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ABSTRACT 

Yucca Mountain is located in the somewhat seismically active Basin and Range province.  Future seismic 
activity is identified by the US Nuclear Regulatory Commission and the US National Academy of 
Sciences as a key scenario for safety assessment of a proposed repository at Yucca Mountain. As part of 
its on-going program of conducting independent analyses of scientific and technical issues that could be 
important to the licensing of the Yucca Mountain repository, EPRI has conducted an analysis of the 
combined scenarios of seismic activity and stability of emplacement drifts with respect to the long-term 
repository safety. In this paper we present the results of 3D finite element simulations of both static and 
dynamic loading of a degraded waste package.  For the static case, the expected maximum static load is 
determined by utilizing relationships between cave height and the bulking factor.  A static load 
representing 30 meters of broken rock was simulated using the finite element model.  For the dynamic 
case, block size and velocity data from the most recent Drift Degradation AMR are used.  Based on this, a 
rock block with a volume of 3.11 m3 and with an impact velocity of 4.81 m/s was simulated using the 
finite element model.  In both cases, the results indicate that the waste package remains intact. 
 
INTRODUCTION 

Over the past 18 months the Electric Power Research Institute (EPRI) has assembled a rockfall team to 
analyze the occurrence and consequences of rockfall in the emplacement drifts in the Yucca Mountain 
repository. The purpose of this study is to develop an independent perspective and safety analysis of the 
combined issues of seismic activity and stability of emplacement drifts for a repository at Yucca 
Mountain. Previously, EPRI has conducted independent analyses of key safety assessment issues 
regarding a repository at Yucca Mountain (EPRI, 2004a). Recent EPRI reports have included assessment 
of the speculative formation of deliquescent brines (EPRI, 2004b), extrusive release of radionuclides from 
a potential future igneous event intersecting a repository (EPRI, 2004c), and release of radionuclides 
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following a potential future intrusive igneous event intersecting a repository (EPRI, 2005a). This present 
study is the latest contribution to this series of independent EPRI reviews, and focuses on (1) seismic 
analysis and (2) rockfall analysis for the planned Yucca Mountain repository. 

 
“Rockfall” is the term used here for the movement and dislodging of rock blocks in the underground 
drifts at the proposed YM repository.  The emplacement drifts in the YM repository will be excavated 
using a tunnel-boring machine and will be cylindrical in shape, with a diameter of 5.5 meters.  The 
proposed Yucca Mountain repository is to be located in volcanic tuff at depths ranging from 250 to 350 
meters.  In general there is expected to be a large variation in the strength of the rock mass, from medium-
weak in the areas of the repository where there is a high density of lithophysae, to medium-strong in the 
non-lithophysal zones.  85% of the repository will be in the weaker lithophysal zones and 15% of the 
repository will be in the stronger non-lithophysal zones.   
 
Here we consider the behavior of the repository for one million years.  In this time frame there are four 
primary drivers for rockfall in the underground drifts, as described below: 
 

1. Thermally-induced rockfall.  The storage of high-level radioactive waste (HLW) will result in 
temperatures up to 160o C at the walls of the underground drifts.  This will result in thermal 
stresses, which could either increase or decrease the likelihood of rockfall.  The peak of the 
thermal pulse will be about 80 years after closure, with higher-than-ambient temperatures that 
continue for over 5000 years. 

2. Seismically-induced rockfall from an earthquake.  A number of earthquakes with peak ground 
velocities (PGV) over 1 m/s are predicted to occur in the 106-year time frame.  Studies around the 
world have shown that earthquakes with a PGV over 1 m/s can result in rockfall in underground 
drifts.   

3. Seismically-induced rockfall from an igneous event.  A magmatic dike intrusion through the 
repository is possible, albeit very unlikely, within the 106-year time frame. Cracking of rock at the 
tip of an ascending dike will produce a seismic event that could result in rockfall as discussed 
above.  

4. Time-dependent drift degradation.  Over the time frame of 106 years, there are a number of 
coupled mechanical/ hydrologic/ thermal/ chemical processes that will result in the gradual 
degradation of the rock mass at YM.  Stress corrosion cracking1 in the rock mass is the chief 
time-dependent mechanism.  Stress corrosion cracking will result in a decrease in the cohesion of 
the rock around the drifts, potentially increasing the likelihood of rockfall.  

