damping coefficient is approximately 700radls. Nonetheless, in order
to avoid over-damping of the system the damping constant is conservatively reduced to
DC =200rad/s (the same reduction is applied in Reference 16 as well). Furthermore, the
parametric study of various damping constants for the FE representation of the 21-PWR WP,
presented in Reference 27, confirms the appropriateness of this choice. According to Figure 4
presented in Reference 27 (Section 5.3.4), the system is obviously not over-damped for
DC = 200 rad/s, and the steady-state results are reached in reasonable time.
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6. RESULTS

Attachment VIll includes the input files and results files that show execution of the programs
occurred correctly. The stress and strain time histories, residual stress distribution plots, and
damaged areas have been obtained by interactively using the postprocessor LSPOST V2.

Tables 3 and 4 present the average CPU time necessary for execution of horizontal and oblique drop
calculations, respectively. The CPU time is, for the sake of convenience, presented in CPU days
necessary for simulation of I second of the event. The purpose of this presentation is to illustrate
the increase of the computational workload with the mesh refinement.

Table 3. Average CPU Time for Execution of Horizontal-Drop Calculation

Impact CPU Time
Speed (CPU days per second of physical time)
(mIs) Mesh1 I Mesh 2 Mesh 3 Mesh 4

1 10.2 1 19.3 27.5 46.9
3 10.4 19.1 _ 26.7 46.1
5 10.3 19.8 28.2 46.9
8 10.6 20.5 30.0 47.5

Table 4. Average CPU Time for Execution of Oblique-Drop Calculation

Impact CPU Time
Speed (CPU days pr second of physical time )
(mis) Mesh 2 Mesh 4 Mesh 5

1 10.0 15.9 22.1 31.3 62.2
3 10.0 16.3 22.7 33.3 65.5
5 10.2 16.7 23.4 32.6 63.2
8 10.2 16.3 23.6 32.5 63.4

6.1 DAMAGED AREA

Recall that the area of the WP OCB where the residual I principal stress exceeds certain limits is
called "damaged area" throughout this document (with exception of Attachment V; see Section 1).

The damaged areas for the different meshes (discussed in Section 5.2) and four different impact
speeds are presented for the horizontal and oblique drops in Tables 5 and 6, respectively.

Table 5. Damaged Area for Horizontal Drop

Impact Damaged Area
Speed (x104 2) (80% criterion 1 90% criterion)
(m Mesh 1 Mesh 2 Mesh 3 Mesh 4

1 3.69/0.75 0.08/0 0.57/0.09 0.51 /0.09
3 0.73/0 2.32 /0.33 1.34/0.18 1.37 / 0.63
5 0.72 10 0.59 1 0.08 0.42 1 0.14 0.4810.06
8 11.16/2.99 7.47/2.46 7.61 11.98 8.72 /1.72
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Table 6. Damaged Area for Oblique Drop

Impact Damaged Area
Speed (x10 3 m2) 80% criterion 190% criterion)
(mis) Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5

1 4.3610.73 4.12 /1.05 3.32 / 0.86 4.46 / 1.80 4.17 /1.35
3 7.27 /0.73 1.46/0 1.87 /0.36 1.61 /0.21 1.25/ 0.09
5 1 6.56/0 1.13/0.56 0.18/0 1.73/0.49 0.64/0
8 3.63/0.73 3.97 1 0.97 1.09 /0.09 1.46 / 0.24 2.48 /0.22

The first observation that can be made based on ihe results presented in Tables 5 and 6 is that, with
exception of the horizontal drop with 3 m/s, the use of Mcsh I always results in a conservative
estimate of the damaged area.

Second, it seems that the results are not asymptotically approaching the "correct" value with the
mesh refinement but are rather approaching it in an oscillatory fashion (with a perpetually
diminishing error). This conclusion is somewhat speculative since it is difficult to make ajudgement
on the (oscillatory) character of a curve based on 4 or 5 points.

