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1 INTRODUCTION
1.1

BACKGROUND

The U.S. Department of Energy (DOE) has been studying the Yucca Mountain (YM) site in Nevada
for more than 15 yr to determine whether it is a suitable site for building a geologic repository for the
nation's high-level radioactive waste (U.S. Department of Energy, 1998a). The proposed repository design
employs an engineered barrier system in concert with the desert environment and geologic features of YM
with the intent of keeping water away from the waste for thousands of years. The primary component of the
proposed engineered barrier system is a long-lived waste package (WP). Other potential components of the
engineered barrier system include drip shields, backfill, and emplacement drift seals. The basic concept of
geologic disposal at the YM is to place carefully prepared and packaged waste in excavated tunnels in tuff
about 350 m below the surface and 225 m above the water table in what is called the unsaturated zone. In
this condition, the engineered barriers are intended to work with the natural barriers-the geology and
climate of YM-to contain and isolate waste for thousands of years. The evolving WP design, for example,
includes materials chosen to be compatible with the underground thermal and geochemical environment, and
the layout of tunnels takes into consideration the geology of the mountain (U.S. Department of Energy,
1998a).
Through successive evaluations and improvements, the repository design has evolved to the Viability
Assessment (VA) reference design (U.S. Department of Energy, 1998a,b). This reference design presents
a snapshot of the ongoing design process, thus providing a frame of reference to describe how a proposed
repository at YM could work. The WP in the VA reference design has two layers: a thick outer layer made
of carbon steel that provides structural strength and delays contact of water with the inner, thinner layer of
a high nickel alloy that resists corrosion after the outer layer is penetrated. After the License Application
Design Selection process was completed by the DOE, following presentation to the Congress of the VA of
the proposed repository at YM, the Enhanced Design Alternative H (EDA II) is currently considered by the
DOE as the preferred design (Civilian Radioactive Waste Management System, Management and Operating
Contractor, 1999). In EDA II, the WP is composed of an outer container made of a highly corrosion resistant
alloy surrounding an inner container fabricated of stainless steel.
Based on preliminary results of corrosion experiments and the opinions of experts, computer
simulations indicate that the WPs may not experience any corrosion related failures for more than 10,000 yr
after emplacement, even if water is dripping on them (U.S. Department of Energy, 1998a). It needs to be
emphasized, however, that the longevity of manmade materials in the repository thermal and chemical
environment over such a long period of time is subject to uncertainty. In particular, the rates of uniform
passive corrosion and localized corrosion (i.e., pitting, crevice, and intergranular corrosion) for the WP
materials may be adversely affected by environmental conditions yet to be identified. Other corrosion related
concerns include stress corrosion cracking and hydrogen embrittlement (Cragnolino et al., 1999). As a result,
the mechanical strengths of the WPs are still assumed to be weakened by corrosion related degradation.
Failure of the WPs may also be aided by the presence of residual stresses created at the time of fabrication
and welding. Engineers and scientists also anticipate some WPs failing due to manufacturing defects.
Moreover, analysis of the safety of a proposed repository at YM must also consider both the likelihood and
the mechanical effects of possible disruptive processes and events, such as seismicity, faulting, and both
intrusive and extrusive igneous activity. These mechanical effects will be superimposed on the manufacturing
defects, residual stresses, and time-marching degraded and weakened WPs as discussed earlier.
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The Nuclear Regulatory Commission (NRC) consideration of the effects of seismicity, faulting, and
igneous activity for the assessment of the performance of WPs has been discussed by Mohanty and McCartin
(1998), Ghosh et al. (1998), and Hill and Trapp (1997). Ongoing and future NRC activities on the effects of
faulting and volcanism on WP performance have been discussed in the appropriate NRC issue resolution
status reports (Center for Nuclear Waste Regulatory Analyses, 1999a,b).
Seismicity will affect the WP performance by causing rockfall onto the WP and shaking of the WP.
The impact load caused by a seismically induced rockfall can affect the confinement capabilities of the WP
in two ways. The first is a catastrophic rupture of the WP, which has been weakened by corrosion in the latter
stage of its design life. The second is that rockfall may cause damage to the container in a manner that will
accelerate the WP corrosion process. However, the current NRC module SEISMO (Mohanty and McCartin,
1998) evaluates the potential for only direct rupture of WPs from rockfall induced by seismicity based on
several simplifying assumptions and without consideration of the time-marching degradation of the WPs.
This rockfall model assumes that a WP is simply supported at its two ends by elastic supports, an assumption
that differs from the proposed emplacement method shown in figure 1-1 (Civilian Radioactive Waste
Management System, Management and Operating Contractor, 1996a). As can be seen, this design will use
four steel supports called pedestals to support the WP. This is significant in that the WP, when supported by
four pedestals instead of two, will not be able to dissipate as much of the impact energy by gross flexural
deformation. As a result, more severe localized damage is expected from a seismically induced rockfall
impact than is accounted for in the current model abstraction. In addition to calculating the rock block and
WP impact load and stress [using a closed form solution for two spheroids impacting each other, with the
rock having an infinite radius (Timoshenko and Goodier, 1987; Mohanty and McCartin, 1998)], the rockfall
model presently used in the SEISMO module is capable of (i) estimating the size of the rockfall,
(ii) approximating the area coverage of rockfali for a particular rock quality, and (iii) assessing the resultant
damage to the WPs. The rockfall model does not consider, however, temperature effects, corrosion-induced
long-term degradation of the WP, material embrittlement, initial manufacturing defects, or residual stresses
caused by welding and shrink fits during the fabrication process. These assumptions make the results
produced by the current rockfall model less conservative. A detailed study to determine the relative influence
of these effects on the ability of the WP to withstand seismically induced rockfall impacts is currently under
way. Those parameters that are found to be significant will be included in a future version of the SEISMO
module rockfall model abstraction. Furthermore, it is also necessary to predict the effect of seismic shaking
of WPs on their performance.
The current SEISMO rockfall model employs a maximum allowable strain energy failure criterion
for the WP. Referring to the simplified stress-strain curve provided in figure 1-2, the maximum allowable
strain is set to 2.0 percent of elongation (Timoshenko, 1956). The 2.0-percent strain assumption is
conservative because it represents the low end of the allowable strain for metals. Most metals are capable
of undergoing more than 2.0 percent of elongation without failure, assuming material embrittlement is not
an issue. In figure 1-2, the Y represents yield strength and ULT the ultimate failure points of the WP outer
barrier material, respectively. The yielding is assumed at 0.2-percent strain. The current failure criterion in
the rockfall model stipulates that the WP has been breached or ruptured whenever the strain energy generated
at the rock block and WP impact point exceed the total allowable strain energy (i.e., the total area under the
stress-strain curve) (Mohanty and McCartin, 1998). It should be noted that, realistically, failure at a single
point does not constitute a catastrophic failure of the entire WP. It does signify, however, where a crack has,
in all likelihood, been initiated. More energy is required to cause the crack to propagate through the entire
wall thickness of the WP. In other words, if the initial impact generates insufficient strain energy to cause
the entire WA wall thickness to fail, then the WP is only damaged, not ruptured. No radionuclides can be
released from a WP that lacks a through-wall penetration. Considerable conservatism is presumed built into
the model by assuming a damaged WP has been breached or ruptured. A detailed study is needed to make
a more realistic prediction of the effect of rockfall on WP performance.
1-2
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Figure 1-1. Schematic diagram of in-drift emplacement of waste packages
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Figure 1-2. Simplified stress-strain curve for the waste package material
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It is not clear at this point whether the presumably conservative failure criterion for the WP just
described is sufficient to account for the effects of corrosion degradation, material embrittlement,
manufacturing defects, and others. A detailed finite element (FE) modeling of the WP that can simulate the
rockfall impact load and dynamic shaking of the WP taking into account time dependent degradation,
material embrittlement, residual stresses, manufacturing defects, and others is needed for predicting the
long-term performance of a WP. Even though the WP design continues to evolve, the development of the
appropriate modeling techniques for studying these effects can still be addressed. Consequently, until the WP
design is finalized, the VA reference design for the WP mentioned earlier will be used for this purpose. In
addition, the analytical results obtained from this effort can provide some engineering insight as to the
relative significance of the aforementioned factors.