 
It should be noted that the four processes described above are not independent, and that rockfall may be 
enhanced (or decreased) due to a combination of these processes.  For instance, time-dependent drift 
degradation increases the likelihood of rockfall during a seismic event.  Thus a large earthquake at 
500,000 years may result in more rockfall than an earthquake at 10,000 years.  On the other hand, 
thermally induced stresses decrease the likelihood of rockfall in the non-lithophysal rock.  Thus a large 
earthquake during the peak of the thermal pulse may produce less rockfall in the non-lith than the same 
earthquake after the thermal pulse.   
 
Rockfall is important because it may impact the ability of the repository to isolate nuclear waste.  The 
potential impacts of rockfall on repository performance are listed below: 
 

                                                 
1 The term stress corrosion cracking is used in both metal corrosion studies and rock mechanics. The two must be 
distinguished by the subject of the section in which the term occurs. 
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1. Dynamic effects of rockfall on the drip shield and/or waste package (DS/WP).  A rock block that 
dislodges from the roof or wall of the drift will impact either the DS or the WP with a certain 
amount of energy or momentum.  The impact energy and the result of this impact depend on the 
size and shape of the rock block, the velocity of impact, the size of the impact on the DS/WP, and 
the condition of the DS/WP at the time of the impact. 

2. Static effects of rockfall on the DS/WP.  If only a small amount of rockfall occurs at a location in 
the repository, the rock blocks may fall onto the DS/WP and then fall to the side, resulting in no 
long-term static loading.  On the other hand, if a large amount of rockfall occurs, it will result in a 
permanent static load on the DS/WP.  This could result in premature failure of the DS/WP due to 
stress corrosion and creep mechanisms. 

3. Other static effects of rockfall. A significant amount of rockfall could fill parts of the drift with 
rock fragments. This could impact repository performance in several ways. Early rockfall (during 
the thermal period of the first several thousand years after repository closure) could modify the 
thermal characteristics in drifts by reducing the convective heat loss from waste packages due to 
insulation properties of the fallen rock. In addition, any rockfall has the potential to impact 
ventilation flow patterns within the drifts and magma flow into and within the drifts in the case of 
a dike intrusion through the repository (NRC, 2005).  

4. Changes in seepage due to changes in the geometry of the drifts.  The dislodging of rock blocks 
from the roof and walls of the underground drifts will change the geometry of the drifts.  The 
drifts may enlarge in size and the surface will become rougher.  This may alter the seepage 
characteristics and the ability of fluids to contact the DS/WP. 

 
There are several quantitative ways to assess the amount of rockfall that occurs under various conditions.  
Rockfall generally results in the dislodging of individual blocks, and one measure of rockfall is the 
information on the blocks that dislodge under various conditions, including the size, weight, shape, and 
velocity of the blocks.  The total amount of rockfall that occurs under various conditions is another 
measure.  This is often reported as the total m3 of rockfall per meter of drift.  A final set of measures 
includes the stress and strain distributions (either static or dynamic) that will result on various parts of the 
DS/WP due to rockfall.  It should be noted that this last measure depends on the material properties and 
geometry of the DS/WP in addition to the characteristics of the rock blocks. 
 
Even though a number of rockfall related studies have been conducted by EPRI in the past 18 months, 
this paper will only discuss a subset of these topics.  In particular, this paper will focus on likely bounds 
in the static and dynamic rock forces that could impact the DS/WP, and 3D finite element simulations 
analyzing the consequences of these forces.  For the static case, bounds on the static force are determined 
by estimating a bulking factor for the broken rock at Yucca Mountain.  For the dynamic case, bounds on 
the size and velocity of the dislodged blocks are determined utilizing modeling results from the latest 
Drift Degradation AMR (BSC, 2004b).  The analysis of the consequence of rockfall on the WP is 
conducted using the 3D finite element code ABAQUS (Abaqus, 2005). 
 