Finally, it is necessary to discuss the change of the damaged area with the increase of impact speed.
It is not intuitively clear why the maximum damaged area should be encountered at the smallest
impact speed in the case of oblique drops regardless of the FE mesh size. Assuming that the results
obtained by using the Mesh 4 for the horizontal drop are the most accurate, it can also be observed
(Table 5) that the damaged area from the 1-nz/v drop is larger than the one from the 5-mis drop. (Note
that the main difference between the horizontal drops and the oblique drops is that in the latter the
contact region is more localized [see Figures 3 and 4].) The fine FE mesh (e.g., Mesh 5) .is
inherently better suited to capture the localized deformation of the OCB (i.e., dent in the OCB) than
the coarse FE mesh (e.g., Mesh 1) as it can be seen from Figure 5.1 Thus, unlike the fine mesh, the
damage in the impact region of the coarse mesh is smeared over the larger OCB region (see
Figure 6).

The residual I" principal stress distribution in the OCB is presented in Figure 7 for two oblique
drops (with Mesh 5) with I ni/s and 8 rns. It is obvious that the size of the dent is much larger for
the larger impact speed. Nonetheless, the damaged area in the case of an 8-m/s drop is also more
localized around the dent.

In summary, it appears, according to the presented results, that it is essential to properly capture
the localized deformation (i.e., dent) in order to avoid the overestimation of damaged area. The
more localized the loading (and consequently the deformation), the more stringent the meshing

1 The stress fringe levels oin all residual 15' principal stress plots throughout this document are presented in
Pascals (Pa = N/in 2 ). The number of stress fringe levels is reduced to three to emphasize the amount and
distribution of damage. All elements with residual I" principal stress below 248 MPa are blue. All elements
with residual I' principal stress from 248 MPa to 279 MPa are green. Finally, all elements with residual I"
principal stress exceeding 279 AMPN are red.
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requirements. (Note that convergence of the damaged area is faster for the less-localized
horizontal drop than for the oblique drop.)

6.2 MAXIMUM STRESS INTENSITY

The stress intensity presented in this section is defined as:

O,) = 0, -03 = 2 .r,,,

where Ao and a? are maximum principal stress and minimum principal stress, respectively, and

r,., is the maximum shear stress (Ref. 12, Section 111, Division 1, NB-3213.1; and Ref. 13,

Chapter 3).

The maximum stress intensity for the different meshes and four different impact speeds are presented
for the horizontal and oblique drops in Tables 7 and 8, respectively.

Table 7. Maximum Stress Intensity for Horizontal Drop

Impact Maximum Stress Intensity
Speed (M )
(mis) Mesh I Mesh 2 Mesh 3 Mesh 4

1 361 395 409 4
3 370 453 483 5
5 384 576 631 680
8 _ 391 630 680 7

Table 8. Maximum Stress Intensity for Oblique Drop

Impact Maximum Stress Intensity
Speed (MPa_
(mIS) Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5

1 368 446 456 485 528
3 393 544 590 631 --656
5 396 638 742 800 877
8 387 691 791 837 946

The first observation that can be made based on the results presented in Tables 7 and 8 is that the
Mesh I is too coarse to capture the maximum stress intensity. This is not surprising keeping in mind
the large aspect ratio of the typical element in Mesh I (see, for example, Figure 5a). This inadequacy
becomes more pronounced as the impact speed increases.

It is difficult, based on the presented results, to identify a FE mesh that provides completely
satisfactory stress-intensity results with regards to mesh objectivity. It is obvious that increase of
the impact speed imposes harsher meshing requirements. It is not obvious though that the mesh
refinement from Mesh 4 to Mesh 5 is productive, since it does not improve the aspect ratio of a
typical element. Further mesh refinement in both in-plane directions with four elements across OCB
thickness would adversely affect the element aspect ratio. On the other hand, mesh refinement in the
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hoop direction only (see Tables I and 2) would improve the aspect ratio of typical element, which
could have a beneficial effect on the results. Finally, the mesh refinement in all three directions
would further increase already tremendous computational requirements (see Tables 3 and 4).