1.2

OBJECTIVE AND SCOPE

The ultimate objective of this study is to develop a mathematical abstraction that can be used to
predict the number of WPs that may be breached by seismic related events. This abstraction will be
incorporated into the SEISMO module of the Total-system Performance Assessment (TPA) code to assess
the potential radiological release attributable to these types of WP confinement failures. The activities
presently underway to meet this objective include
*

The development of FE analysis models capable of simulating the rock block and WP impact
event caused by seismically induced rockfall. These models will be used to determine the
relative significance of the following parameters:
-

Rock block size and shape
Relative velocity between the falling rock block and WP during the seismic event
Long-term corrosion-related degradation of the WP
Initial manufacturing defects
Residual stresses caused by welding and shrink fits during the WP fabrication process
Material embrittlement
Temperature effects
Seismic shaking of WPs

*

Establish relationships between the extent of the localized damage to the WPs and the
effects enumerated previously

*

Develop a realistic failure criterion for predicting catastrophic WP ruptures.

This report documents the progress made in creating an FE model capable of simulating the rock
block and WP impact event. Progress includes the technical basis and justification for the displacement and
load boundary conditions, characterization of the WP and rock materials, and techniques used to include the
structural effects of the spent nuclear fuel (SNF) assemblies within the FE analyses without explicitly
modeling them. In addition, some preliminary results on effects of rock block size and shape are provided.
A WP failure criterion for the SEISMO module abstraction will be developed during fiscal year 2000
(FY2000). The analyses presented in this report were conducted with the FE code ABAQUS/Explicit
Version 5.7 (Hibbitt, Karlsson, and Sorenson, Inc., 1997).
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2 FINITE ELEMENT MODELING OF WASTE PACKAGE
Reliable FE analysis results are required to develop a realistic WP failure criterion. Specific modeling
concerns that will influence reliability of the FE analysis results are (i) individual element types used, (ii) FE
model mesh density, (iii) capabilities of the FE code itself, (iv) WP boundary conditions, (v) rock and WP
constitutive models, and (vi) WP model simplifications.
The first three items listed in the previous paragraph pertain to generic concerns related to proper FE
modeling of the WP for static, thermal, and dynamic analyses. For example, individual FE formulations
(i.e., element types) can be categorized by localized, isoparametric spatial dimensionality. Beam elements
are formulated as a one-dimensional (ID) spatial variable that defines their length; plate, shell, and
membrane elements use two spatial variables to define their surface; and, as would be expected, solid
elements employ three spatial variables to define their volume. The WP could conceivably be modeled as
a simple composite beam element if the only results of interest were its overall flexural deformation due to
the rockfall impact. In essence, this was accomplished for part of the current rockfall model used in the
SEISMO module. But, because the effects of the rock block and WP impact of interest are more localized
and complex, a higher degree of spatiality must be used to more reasonably represent the physical response
of the two bodies. Modeling the outer WP wall using surface type elements (e.g., elements with two spatial
variables) has definite advantages over ID elements. In particular, they can provide a fairly reasonable
estimate of the total surface area of the WP affected by the impact. However, to discern the extent of the
damage caused to the WP wall, including that due to corrosion (e.g., a complete rupture, an initiation of a
nonpenetrating crack, or only superficial damage), three-dimensional elements of sufficient mesh density
through the thickness of the WP wall must be employed.
In this chapter, the boundary conditions (i.e., loads and displacement constraints) will be described in
sufficient detail to be readily replicated. The constitutive models and specific material properties used for
the analyses will be provided as well. In addition, the technical bases for implementing various model
simplifications will be described (e.g., the methodology used to account for the mass and stiffness of the fuel
rods without explicitly modeling them). Where appropriate, limitations of the current model or instances
where additional data or information are required will be identified.