BULKING FACTOR AND THE MAXIMUM STATIC LOAD ON THE DS/WP  

The rock mass around a nuclear waste repository will be subjected to induced stresses created by a 
combination of the excavation response caused by the construction of the repository, the heat from the 
emplaced waste, and seismicity. The stress loading of the repository under these conditions will create 
stress paths that will result in both unloading and loading conditions, as well as stress rotation.  Hence, 
when assessing the rock mechanics design issues associated with these conditions, two general rock 
mechanics modes of failure are encountered, 1) structurally controlled gravity-driven failure, and 2) 
stress-induced slabbing type failure.  Structurally controlled failure is prevalent at shallow depths, i.e., 
low in-situ stress magnitudes, and slabbing failure is commonly observed at great depth, in high in-situ 
stress magnitudes.  However, mining and tunneling experience shows that these failure processes can be 
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found at essentially any depth.  One of the consequences of both structurally controlled and stress-induced 
failure process is dilation, i.e., an increase in volume.  This is a well-known process that occurs in most 
geomaterials.  Even the slip along a rough fracture will involve dilation at low to moderate stress.  This 
dilatational process is sometimes referred to as “bulking” or “swelling” of the rock mass.  Hence, failure 
around an underground opening that involves bulking can only continue until the tunnel becomes filled 
with fractured rock.  The process of bulking therefore limits the rockfall consequences in an open drift.  
Here bulking factors are used to estimate the maximum depth of failure around a drift. 
 
Bulking factors for various materials can be found in any excavation handbook.  Bulking factors for rock 
are typically in the range from 1.33 to 1.60, as described in Church (1981), Blyth & De Freitas (1990), 
Bell & Stacey, (1992), Whittaker & Reddish (1993), and others.  
 
It has been suggested (Gute et al., 2003) that the bulking process that will be occurring at Yucca 
Mountain could extend to great distances above the repository, possibly even to the surface, forming a 
sinkhole. There have been extensive studies that have documented the development of sinkholes. 
Sinkholes typically develop above mined-out stopes that were never backfilled.  In all cases, sinkhole 
development is a shallow phenomenon.  Table I, taken from Singh & Dhar (1997), shows the typical 
mining depths that create sinkholes.  As shown in Table I, the maximum documented depth for a sinkhole 
is 90 meters, compared with the 250-350 meter depth at Yucca Mountain. 
 
Table I.  Mining Depth for Cases in which Sinkhole Subsidence is Reported (after Singh & Dhar 
(1997). 
 
 Location  Maximum  

depth (m)  
1  Western Pennsylvania  47.7 
2  Hanna Area, Wyoming  73.2 
3  Sheridan Area, Wyoming  77.0 
4  Beulan Area, North 

Dakota  
24.4 

5  Illinois Coal Basin  50.3 
6  St David Area, Illinois  50.3 
7  Colorado Springs Area  45.7 
8  Superior, Wyoming  30.5 
9  Rock Springs, Wyoming  101.5 
10  Glenrock, Wyoming  30.5 
11  Handidhua and Deulbera 

mines  
40.0 

12  Humberside & 
Lincolnshire  

90.0 

13  Mithapur Colliery, India  25.0 
14  Jamuna and Kotma Area, 

India  
43.0 

 
Palchik (2002) conducted a study of the height of caved zones over abandoned subsurface coalmines in 
Donetsk, Ukraine.  Based on this study, Palchik (2002) developed a model that shows that the height of 
the caved zone (H) in bedded rocks is dependent upon the working height of underground coal extraction 
(h) and a bulking factor (Bf) and can be expressed as: 
 



WM’06 Conference, February 26-March 2, 2006, Tucson, AZ 

H
h
=

1
Bf −1

 (Eq. 1) 

 
Using this equation the height of the cave zone at Yucca Mountain can be estimated.  The DOE’s Yucca 
Mountain Project has used a UDEC code to model the progressive failure and bulking of emplacement 
drifts, with the conclusion that a bulking factor of 1.19 is appropriate to the design geometry and host-
rock characteristics of their repository (BSC, 2004b).  We consider this value to be conservative since it is 
well below the expected range discussed above.  We consider the expected value for the bulking factor to 
be somewhere between 1.2 and 1.4.  Using a bulking factor ranging from 1.2 to 1.4 in Equation (1), the 
maximum height of the cave zone above the roof of the original tunnel will range from 1.5 to 4 times the 
height of the drift.  In the repository, the tunnels are partially filled (approximately one-third filled with 
the WP, invert, DS pallet and other parts of the EBS). Hence the maximum height of the caved zone will 
be significantly less than 1.5 to 4 times the height of the drift, since 1/3 of the tunnel is already filled by 
waste package. 
 
Overall, the results described above indicate that caving to the surface will not occur at Yucca Mountain, 
and for a bound on the static load on the DS/WP that could occur, a maximum cave height of 4 times the 
height of the drift can be used. For the 5.5 meter diameter emplacement drifts, a caved zone 4 times the 
height of the drift translates to 22 meters of broken rock.  In the next section a 3D finite element 
simulation is made using a load equivalent to a 30 m high column of rock. 
 