The accuracy and representativeness of the results of this calculation arc deemed acceptable. The
output values are reasonable for the given inputs. The results are suitable for the intended use. The
uncertainties are taken into account by varying the damage threshold and by using the typical
mechanical properties for the OCB material (Alloy 22).
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8. ATTACHMENTS

Attachment I (2 pages):

Attachment 11(1 3 pages):

Attachment III (5 pages):

Attachment IV (2 pages):

Attachment V (1 page):

Attachment VI (3 pages):

Attachment VII (4 pages):

Design sketch (21-PIYR Waste Package Configurations for Site
Recommendation [SK-0175 REV 02, 2 sheets]) (Includes Reference
19)

Design sketch (Emplacement Pallet Long [SK-0232 REV 00, 13
sheets])

Damping of High-Frequency Oscillations

Effective Plastic Strain

Damaged Area Based on Stress Intensity

Shell-Element FE Representation

Effect of Residual Stress Caused by Annealing and Quenching

Attachment V111 (4 Compact Discs):
ANSYS V5.6.2 and LS-DYNA V960.1106 electronic files

Table 9 provides a list of files submitted on compact discs as Attachment VIII. The input and output
ANSYS V5.6.2 and LS-DYNA V960.1106 files are archived by using WinZip V8.1. As identified
in Section 4, WinZip V8.1 belongs to the category of automated office support systems that is
exempt from the requirements defined in Reference 2 (see Section 2.1.1).

Table 9. List of Electronic Files in Attachment VIII

C t Directo | File Name I Size (b te) I Time I Date
ICompact Disc #1

\FERX FER.zip_ 1.243,075 1 09:18 a.m. 06 AUq 2003

WMeshl
\veil vell.zipX 15,165,646 09:19 a.m. 06 Aug 2003
\ve3 _ vel3.zip 15,315,8 7 4 09:25 a.m. 06 Aug 2003
\veI5 vel5.zip 15,375,688 09:26 a.m. - 06 Aug 2003
WveW vel3.ziD 15.462.079 1 09:26 a.m. 06 Aua 2003

\Horizontal

IFER FER.zip 3,170,753 09:59 a.m. 06 Aug 2003
\vel vell.zip 28,766,110 09:59 a.m. 06 Aug 2003

\Mesh2 \vel3 vel3.zip 28,939,851 10:00 a.m. 06 Auq 2003
\vel5 vel5.zip 29,085,295 10:01 a.m. 06 Aug 2003
Wvel8 vel8.zip 29,262,154 10:02 a.m. 06 Auq 2003
\FER FER.zip 4,799,140 10:04 a.m. 06 Aug 2003
vell veil.zip 40,398,540 10:05 a.m. 06 Aug 2003

\Mesh3 vel3 vel3.zip 40,628,887 10:06 a.m. 06 Aug 2003
vel5 vel5.zip 40,856,351 10:07 a.m. 06 Aug 2003

\veI vel8.zip 41,097,181 10:08 a.m. 06 Aug 2003
\FER FER.ziD 6.711.980 09:46 a.m. 06 Aua 2003
Well _____ _ fi65 335 287 09:51 a.m. 06 Aug 2003

\Mesh4 \vei3 vel3.zip 73,846,795 1 09:53 a.m. 06 Aug 2003



Analyses and Component Design Calculation

Title: Drop of Waste Package on Emplacement Pallet - A Mesh Study
Document Identifier: 000-OOC-DSUO-02200-000-OOA Page 31 of 31

|veIS vel5.zip | 68,584,064 07:06 a~m. 1 1i Aug 2003
WveI8 vel8.zip 70,406,498 09:56 a.m. 106 Aug 2003

Compact Disc #2
WFER FER.zip 1,317,861 |12:43p.m. 06 Aug 2003
\vell vell.zip 15,339,365 12:44 p.m. 06 Aug 2003

\Mesh1 \vel3 vel3.zip 15,400,763 12:45 p.m. 06 Aug 2003
WveI5 vel5.zip 15,461,115 12:45 p m. 06 Aug 2003
WveI8 vel8.zip 15,789,074 12:46 p.m. 06 Aug 2003
\FER FER.zip 2,968,790 12:47 p.m. 06 Aug 2003
\vel1 vel.zip 26,357,346 12:48 p.m. 06 Aug 2003

\Mesh2 \vel3 vel3.zip 26,450,749 12:49 p.m. 06 Aug 2003
WvelS veiS.zip 26,514,521 12:49p.m. 06 Aug 2003