2.1

FINITE ELEMENT ROCK BLOCK AND WASTE PACKAGE IMPACT
MODELING STUDY

An FE model of a proposed WP designed to contain 21 pressurized water reactor (PWR) SNF
assemblies (Civilian Radioactive Waste Management System, Management and Operating Contractor,
1996a) is being used to determine the FE modeling procedures, simplifications, and assumptions necessary
to achieve a reliable simulation of the rock block and WP impact event in a timely manner. The specific
objectives of this section are to document the (i) different element types used to model the various
components of the WP, (ii) method used to simplify the structural representation of the SNF assemblies
within the FE model, (iii) technical basis for the relative rock block and WP impact velocity, and
(iv) displacement and contact boundary conditions employed within the FE model. Results from a
preliminary study of the effects of rock block size and shape are presented in chapter 3.
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2.1.1 Waste Package Component Modeling
Figure 2-1 illustrates the major structural components of the WP (Civilian Radioactive Waste
Management System, Management and Operating Contractor, 1996a). Other structural constituents of the
WP accounted for in the FE model are the thermal shunt, thermal shunt guide, thermal shunt guide cap,
thermal shunt end guide, thermal shunt end guide cap, structural stiffener, and basket guide (Civilian
Radioactive Waste Management System, Management and Operating Contractor, 1996b). The number and
gross dimensions of these components are itemized in table 2-1.
The number and type of elements used in the model to represent the different WP components are
provided in table 2-2. The number of elements is for the symmetric half model that was used for the
simulation of the rock block impact at the midspan of the WP. The number of elements used for the full
model is approximately double these values. A detailed discussion of the individual element formulations
and capabilities and limitations is in the ABAQUS/Explicit User's Manual (Hibbitt, Karlsson, and Sorensen,
Inc., 1997). In table 2-2, the number of elements used to model the inner barrier is much greater than for the
outer barrier. The current FE model uses only one element through the thickness of each of the WP wall
barriers. The inner barrier (2 cm) is much thinner than the outer barrier (10 cm), hence more elements were
required for the inner barrier to maintain an acceptable aspect ratio for the individual elements. Ideally, the
width, height, and length of an individual hexahedral brick element will be equal, yielding an aspect ratio
of one. Using relatively recent developments in FE component interface modeling technology, the dissimilar
mesh densities between the inner and outer barrier component models can be accommodated by the
appropriate characterization of the contact interface. The last noteworthy issue pertaining to the FE model
mesh discretization is the use of only one element through the respective thicknesses of the inner and outer
barriers. To adequately capture the physics of the WP response within the immediate sphere of influence of
the rock block and WP impact zone, more elements will be required through the thickness of each barrier,
inner and outer, in future models. This level of model resolution is needed to achieve stress and strain results
that can be used to adequately determine the potential depth of penetration into the inner and outer barriers
of the WP by the impacting rock block. The appropriate number has yet to be determined and will be
resolved during FY2000.
Four different materials were proposed for the 21 PWR WP conceptual design. Properties and
components fabricated from these materials are delineated in table 2-3. Actual stress-strain curves for these
materials were not available. Consequently, they were modeled as elastic-perfectly plastic materials. The
assumption of an elastic-perfectly plastic material behavior is conservative in that the calculated
displacements and strains will be larger than actually would be realized. For the sake of completeness, the
constitutive model used in the FE analysis employed a Von Mises yield criteria and an isotropic hardening
flow rule. Moreover, the properties provided in table 2-3 are for room temperature (American Society for
Testing and Materials, 1988a,b). Future analyses will employ values more representative of the elevated
temperature effects expected when the WP is placed into service.
In the event that an actual stress-strain curve for a given material becomes available, the
ABAQUS/Explicit FE program requires that the nominal stress be converted to true stress (Cauchy stress)
and the nominal strain to logarithmic strain (Hibbitt, Karlsson, and Sorensen, Inc., 1997). These conversions
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Figure 2-1. Major components of 21 pressurized water reactor uncanistered fuel assembly waste
package
Table 2-1. Component dimensions in meters

i

Name

I Diameter I

Thickness I B x H

I Length

Outer Barrier

1.429 (I.D.)