STATIC EFFECT OF ROCKFALL ON THE DS/WP  

An analysis is performed to evaluate the resistance of a degraded waste package to the static overburden 
load due to collapse of the emplacement drift. Conservatively, it is assumed for this analysis that a large 
seismic event occurs at such a time that the drip shield is either missing or is in such a deteriorated state 
that it offers no resistance to static rock-mass loading. As a further conservatism, the Alloy 22 outer 
canister and lids are removed to simulate a completely eroded state, and the bare stainless steel inner 
canister is subjected to an increasing downward load that represents a build-up of rock rubble. 

The components of the support pallet are assumed to be rigid.  Displacement boundary conditions are 
used to simulate the narrow strips of contact between the support pallet saddles and the exterior surface of 
the waste package. 

This analysis considers the structural response of degraded waste containers due to static loads from 
rubble that would pile up on top of the waste container from a chimney-type collapse of a portion of the 
emplacement drift.  Again, no credit is taken for the drip shield.  In addition, only a bare stainless steel 
inner canister is considered as the last structural barrier for protecting the spent fuel.  The load is 
determined using a density of 162 pounds/ft3 (2600 kg/m3) for the rock and for a drift collapse that covers 
at least the entire waste container.  The weight of rock is applied as a vertical only load over the entire 
length of the package and extending over about a 120° arc on the top half.  Thus, no horizontal loading or 
confinement effects are included from rock that may be piled along the sides of the container.  This is 
considered quite conservative since any lateral confinement would increase the strength of the container 
to the vertical “squashing” load.  Displacement boundary conditions are applied at the support locations 
with the conservative assumption that the supporting structure will be rigid under this loading.  The 
analysis is conducted using the ABAQUS 3D finite element model (Abaqus, 2005). 

Fig. 1 presents contours for the maximum principal stress and for the equivalent plastic strain at a load 
equivalent to 30m of rock rubble on top of the waste package.  This figure provides a good summary of 
the findings.  The bare stainless steel canister with its end closures remains linear elastic for drift collapse 
or degradation with up to 30-m of rubble. For a 30-m high pile of rubble, points on the inner surface at the 
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support locations are just reaching initial yield.  Note that the plastic strain is still below the 0.2% level 
where the yield stress is defined.  Also note that the local deformations at the support locations are 
exaggerated somewhat in this analysis from the assumption that the support skid structure will be rigid.   

It is concluded that the waste packages can easily survive the static loads that could develop from a 
collapse of the emplacement drift.  Since the bare stainless steel canister will remain linear elastic for 30m 
of rubble, it is extrapolated that a waste package with all or part of the Alloy 22 protective canister present 
(pristine or partially degraded) will also remain linear for 30 m of rubble. While the outer canister has a 
higher r/t ratio (radius of curvature to thickness ratio), it will be supported by the inner structural canister, 
and it also has a much higher yield strength.  Thus, a 30-m column of rock far exceeds the possible load 
that can be developed in degraded drifts due to rockfall and bulking. 

 

 
 

Fig. 1.  Static response of degraded waste package to 30 m high pile of rubble 

 

LARGEST ROCK BLOCKS DISLODGED DUE TO A SEISMIC EVENT  

The rock mass in the repository horizon at Yucca Mountain can be generalized into two distinct rock 
types, the lithophysal units and the non-lithophysal units.  In the non-lithophysal units, the rock mass 
consists of very competent intact rock separated by discontinuities.  The discontinuities consist of joints 
and vapor-phase partings.  Due to the stochastic nature of the discontinuities, rock blocks formed by the 
intersection of discontinuities can range in volume from cm3 to up to 10 m3.  The lithophysal units are 
weaker due to the presence of lithophysal voids.  The variability in the rock mass strength in the 
lithophysal units depends on the lithophysal porosity, which ranges from 5 to 40%.  Both the strength and 
the Young’s modulus for the rock mass varies with lithophysal porosity, with unconfined compressive 
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strength varying from 2 to 35 MPa, and the rock mass Young’s modulus varying from 2 to 20 GPa.  Rock 
blocks in the lithophysal units are formed by cracks connecting neighboring lithophysae, with block 
volumes expected to be less than 0.1 m3. Therefore, for the purpose of determining the biggest and 
highest momentum blocks that could impact the DS/WP, only rockfall in the non-lithophysal units are 
considered here. 
 
Table II.  a) Details on 50 3DEC Simulations for Rockfall in Non-lithophysal Unit Due to 
Seismic Events with PGV Between 1 and 4 m/s (source: BSC, 2004b), b)15 Seismic Sets used in 
the 50 3DEC Simulations Described in Table IIa (BSC, 2004b, Table X-2). 
Reported numbers are PGV (cm/s).  H1 and H2 are the two horizontal ground motions and V is the vertical ground motion. 