\veW8 veI8.zip 26,794,508 12:50 p.m. 06 Aug 2003
\Oblique XFER FER.zip 4,663,766 12:51 p.m. 06 Aug 2003
Wvell vel.zip 37,838,927 12:52p 06 Aug 2003

WMesh3 WveB3 vel3.zip 37,935,270 12:53 p.m. 06 Aug 2003
\vel5 vel5.zip 38,015,300 12:54 p.m. 06 Aug 2003
\vel8 vel8.zip 38,315,153 12:55 p.m. 06Aug 2003
\FER FER.zip 6,564,291 01:03 p.m. 06 Aug 2003
Wveil vel1.zip 51,491,376 01:04 p.m. _06 Aug 2003

\Mesh4 \vel3 velI3.zip 51,604,321 01:05 06 Aug 2003
\veIS vel5.ziP 51,701,847 01:07 p m. 06 Aug 2003

_veI8 velB.zip 52,001,265 01:09 p.m. 06 Aug 2003

Compact Disc #3
\FER FER.zip 6,822,392 01:14 p.m. 06 Aug 2003
Well vel1.zip 76,035,935 01:15 p.m. 06 Aug 2003

\Oblique \Mesh5 WveI3 velI3.zip 761,201 01:17 p.m. 06 Aug 2003
WveI5 velS.zip 76,282,941 01:19 p.m. 06 Aug 2003

_veI8 vel8.zip 76,553,819 01:20 p.m. 06 Aug 2003
WFER FER.zip 3,170,753 01:24 p.m. 06 Aug 2003

\Residual \Full full.zip 4 222,412. 01:25 p.m. 06 Aug 2003
\Half half.zip 4,232,304 01:25 p.m. 06 Aug 2003

\Mesh3 _ Mesh3.zip 30,217,490 01:28 p.m. 06 Aug 2003
\Shell FER NMesh4 Mesh4.zip 46,662,489 01:29 p.m. 06 Aug 2003

\Mesh5 Mesh5.zip 72,003,146 01:31 p.m. 06 Aug 2003

Compact Disc #4 . _

\COEF=le-2 COEF=le-2.zip 9,173,065 01:35 p.m. 06 Aug 2003
\COEFle-4 COEF=1e4.zip 77,574,446 01:37 p.m. 06 Aug 2003
\COEF=1e-5 77,968,425 01:39 p.m. 06 Aug 2003
\VDC=0 TStep=le-3 zip
\TStep= I e-3
\COEF=1e-5 76,167,277 01:41 p.m. 06 Aug 2003
\VDC=0 TStep=5e-4.zip
\Tstep=5e-4

\Damping \COEF=le-5 VDC-20.zip 77,970,684 01:43 p.m. 06 Aug 2003
\VDC=20
\COEF=1e-5 VDC=40.zip 77,969,945 01:45 p.m. 06 Aug 2003
\VDC=40
\COEF=3e-4 COEF=3e4.zip 77,387,889 01:46 p.m. 06 Aug 2003
\COEF=3e-5 COEF=3e-5.zip 76,161,532 01:48 p.m. 06 Aug 2003
\COEF=3e-6 COEF=3e-6.zip 76,200,673 01:50 p.m. 06 Aug 2003
\FER FER.zip 8,822,392 01:51 p.m. 06 Aug 2003
\No Damping No Damping.zip 78,100,0i1 01:52 p.m. 06 Aug 2003

NOTE: The file sizes and times may vary with operating system.
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ATTACHMENT III

DAMPING OF HIGH-FREQUENCY OSCILLATIONS

Application of impact load on a structure can-in absence of appropriate damping-result in
nonphysical dynamic oscillations in the contact region (see Figures III-l and I11-2). These high-
frequency oscillations are numerical side effects of the high strain-rate loading and can be removed
by application of appropriate damping techniques.