0.100

NA

5.335

Outer Barrier

1.429

0.110

NA

NA

Lid
1.389 (I.D.)

0.020

NA

4.665

Inner Barrier

1.395

0.025

NA

NA

Lid

Structural
Stiffener
Basket Guide

I

Note

1

NA

2

NA

1

NA

2

NA

_

Inner Barrier

Thermal Shunt
Components

Number

_

NA

0.095

NA

NA

116

-0.2181

0.095

NA

NA

20

NA

0.095

0.2335 x
0.2335

4.575

4

Note- NA = Not Applicable, I.D.

Various sizes and
shapes
Approximate
quarter circle shape
L beam

Inner Diameter, B = Base Dimension, H = Height Dimension

2-3

Table 2-2. Finite elements used for the waste package components
Number of Elements

ABAQUS Element Type

Component Name
Outer Barrier

C3D8R (Solid)

612

Outer Barrier Lid

C3D8R (Solid)

270

Inner Barrier

C3D8R (Solid)

7,320

Inner Barrier Lid

C3D8R (Solid)

270
578

(Shell)

ShuntL3R5
Components
Thermal r4Re,

260

S4RS (Shell)

Basket Tube Assembly, Basket
Guides, and Structural
Stiffeners

9,310

Total (Half Model)
[Note: ABAQUS codes called out in text

Table 2-3. Material properties

Components

Material

l

Yield
Strength
(MPa)

Young's
Modulus
E(GPa)

Density
(kg/M3 )

Poisson's
Ratio

A516

Outer barrier and outer
barrier lid

205

206

8,131

0.30

Alloy 825

Inner barrier, inner barrier
lid, thermal shunt
guides/caps, structural

338

206

8,140

0.42

stiffener, and basket guides___________

Al 6063

Thermal shunt

276

68.3

2,690

0.33

316L Stainless

Basket tube

172

195

7,953

0.40

S te e l

_

_

_

_

_

_

_

_

_

_

_

_

_

_
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_

_

_

_

_

_

_

_

_

_

_

_

_

_

_

_

_

_

are important when large inelastic strains are expected during the analysis, which is the case. The
conversions are calculated using the following equations
a true = G nom (1 + E nom

In

Otrue
ln(1+£nom)-

)

(2-2)

where
:,,e
0

-

Cnom

-

EPI

-

Enom

-

E

-

true stress (Cauchy stress)
nominal stress (engineering stress)
logarithmic plastic strain
nominal strain (engineering strain)
Young's modulus

2.1.2 Spent Nuclear Fuel Assembly Model Simplification
Each individual PWR fuel assembly is stored within one of the 21 basket tubes provided in the WP.
The clearance between the tube wall and the fuel assembly depends on the fuel assembly manufacturer and
rod array size (Lawrence Livermore National Laboratory, 1997). Because of this clearance, the fuel
assemblies are relatively free to move within the confines of the tube. To take this into account within the
model would be computationally intensive and, for the problem at hand, would have little, if any, influence
on the results. The reason for this stems from the recognition that any relative motion between the SNF
assemblies and the walls of their respective basket tubes will not affect either the impact velocity of the rock
block and VIP, or the structural response of the rock block and WP within the immediate impact zone. With
this in mind, it was determined that the structural influence of the SNF assembly would be accounted for in
the following manner. First. the entire mass of an individual fuel assembly would be represented as a finite
number of lumped masses that would be rigidly attached to the tube wall. Second, the bending stiffness of
the fuel assembly would be incorporated into the tube wall using the precepts of composite beam theory. The
details are outlined in the following text.
For a given fuel assembly, the location and number of the lumped masses to be used are determined
by the number of spacers. The spacers, where the fuel assembly contacts the tube wall, would be appropriate
locations to place the lumped mass idealizations. Because the location and number of spacers will vary from
one PWR design to another. a generic relationship was derived so the appropriate magnitude of each lumped
mass could be readily determined for each type of fuel assembly. Assuming the spacers are evenly distributed
as illustrated in figure 2-2. then

M
(n-i)=

i = 2, 3, ... , (n-1)

2-5

(2-3)

rn

M
2(n-1)i

n

=

(2-4)

1, n

where
M

-

total mass of the fuel assembly

mi
n

-

lumped mass for the i' spacer

-

total number of spacers

Even though each SNF assembly is relatively free to move within the confines of its basket tube, the
assembly will contribute some bending stiffness to the tube. This can be accounted for, without having to
explicitly model every detail of the fuel assembly, by increasing the wall thickness of an individual basket
tube an appropriate amount. This accomplished by exercising the transformed-section method of the
composite beam theory (Ugural and Fenster, 1995). It is important to note the following two assumptions
when implementing this transformation. First, the fuel rods will exhibit the same radius of curvature as the
basket tube along its length. Second, the cross sections of the SNF assembly and the basket tube wall will
remain coplanar during bending. This transformation reduces the overall size of the model significantly,
providing much faster analysis run times with substantially reduced memory requirements, yet accounting
for the structural influence of the SNF assemblies.