  
 
The size and characteristics of the largest blocks expected to impact the DS/WP due to a seismic events 
with PGVs ranging from 1 to 4 m/s has been extracted from the most recent Drift Degradation AMR 
(BSC, 2004b).  
 
For the non-lithophysal rock, the analysis of rockfall due to seismic events with PGVs between 1 and 4 
m/s is based on 50 simulations made using the 3DEC computer program.  Details of the 50 simulations 
are given in Tables IIa and IIb. Table IIa gives the ground motion set number and the fracture pattern 
number associated with each of the 50 simulations.  15 ground motion sets were considered, as shown in 
Table IIb.  The PGA for these 15 sets varied from 1 to 4 m/s, and 105 fracture pattern sets were 
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considered.  A 100 m x 100 m x 100 m fracture model was first constructed using the FRACMAN 
computer program based on the actual Yucca Mountain fracture statistics.  These were used to identify 
105 submodels each with a size of 25 m x 25 m x 25 m to be picked from the large model. A full 
description of these results is given in the Drift Degradation AMR (BSC, 2004b). 
 
Each of the 50 simulations modeled 25 meters of drift.  In total, therefore, 1250 meters of drift were 
simulated.  It is estimated that about 10 km of drift in the Yucca Mountain repository are in the non-
lithophysal units, and therefore the total amount of rockfall that will be expected in the non-lith will be 
about 8 times what is predicted with the 50 simulations.  In total, 1767 blocks were dislodged in the 50 
simulations representing a total rockfall volume of about 255 m3. To put this number in perspective, the 
amount of volume in the 1250 meters of drift available for rockfall is about 20,000 meters (taking out the 
volume occupied by the DS/WP).  Thus the total rockfall accounts for only about 1% of the available drift 
volume.  This assumes that the 1250 meters of drift only encountered a single seismic event with a range 
in PGV from 1 to 4 m/s.  It also does not take into account any time-dependent degradation in the rock 
material properties.  It also does not take into account multiple seismic events  The worst rockfall 
occurred for simulation number 38, with about 42 m3 of rockfall over the 25 m length of drift.  Even in 
this worst case, the rockfall represents only about 11% of the available drift volume. It should also be 
remembered that the PGV used for the 50 simulations ranged from 1 to 4 m/s, whereas EPRI considers 
that the maximum possible PGV for Yucca Mountain is only 2 m/s (EPRI, 2005c). If this lower value 
were used, the amount of anticipated rockfall would be further reduced. For example, excluding the 
simulations in Table 9-1 using ground motion sets with PGV’s exceeding 2 m/s (sets 3, 7, 9 and 13 in 
Table 9-2) results in simulation number 40 (PGV of 1.7 m/s) showing the greatest volume of rockfall of 
22 m

3
. This value is approximately half of the peak rockfall volume indicated for all of the simulations 

run using a PGV of up to 4 m/s (Simulation 38).  

The individual block volumes in the rockfall from the 50 simulations ranged from 0.01 to 8 m3.  The 
largest blocks are of interest to repository performance, since these blocks have the potential to damage 
the DS/WP and result in premature failure of the DS/WP.   Table III lists the 30 rock blocks with the 
highest impact momentum, along with information on block volume, mass, velocity, momentum and 
energy.  Table III also lists information on their location of impact and impact angle. Table III shows that 
the most hazardous blocks have volumes between 1 and 8 m3 and velocities of 1 to 7 m/s.   
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Table III.  The 25 Rock Blocks with the Highest Impact Momentum from the 50 Simulations 
Shown in Table II. (BSC, 2004b) 
   All reported velocities are m/s and impact locations are in meters relative to the top center of the WP. 

 
 

DYNAMIC EFFECT OF ROCKFALL ON THE DS/WP  

The analyses described here consider the effects of dynamic rock fall on the structural performance of 
waste packages stored in emplacement drifts at the Yucca Mountain Repository.  The rock fall analysis 
considers a large rock mass that is displaced from the roof of the emplacement drift during a large seismic 
event. Further, it is assumed for this analysis that this large seismic event occurs at such a time that the 
drip shield is either missing or is in such a deteriorated state that it offers no resistance to the falling rock 
mass. The neglect of the drip shield is a significant conservatism. DOE’s analysis appears to support a 
position that the drip shields will survive credible rockfalls for a substantial period of time. Neglecting the 
drip shield has been done for modeling convenience, to establish an initially conservative analysis of 
dynamic load. In addition to the conservative neglect of the drip shield, the shape and orientation of the 
rock mass upon impact and the location of impact on the waste package are assumed to be in a 
combination that will develop the worst-case damage to the waste package. 