This numerical noise often passes unnoticed since its effect on the instantaneous stress and strain
measures can be negligible. On the other hand, the effective plastic strain, as a cumulative strain
measure, is very sensitive to the high-frequency nodal oscillations. (A detailed discussion of the
effective plastic strain is presented in Attachment IV.) The effect of the high-frequency oscillations
on the effective plastic strain becomes especially pronounced with mesh refinement: the smaller the
size of the typical element, the more effect the high-frequency oscillations have on the effective
plastic strain. In extreme cases the effective plastic strain can be dominated by the high-frequency
nodal oscillations, which can result in extremely high values of the effective plastic strain unrelated
to the physics of the problem.

In order to evaluate the extent of the high frequency oscillations in the contact region it is useful to
plot a high-resolution time history of the effective stress. The effective (von Mises) stress is defined
as:

25ff=2 [(' 2 ) + (Or2 - a.1 )2 V (Ol _-a ')2 ]t

where a, (i = 1, 2, 3) are three principal stresses (Ref. 13, Chapter 3). The effective stress is
convenient for this purpose since it takes into account all three principal stresses.

The event selected to study the high-frequency oscillations and their damping is the oblique drop
with impact speed of 5 ni/s. The FE representation used for this purpose is the one with the finest
mesh density (i.e., Mesh 5; see Table 2 and the corresponding discussion in Section 5.2). The high-
resolution time histories of the effective stress for two OCB elements in the contact region are
presented in Figure III-l . The output period for this plot is 1O Ps. The elements number 76231 and
76221 are characterized by the highest value of effective plastic strain before and after application
of the stiffness-proportional damping, respectively. The high-resolution time histories of the effective
stress presented in Figure III-l are very noisy. Consequently, the effective plastic strain is-in
absence of stiffness-proportional damping-very high (249%, see Table 111-1). It is obviously
necessary to apply stiffness-proportional damping in order to reduce the high-frequency nodal
oscillations that contaminate the effective plastic strain.

Attachment Ill: Damping of High-Frequency Oscillations
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Table ll-1. Maximum Stress Intensity and Effective Plastic Strain
for Various Levels of Stiffness-proportional Damping

Rayleigh Damping Maximum Stress Intensity Effective Plastic Strain
Coefficient (COEF) (MPa) (%)

0 (no damping) 895. 249.
0.0000032 892. 108.
0.00001 887. 43.9

0.000032 886. 42.9

The stiffness-proportional damping is an effective technique for reduction of the high frequencies.
This damping is orthogonal to rigid body motion (i.e., it does not affect kinematics of the object).
The stiffness-proportional damping and the selection of the Rayleigh damping coefficient (i.e.,
COEF) are discussed in Reference 18 (pp. 8.5 and 8.6). Although Reference 18 (p. 8.5) recommends
values of the Rayleigh damping coefficient between 0.01 and 0.25, the simulations performed in this
study indicate that it is not possible to reach a normal termination without a significant reduction of
this coefficient. The values of the Rayleigh damping coefficient for which the stable solution is
reached are presented in Table III-I.

Use of COEF=0.0001 and COEF=0.00032 results in a very slow convergence with an extremely
small time step. Furthermore, the results indicate that system response is noisy as if the damping is
not applied (see Attachment VIII: \Damping\COEF=le-4\ COEF=le-4.zip and \Damping\COEF=
3e-4\ COEF=3e-4.zip). Further increase of the Rayleigh damping coefficient to, for example, 0.01
results in numerical instability (see Attachment VIII: \Damping\COEF=le-2\ COEF=le-2.zip). Thus,
since the appropriate value for the Rayleigh damping coefficient is not easily identified (at least for
solid elements with the elastoplastic material behavior), it seems necessary to determine the
coefficient by iterative procedure on a case-by-case basis.

The results of the iterative determination of the Rayleigh damping coefficient are presented in
Table 111-1. (Note that all results presented in Table Ill-I are obtained by using the output period
of 5-10'4 s.) The use of COEF=0.00001 results in a significant reduction of the high-frequency
response as demonstrated in Figure I11-2. Consequently, the effective plastic strain is reduced more
than five times (Table III-1). Further increase of the Rayleigh damping coefficient to 0.000032
results in a minor reduction of the effective plastic strain previously reached for COI3F=0.00001. On
the other hand, a decrease of the Rayleigh damping coefficient to 0.0000032 results in a significant
increase of the effective plastic strain.