Spacer
Number, i
> 1

I

-I-4-a

ma
+

2

3

I

I____I

'2- 1

4

(n-i)

:
-1 l

Fuel Rods

Figure 2-2. Assumed fuel assembly spacer distribution
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2.1.3 Rock Block and Waste Package Impact Velocity
Because it is assumed that the rock block impacting the WP was dislodged from the emplacement
drift roof by way of seismic ground motion, it must also be reasonably assumed that the rock block will have
some initial vertical velocity when it begins to fall. In addition, the WP will also have a vertical component
of motion because of its connection to the emplacement drift invert through its supporting pedestals. As a
bounding condition, the initial downward velocity of the rock block will be assumed equal in magnitude to
the maximum vertical velocity of the ground motion. Similarly, it can be assumed for bounding conditions,
that the WP will be moving vertically upward at the peak vertical ground motion velocity when the rock
block makes contact with its outer barrier. Letting upward velocity be positive, the relative rock block and
WP impact velocity can be written as
Vimpact

= |AV| =

IVp

Vrck |

(2-5)

where
Vinip(ac

-

Vrck

-

vwp

-

relative impact velocity between the rock block and the WP
velocity of the rock block at the instant of impact with the WP
velocity of the WP at the instant of impact with the rock block (peak vertical ground

velocity)
Allowing for an initial velocity and variable fall height, the velocity of the rock block at impact with
the WP can be shown to be
Vrock

=_[V +2gh]

(2-6)

where
V,

g
h

-

initial velocity of the rock block (peak vertical ground velocity)
acceleration due to gravity
fall height of the rock block

It has been reported over a 10,000-yr period that the frequency for an earthquake that results in a
peak vertical ground velocity of 5 m/s is greater than 10- (Civilian Radioactive Waste Management System,
Management and Operating Contractor, 1998a). Assuming a fall height of 3.2 m (Civilian Radioactive Waste
Management System, Management and Operating Contractor, 1996c) and setting the initial velocity of the
rock block and the velocity of the WP to the maximum expected peak ground velocity, the relative impact
velocity will be approximately 14.37 m/s. Note that, if the initial velocity is ignored, the relative impact
velocity is 7.92 m/s. Because the kinetic energy associated with the impact is proportional to the square of
the velocity, this difference in impact velocity represents a 229-percent increase in the energy dissipated
during the impact for a given rock block mass.
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2.1.4 Displacement and Contact Boundary Conditions
The displacement boundary conditions for the WP at the pedestal support points were considered
fixed at the locations shown in figure 2-3. This assumption was used because of the lack of information on
the actual supports and the low likelihood that the WP would slide horizontally along, or vertically separate
from, the pedestal-WP contact interface during a seismic event. Symmetry boundary conditions were
employed to reduce the overall size of the models used to simulate the rock block impact at the midspan of
the WP. In other words, the nodes defined in the plane of symmetry are not allowed to move out of the plane
at any time during the analysis.
The interaction between the rock block and the WP is handled by contact surfaces within the FE
model. Using a master-slave concept, the fundamental premise is that the nodes associated with the slave
surface cannot penetrate into or through the master surface mesh. However, the master surface nodes can
penetrate through the slave surface. As a consequence, it is recommended that the slave surface mesh be
much more refined than the master surface. Another option is to redundantly define the master-slave
relationship-the contact surface pair is defined twice, with the surfaces interchanging the master-slave
relationship. As a result, no nodes from either surface can penetrate through the counterpart surface. Even
though the effects of friction can be included as part of the interaction between the two surfaces, the duration
and magnitude of the impact load are such that these effects are insignificant. The FE models constructed
for this preliminary study used the rock block to define the master surface and the WP to define the
corresponding slave surface. No redundancy was used.

Figure 2-3. Location of the fixed boundary conditions at the pedestal support points
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Another concern associated with the construction of the FE model is its numerical stability. If parts
of the model are not constrained from rigid body motion, the numerical idealization of the model will
produce an ill-conditioned stiffness matrix. In physical terms, the model has no resistance to motion built into
it. The WP is constrained from rigid body motion by its displacement constraints at the pedestal support
locations. The rock block is a different situation, however.
There are several modeling techniques that can be employed to avoid unconstrained rigid body
motion of the rock block. The method employed for the rock block and WP impact model uses constraints
in the appropriate planes of symmetry of the rock block that restrict rigid body translations in either of the
horizontal directions. These same constraints also restrict the rock block from free rigid body rotations about
any of the three coordinate axes. It needs to be pointed out that these particular constraints are applied in such
a manner so as not to influence artificially the Poisson's effects in the rock block. The final hurdle that must
be cleared providing the requisite numerical stability to the rock block and WP impact model is to apply the
proper constraint to the vertical motion of the rock block. Physically, the rock block is free to move without
any resistance in the vertical direction until it makes contact with the WP. Once the rock block contacts the
WP, the vertical resistance of the WP provides the necessary connectivity to prevent unconstrained rigid
body motion of the rock. Consequently, the FE model of the rock block and WP impact is constructed such
that the WP and rock block contact interface is tied together at time equal to zero.
As was shown in section 2.1.3, the relative impact velocity between the rock block and WP is
bounded between 7.92 and 14.37 m/s for a fall height of 3.2 m. Because the upper bound was derived
assuming extreme conditions, it was assumed that a more reasonable estimate for the relative rock block and
WP impact velocity applied in the FE analyses would be 10 m/s. However, it must be kept in mind that a fall
height of 3.2 m is not necessarily bounding. As subsequent seismic events occur, rockfall heights will
progressively increase at locations where rock blocks were previously dislodged.
The last noteworthy modeling simplification was rigidly connecting the basket tube assembly to the
inner barrier of the WP. In reality, the tube assembly and the inner barrier have a sliding contact interface.
As a result, some additional flexural stiffness has been artificially added to the model. This interface was
modeled in this manner because it is computationally intensive to include sliding contact surfaces within an
analysis. The influence that this simplification has on the results calculated for the inner and outer barriers
of the WP is not expected to be significant. The rationale for this assertion is that the basket tube walls, even
after they have been adjusted to take into account the flexural stiffness of the SNF assemblies (section 2.1.2),
are relatively thin (- 6 mm). As a consequence, the additional support they provide to the inner and outer
barriers of the WP is relatively small. However, the results calculated for the basket tube assembly will have
to be viewed with some skepticism because its response will likely be influenced strongly by this boundary
condition. The significance of modeling the basket tube assembly and inner barrier interaction in this manner
will be a topic of future study.

2.2

ROCK BLOCK MODELS

Both spherical and cubic rock block shapes were used to explore the effects of rock block shape on
the damage caused to a WP during impact. The models used hexahedral (C3D8R), tetrahedral (C3D4), and
triangular prism (C3D6) solid elements to construct the different rock block shapes. The cubic rock block
used C3D8R exclusively.
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Characterizing the response of the rock block as it impacts the WP is not a trivial matter. Simply
assuming the rock block behaves as a rigid body will overpredict the damage caused to the WP. On the other
hand, the ability to predict how and when the rock block will fracture and splinter, which could dissipate a
significant percentage of the energy associated with the impact, is presently not available. As a first attempt
to account for these effects in the FE model, the rock block material has been represented as an
elastic-perfectly plastic material whose yield strength is equal to its compressive strength. The specific rock
material properties used in the FE analysis are provided in table 2-4 (U.S. Department of Energy, 1988). This
approach was chosen because it can account for the elasticity of the rock block while providing a stress
threshold at which the material no longer can sustain a load. The uniaxial compressive strength used in the
FE model of the rock is considerably smaller than that of an average intact rock block expected to be
encountered at YM, which is approximately 166 MPa (U.S. Department of Energy, 1988). The compressive
strength used in this study falls close to the low end of the measured compressive strength values of intact
rock at YM. This was done in an attempt to estimate the lower strength that can be expected for a rock block
containing some minor fractures. A sensitivity study is underway to ascertain the significance of the assumed
compressive strength of the rock on the response of the WP.
Table 2-4. Mechanical properties of rock
I

Material
Rock

I Compressive Strength (MPa)
1

Young's Modulus (GPa)

Poisson's Ratio

32

0.21

42.8
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3 PRELIMINARY ROCK BLOCK AND WASTE PACKAGE IMPACT
ANALYSIS RESULTS
This chapter presents the preliminary FE analysis results obtained for eight different rock block and WP
impact scenarios using the modeling techniques documented in this report. The different scenarios are
summarized in table 3-1. Note that two different rock block shapes (i.e., spherical and cubical) were used.
Moreover, each scenario described in table 3-1 was constructed such that the kinetic energy of the rock block
was the same at the time of impact. Hence, at the time of impact, it was assumed that the mass was 1,570 kg
and the velocity was 10 m/s. Recall that the impact velocity was derived in section 2.1.3. In addition, the
assumed mass of 1,570 kg is lower than the upper bound mass of the rock block (2,200 kg) that can be
expected to impact the WP during a seismic event (Civilian Radioactive Waste Management System,
Management and Operating Contractor, 1998a). The shape of the rock block beyond the surface geometry
that comes into contact with the WP is inconsequential so long as the center of gravity of the rock block is
collinear with a line drawn perpendicular to the center axis of the WP through the point of impact. This
observation is significant in that the rock block mass and contact surface geometry effects can be decoupled.
All of the spherical rock blocks used in this portion of the study have a diameter of 1 m. Finally, all of the
models include gravitational body forces and hydrostatic pressure loads applied to the interior surface of the
WP inner barrier to account for the helium fill gas.
Because cases I through 6 are different rock block and WP impact scenarios that occur at the midspan of the
WP, these models exploit the symmetry of the loading and boundary conditions by using only half of the FE
model to conduct the analysis.

Table 3-1. Rock block and waste package impact analyses scenarios
Case

|

Description

I

Spherical rock block impact at the midspan and top of the waste package

2

Spherical rock block impact at the midspan and 280 from the top of the waste package

3

Spherical rock block impact at the midspan and 420 from the top of the waste package