Thus, it seems reasonable to claim that the stable solution is reached regarding the effective plastic
strain for either COEF=0.00001 or COEF=0.000032. Note that the maximum stress intensity does
not change significantly regardless of the applied damping level (including "no damping" as a limit
case). Consequently, the Rayleigh damping coefficient of 0.00001 is used throughout this analysis
since it ensures that the effective plastic strain is not highly noise-sensitive.

It is important to recognize that it may be possible to improve the stability of results for the higher
values of the Rayleigh damping coefficient by significant reduction of the time step size. This

Attachment III: Damping of High-Frequency Oscillations
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alternative is not explored herein since the results are sufficiently stable (regarding the high-
frequency oscillations) for the objective of this study.

It should also be recognized that further reduction of the high-frequency oscillations in the contact
region is possible by applying a viscous damping in the contact definition. The original intent of the
viscous contact damping was to reduce oscillations normal to the contact surfaces during metal
forming simulations; however, it was later found to work effectively in reduction of the high-
frequency oscillations in problems involving impact (Ref. 17, Section 23.8.5).

The viscous damping coefficient (VDC) is defined in percent of critical (see Ref. 18, p. 6. 10). Two
values are used herein: 20 and 40. The results of this inquiry are presented in Table 111-2 and Figures
111-3 and 11I-4. (All these results are obtained from simulations performed with a Rayleigh damping
coefficient of 0.00001 and an output period of 0.001 s .)

Table 111-2. Maximum Stress Intensity and Effective Plastic Strain
for Various Levels of Viscous Contact Damping

Viscous Damping Maximum Stress Intensity Effective Plastic Strain
Coefficient (VDC) (MPa) (%)

0 (no damping) 877. 44.2
20 872. 43.0
40 873. 42.9

By comparing the high-resolution time histories of the effective stress obtained without (Figure 111-2)
and with (Figure 111-3 and 111-4) viscous contact damping, it can be observed that the viscous contact
damping indeed reduces the remaining high-frequency noise to a certain extent. Also, by comparing
results obtained for two different viscous damping coefficients, VDC=20 (Figure 111-3) and VDC=40
(Figure 111-4), it can be concluded that the increase in viscous damping coefficient results in slight
reduction of the high-frequency noise.

However, the effect of the viscous contact damping on the maximum stress intensity and the
effective plastic strain is more important for this study than the qualitative description of the high-
frequency noise in the stress time histories. According to the results presented in Table 111-2, the
difference in the maximum stress intensity is negligible (less than one percent). The difference in the
effective plastic strain is slightly more pronounced with the maximum difference smaller than three
percent. It should be noted that if the stiffness-proportional damping is not applied the contact
viscous damping significantly reduces the computational noise.

Finally, the maximum stress intensity for the 5-n/s oblique drop is evaluated by using two
different output periods. The maximum stress intensities for the output period of 0.001 s and
0.0005 s are 877 MPa and 887 APa, respectively. The relative difference of approximately 1 percent
indicates that the output period of 0.001 s is sufficiently small. The output time period of 0.001 s
is, therefore, used consistently in all calculations presented in this document.

Attachment III: Damping of High-Frequency Oscillations
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ATTACHMENT IV

EFFECTIVE PLASTIC STRAIN

The effective (equivalent) plastic strain, presented in this attachment, is defined as:

' 2 X/

where < is plastic strain rate tensor (see Ref. 17, p. 16.11), ( is time, and repeated indices imply

summation.

The effective plastic strain is a hardening parameter that, similar to plastic work, provides a measure
of plastic distortion. It is a cumulative, non-decreasing strain measure that takes into account the
entire deformation history. Since the driving mechanism for plastic distortion is the transformation
of the externally supplied energy (for example, kinetic energy in case of impacts and drops) into
plastic work, the effective plastic strain offers better indication of the material condition than any
instantaneous stress (or strain) measure. (For detailed discussion of strain hardening and related
issues see Reference 20, Chapter II, Section 3.)