4

Cubical rock block corner impact at the midspan and top of the waste package

5

Cubical rock block edge impact at the midspan and top of the waste package

6

Cubical rock block face impact at the midspan and top of the waste package

7

Spherical rock block impact over a support and top of the waste package

8

Spherical rock block impact over an edge and top of the waste package

3-1

c~2 0

91

*
3.1

PRELIMINARY WASTE PACKAGE IMPACT ANALYSIS RESULTS

All of the WP materials have been assumed to behave in an elastic-perfectly plastic manner
(section 2.1.1). As a result, the maximum Von Mises stress that can be expected in any given component is
limited by its yield strength. For the inner and outer barriers these values are 338 and 205 MPa.
Consequently, once the material has experienced a stress level equal in magnitude to its yield strength, the
only method for quantitatively comparing the differences in the WP response for the different impact
scenarios is the level of distortion that occurs. This can be accomplished by comparing the maximum and
residual deflections, or strains, incurred by the WP in response to the rock block impact. Note that the
residual values represent the results after elastic recovery has been allowed once the impact event is finished.
Figures 3-1 through 3-8 illustrate the deflections and Von Mises stress results for the eight different
rock block and WP impact scenarios evaluated (table 3-1). On inspection of the aforementioned figures, it
can be seen that all scenarios involving the spherical rock block shape, except for case 8, cause Von Mises
stress levels that approach or exceed the yield strength of all materials used in the construction of the WP.
This would seem to indicate that the spherical rock block shape is more conservative than the cubical rock
block shape. However, the yield strength for the rock block has been assumed to be much lower than the
average compressive strength of an intact rock to account for potential minor fractures within the rock block
as described in section 2.2. As a consequence, if the rock block is modeled as an intact rock mass, then the
localized damage to the WP caused by a cubical rock block shape impact, in all likelihood will be much more
severe than presented here.
As mentioned earlier, the only mechanism for distinguishing the response of an elastic-perfectly
plastic material, once it has been subjected to a stress level beyond its yield strength, is the amount of
distortion that occurs. This can be accomplished by comparing the overall deformations or strains. Because
the distance at which the inner barrier will intrude on the storage area of the WP is a result of interest, the
displacement results obtained from the analyses will be used for this purpose. In particular, table 3-2
summarizes the maximum displacements and concomitant residual values for the inner and outer barriers of
the WP. Care must be taken when interpreting the significance of the results, however, because
displacements reflect rigid body translations and rotations in addition to strain components. For example,
the maximum displacement for the inner barrier in case I was 12.4 mm with a residual displacement of only
1.07 mm. In case 2, however, the maximum displacement for the inner barrier was only 8.10 mm, but the
residual displacement was 3.64 mm. Of all the scenarios investigated, case 7 clearly represents the most
severe condition. In this scenario, the rock block strikes the WP immediately above one of the pedestal
supports, and the residual displacement for the inner barrier was 5.9 mm and for the outer barrier, 6.2 mm.
This is to be expected because a smaller amount of the kinetic energy associated with the impact can be
dissipated by way of gross flexural deformation of the WP. Not much more can be discerned from the results
of this preliminary study, given the absence of an appropriate ductile fracture failure criterion.
Figure 3-9 conveys the contact pressure or stress realized between the rock block and the WP at the
impact point interface for the elapsed time after impact. As can be seen, the spherical rock block consistently
caused larger contact pressures than the cubic rock block. But, once again, the assumed compressive strength
of the rock block may have a significant influence on these results. It is also interesting to note that the
cubical rock block corner impact scenario (i.e., case 4) sustains its contact pressure much longer than any
of the other scenarios evaluated. It has been postulated that the sustained contact pressure for case 4 can be
attributed to the extensive material yielding experienced in the corner of the rock block as a result of the high
stress concentration in this area. Unlike the other scenarios that were investigated, the yield zone for this case
3-2
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Figure 3-1. Displacement and Von Mises stress (Pa) results for the spherical rock block impact at the
midspan and top of the waste package (case 1)
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Figure 3-2. Displacement and Von Mises stress (Pa) results for the spherical rock block impact at the
midspan. and 280 from the top of the waste package (case 2)
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Figure 3-3. Displacement and Von Mises stress (Pa) results for the spherical rock block impact at the
midspan and 420 from the top of the waste package (case 3)
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Figure 3-4. Displacement and Von Mises stress (Pa) results for the cubical rock block corner impact
at the midspan and top of the waste package (case 4)
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Figure 3-5. Displacement and Von Mfises stress (Pa) results for the cubical rock block edge impact at
the midspan and top of the waste package (case 5)
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Figure 3-6. Displacement and Von Mises stress (Pa) results for the cubical rock block face impact at
the midspan and top of the waste package (case 6)
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Figure 3-7. Displacement and Von Mises stress (Pa) results for the spherical rock block impact over
a support and top of the waste package (case 7)
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Figure 3-8. Displacement and Von Mises stress (Pa) results for the spherical rock block impact over
an edge and top of the waste package (case 8)
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Table 3-2. Maximum and residual displacements incurred by the inner and outer barriers of the waste
package
Outer Barrier

Inner Barrier
Maximum
Displacement

Residual
Displacement

Maximum
Displacement

Case

(mm)

(mm)

(mm)

1

12.4

1.07

14.8

2.38

2

8.10

3.64

12.2

2.28

3

3.74

2.91

5.30

0.108

4

2.99

0.0531

3.56

0.0916

5

5.30

0.58

5.60

0.180

6

6.66

1.02

6.87

0.390

7

14.7

5.90

16.5

6.20

NA

NA

6.38

0.828

8

l
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Displacement (mm)
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Figure 3-9. Contact pressure for various impact cases
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extends well into the rock block mass. Because of the assumed elastic-perfectly plastic rock mass material
characterization, any portion of the rock block that has yielded no longer has any structural stiffness. Taking
all of these observations into consideration, it can be surmised that the inertia of the rock block is not being
sufficiently affected by the forces generated at the impact interface to slow its momentum. As a result, the
contact pressure is being sustained for a much longer period of time for this particular scenario.
Another observation pertaining to figure 3-9 is the relative low contact pressure generated for case 7,
which was the scenario that generated the largest residual deformations in the WP inner and outer barriers.
As a consequence, the insight that can be gained from this plot must be considered somewhat limited. In the
future, the pressure variation over the entire contact region will be integrated to generate the resultant contact
force to see if a better correlation can be made with the level of damage that is experienced by the WP.

3.2

PRELIMINARY ROCK BLOCK IMPACT ANALYSIS RESULTS

The rock block response was assessed based on the impact conditions of case 1. After 5 ins, the
inside of the rock block might be cracked by a tensile stress induced by the compressive reaction from the
container. This tensile stress occurred inside the rock block (about 25 cm inside from the impact to the center
of the rock block). The tensile stress at that point was 15 MPa, which is significantly larger than the tensile
strength of intact YM rock (Civilian Radioactive Waste Management System, Management and Operating
Contractor, 1998b). As a result, internal tensile cracking in the rock block as well as localized crushing near
the impact interface is expected.
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4 SUMMARY OF ANALYSIS RESULTS AND FUTURE PLAN
4.1

SUMlMvIARY OF RESULTS

Eight different impact scenarios using spherical and cubical rock block shapes were evaluated. Given
the absence of an appropriate ductile fracture failure criterion, the different scenarios were assessed using
maximum residual displacements of the WPs as the basis for comparison. It was determined that a spherical
rock block impacting the WP directly above one of its pedestal supports (i.e., case 7) was the most critical
scenario of the eight analyzed. This is expected, because less of the kinetic energy associated with the impact
is dissipated by the gross flexural deformation of the WP. Consequently, more energy is available to cause
localized damage in the immediate area of the rock block and WP impact zone.
For the cubical rock block scenarios, the face impact was the most critical. This result is somewhat
unexpected because the edge and corner impact scenarios would intuitively produce higher stresses at the
impact point because of their stress concentration potential. It has been postulated that the edge and corner
scenarios did not cause more severe localized residual damage to the WPs because the rock block mass was
modeled as a relatively soft elastic-perfectly plastic material to account for minor fractures in its structure.
It was also demonstrated that the relative ground motion between the rock block and WP can have
a significant influence on the amount of kinetic energy imparted during impact events. Allowing for a peak
vertical ground velocity of 5 m/s will increase the kinetic energy of a given rock block mass falling from a
height of 3.2 m by as much as 229 percent.

4.2

FUTURE PLAN

The results presented in this report are based on FE analyses that employ various modeling
assumptions, approximations, and simplifications. In particular, the materials were characterized as behaving
in an elastic-perfectly plastic manner with properties determined at temperatures significantly lower than
those expected within the WP. Moreover, the residual stresses within the WP caused by shrink fits and
welding procedures during the fabrication process have not been considered. Additional effects that may play
a significant role in assessing the ability of the \VP to perform its confinement function without disruption
from a seismically induced rock block impact are corrosion degradation, material embrittlement, and initial
manufacturing defects. Some of these topics simply require the appropriate data to be included within the
model. Other effects are not dealt with as easily, and will require a significant effort to discern their
relevance.
From an FE modeling perspective, two areas of concern have yet to be resolved. The first is the
appropriate number of elements required through the thickness of the inner and outer barriers below the point
of impact so sufficiently accurate results can be obtained. It is imperative these results be as reliable as
possible if the levels of damage caused by the rock block impact are to be distinguished among superficial
damage, crack initiation, and catastrophic rupture. The second modeling concern is the assumption that the
WP basket tube assembly is rigidly connected to the inner barrier. As stated in chapter 2, modeling sliding
contact surfaces is computationally intensive. The significance of this modeling simplification on the stress
and strain incurred by the inner and outer barriers, as well as the internal components of the WP is not clear
at the present time.
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Another source of uncertainty in assessing the ramifications of seismically induced rockfal I on the
WP can be attributed to the impact response characteristics of the rock block mass. Chapter 3 noted that the
rock block may have preexisting minor fractures that will cause the rock to splinter or shatter during the
impact event, potentially mitigating the amount of damage caused to the WP. Alternatively, the rock block
may be fairly intact and require the requisite tensile stress be generated before fracture can occur. However,
to simply assume that the rock block is a rigid body introduces a level of conservatism currently considered
to give analysis results that will substantially overestimate the damage incurred by WPs. To avoid
introducing unnecessary conservatism into the analysis, a constitutive model, capable of allowing the rock
block mass to absorb some of the impact energy, is required. One possibility is to introduce material damping
into the constitutive model, refining the current elastic-perfectly plastic approach by introducing different
tensile and compressive yield strengths, or both.
The final topic is the identification of a ductile fracture failure criterion. A preliminary literature
search produced some potential candidate methods that can be used for this purpose. It is expected that the
failure criterion will be used to screen those rockfall impact scenarios that result in only superficial damage
to the WP from those that may cause the initiation of a crack or outright rupture. If deemed necessary, the
principles of fracture mechanics may be used to determine the likelihood of the inner and outer barriers of
the WP being cracked or ruptured for a given scenario.
In summary, the next phase of the study will attempt to identify those significant parameters that
affect the ability of the WP to withstand seismically induced rock block impacts. The intent of this work is
to enable a more realistic assessment of the rock block mass and rock block contact surface geometry
(i.e., size and shape) that can disrupt the confinement function of the WP. This effort aims to produce a more
realistic failure model abstraction for the SEISMO module of the TPA code and provide additional
information that can be used, in part, for the resolution of the Container Life and Source Term Key Technical
Issue.
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