If a specimen of an isotropic material, characterized by plastic incompressibility, is subjected to a
uniaxial tensile (or compressive) test, the effective plastic strain reduces to the true strain. This
provides an important link between three-dimensional state of stress, dominating engineering
practice, and one-dimensional state of stress characterizing (until necking) the uniaxial tensile test.

Unfortunately, as a cumulative strain measure, the effective plastic strain is extremely sensitive to
any "numerical noise" during simulation (see Table III-I). Even the slightest erratic motion of only
a few nodes, that is very often difficult (and unnecessary) to suppress completely, during the impact
simulation can cause unphysical buildup of the effective plastic strain. (Most of the time this noise
does not have significant effect on instantaneous stress and strain measures [as indicated in Table
IlI-l].) This adverse effect of a minuscule erratic nodal motion on the effective plastic strain
becomes more pronounced as the typical element size is reduced (since the volume or the area over
which the strain is averaged is smaller) as indicated in Tables [V-I and IV-2.

The maximum effective plastic strains reached during the horizontal and oblique drops of the WP
on the pallet are presented in Table IV-1 and Table IV-2, respectively, for four different impact
speeds. The evaluated FE representations are described in Section 5.2.

Attachment IV: Effective Plastic Strain
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Table IV-1 Maximum Effective Plastic Strain for Horizontal Drop

Impact Effective Plastic Strain
Speed e

(m/s) Mesh I Mesh 2 Mesh 3 Mesh 4
1 0.8 3.7 4.8 5.9
3 2.5 9.0 11.0 15.9
5 3.5 21.6 27.3 33.5
8 3.8 30.3 40.3 50.7

Table IV-2 Maximum Effective Plastic Strain for Oblique Drop

Impact Effective Plastic Strain
Speed _ _ (%)
(mIs) Mesh I Mesh 2 Mesh 3 Mesh 4 Mesh 5

1 1.8 8.0 8.4 9.4 13.0
3 3.3 15.9 21.2 23.7 27.7
5 4.4 29.2 42.2 49.2 61.5
8 4.8 41.4 58.2 69.0 86.8

According to the results presented in Tables IV-l and IV-2 it can be concluded that the discussion
of the stress-intensity results (Section 6.2) is applicable to the effective-plastic-strain results as well.
Furthermore, the results presented in Tables IV-I and IV-2 suggest that is difficult to achieve local
convergence of the effective plastic strain, even with extremely high in-plane mesh density, as long
as the number of solid-element layers across the wvall thickness is four. On the other hand, it is
known that for the locally evaluated (i.e., at one integration point) effective plastic strain, mesh
refinement leads to results which can change significantly for mesh to mesh (Ref. 18, p. 15 [MAT]).
It is obvious that element size and shape strongly affects the effective plastic strain. In the case of

a coarse mesh the effective plastic strain is "smeared" over a large element volume and the strain
estimates are unreliable (see results for Mesh I in Tables IV-1 and IV-2). The results presented in
Tables IV-I and IV-2 also suggest that in the cases of very localized loading of a structure (resulting
in localized deformations such as, as an example, dent) the locally evaluated effective plastic strain
should be used judiciously and warily (if at all) for failure assessment.2

2 This problem is addressed by nonlocal evaluation of the effective plastic strain (or in more general sense by nonlocal
failure theories). In the case of the nonlocal approach, the value of effective plastic strain depends on the state of the
material within a radius of influence that surrounds the integration point (see Ref. 18, p. 15 [MAT]). This radius of
influence typically surrounds a large number of elements. An advantage of nonlocal evaluation of effective plastic strain
is that the mesh sensitivity of results is significantly reduced. A major disadvantage of this approach is that 'the radius
of influence"-that strongly affects results-is not easy to determine objectively.

Attachment IV: Effective Plastic Strain
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ATTACHMENT V

DAMAGED AREA BASED ON STRESS INTENSITY

The area of the WP OCB where the residual stress intensity exceeds the stress limit (see Section I
and Assumption 3.9) is, throughout this attachment only, referred to as "the damaged area." The
purpose of this evaluation is to explore the effect of using the alternative stress measure (that takes
into account triaxiality of stress state) in evaluation of the damaged area. Damaged areas for
horizontal and oblique drops are presented in Tables V-i and V-2, respectively.

Table V-1. Damaged Area for Horizontal Drop

Impact Damaged Area
Speed _ (XI-3 m2 ) (80% criterion / 90% criterion)
(MIS) Mesh I Mesh 2 Mesh 3 Mesh 4

1 8.73 /4.39 1.28 10 5.01 / 0.55 4.611/ 0.43
3 5.81 /0 0.73/0 0.71 /0 0.60 /0.03
5 3.65/0 2.6210.31 4.81 /0 3.35/0.17
8 - 66.44/31.88 18.86/ 1.67 14.52/1.04 17.54/1.46

Table V-2. Damaged Area for Oblique Drop

Impact Damaged Area
Speed (x10 in2

) (80% criterion 1 90% criterion)
(mIs) Mesh I Mesh 2 Mesh 3 . Mesh 4 Mesh 5

1 10.83 / 7.21 13.48 /8.90 14.02 /8.26 15.22/8.74 14.53 / 8.15
3 28.12 /14.36 6.98 /1.42 6.86/1.61 4.98 /0.97 4.6411.41
5 36.12 1 25.29 14.45 / 6.02 71.74 /59.65 15.27 / 5.38 12.64 / 5.40
8 20.97/ 7.96 19.35 /3.64 16.56 /5.08 15.86/5.53 18.94/ 5.20

The damaged area based on stress intensity exceeds the damaged area base on the IS" principal stress
(Tables 5 and 6). Nonetheless, the previous observation-that the damaged area is the largest for
the coarsest mesh (Mesh I)-still holds with only a few exceptions.

Attachment V: Damaged Area Based on Stress Intensity
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ATTACHMENT VI

SHELL-ELEMENT FE REPRESENTATION

The purpose of this attachment is to study the effect of using shell elements for the FE representation
of the OCB in this calculation (see Figure VT-I). The parameters characterizing the three FE
representations used for this purpose and the results obtained are presented in Table VI-I. Note that
the area of typical element in the finest shell FE representation (i.e., Mesh 5) is similar to the area
of typical element in the finest solid FE representation (also designated as Mesh 5; see Table 2 and
Table VI-2). Five integration points across the OCB thickness are used for all shell-element FE
representations.

The FE representations are then used in LS-DYNA V960.1106 to perform a transient dynamic
analysis of the WP impacting the pallet. The selected drop is the oblique drop with initial velocity
of 3 Wv's.

Table Vt-1. Parameters and Results for Three Different Shell FE Representations

Mesh 3 Mesh 4 Mesh 5
Typical Element Number / Area (mm)_ 41510 /87.6 48540/39.0 59439/21.9

CPU Time (days per second of
physical time) 14.5 32.2 84.1

Damaged Area (x104 m2)
(80% criterion / 90% criterion) 6.13 /1.99 4.67/1.64 5.05 /0.75

Maximum Stress Intensity (MPa) 539. 721. 1073.
Maximum Effective Plastic Strain (%) 17.0 26.3 63.4

According to the results presented in Table VI-I the damaged area is a fast-converging parameter
of state. On the other hand, the mesh refinement from Mesh 4 to Mesh 5 results in an unacceptable
difference in the maximum stress intensity and the maximum effective plastic strain.

The comparison of the results obtained by using the shell-element FE representation and the solid-
element FE representation (Mesh 5) can be made based on the results presented in Table VI-2. (Note
that two representations designated as Mesh 5 have a similar in-plane area [see Table VI-2].)

The first observation that can be made based on the results presented in Table VI-2 is that the shell-
element FE representation (Mesh 5) is not computationally more economic than the solid-element
FE representation with comparable in-plane area. The benefit of using fewer elements in the finely
meshed region of shell-element FE representation (compared to the solid-element counterpart) is
made ineffective by the increase of elements in other regions. In other words, the transition from the
finely meshed region to the coarsely meshed region of the OCB by using the tied interface contact
(in the solid-element FE representation; see Figures 2, 3, and 4) is much more efficient than the
gradual coarsening of the mesh (see Figure VI-1) that is necessary in the shell-element FE
representation.

Attachment VI: Shell-Element FE Representation