The components of the support pallet are assumed to be rigid.  Displacement boundary conditions are 
used to simulate the narrow strips of contact between the support pallet saddles and the exterior surface of 
the waste package. 

The size of the displaced rock is defined to be 7.49 metric tons with a volume of 3.11 m3. This was 
determined from probabilistic-based rockfall analyses using variations in ground motion records and in 
situ rock properties (BSC, 2004b).  This size of rock is the largest size in a representative grouping 
considered to have a good probability of occurring for the maximum PGV of 4 m/s associated with a 
future seismic event. The associated velocity of this rock mass for impact with the waste container was 
defined to be 4.81 m/s in the rock fall simulations (BSC, 2004b).  This is based on the rock mass being 
ejected from the roof of the emplacement drift during a seismic event having a PGV of 4 m/s (horizontal) 
as the maximum credible event.  
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Fig. 2.  Finite element model and analysis setup for impact due to rockfall 

 

Fig. 2 illustrates the finite-element approach employed for the analysis of a large rock striking the waste 
package.  The rockfall simulation (BSC, 2004b) for this rock size and mass indicated that the rock would 
likely strike the drip shield or waste package at an angle, that is, a combination of the horizontal and 
vertical seismic components would eject the rock from a location that is off-center in the roof.  However, 
for conservatism, the falling rock mass is assumed to strike the waste package directly on the centerline 
with the velocity vector oriented vertically downward, as illustrated in the figure.  This will force the 
waste package directly into the support skid, which is considered rigid, whereas a strike off-center with 
some horizontal component of velocity would tend to rock the waste package off the supports.  In 
addition, the rock mass is assumed to be oriented such that it strikes the waste package along an edge of 
the rock.  This is conservative for the container since it focuses the force into a smaller area, as long as the 
rock does not split into two pieces.  The volume of the rock mass is predicted in the rock fall analyses, but 
the actual shape and dimensions are somewhat arbitrary.  A rectangular prism shape is assumed, mainly 
for ease of modeling as compared to a multi-faceted shape.  Two sizes were considered in preliminary 
runs, the shape shown having 1.5 m square sides and 1.382 m in length, and one having 1 m square sides 
and 3.11 m in length.  The shorter, fatter size shown in the figure was deemed to provide somewhat more 
damage because it delivers the same impulse load on a smaller area.  This rock size was chosen for the 
final analyses described herein. 

The finite element model of the waste package is based on the 21 PWR prototype design and is consistent 
with other previous analyses for impact with an energetic magma jet (EPRI, 2004c).  As in these previous 
analyses, the model includes fairly detailed representations for the internal basket, guides, and fuel tubes, 
and smeared modeling for the spent-fuel assemblies.  The outer surface of the Alloy 22 outer canister is 
reduced by 2 mm to consider a somewhat degraded state when the seismic induced rock fall occurs. 
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Fig. 3.  a) Displacement and velocity histories near the center of the of rock block, b) 
Displacement and velocity histories of points on inner and outer shell walls of the WP. 

 

The material properties of the waste package components are described in the previous analyses and are 
evaluated at 80 °C as representative of the long term, steady state temperature in the emplacement drift 
when the large seismic event leading to rock fall occurs.  The properties of the rock mass are taken as 
follows; Elastic Modulus = 33 GPa (4.785E3 ksi), Poisson’s Ratio = 0.18, Compressive Strength = 70 
MPa (10.15 ksi), Tensile Strength = 7 MPa (fracture strain = 200E-6).  A constitutive model for concrete 
was adapted and used for the rock.  This model allows cracking in tension and assumes elastic, perfectly 
plastic yielding in compression. 

Fig. 3a plots the velocity and displacement histories for points near the center of the rock mass.  This 
figure shows that the momentum of falling rock will be stopped in 7 ms with a total downward 
displacement of 0.78 inch, and then the rock mass will start to rebound upward.  Fig. 3b plots velocity and 
displacement histories for points on the inner and outer canister walls directly under the impact location.  
The outer shell reaches a peak deflection of 0.7 inch and the inner shell deflects about 0.55 inch.  The gap 
between the shells close, and then both shells move together until about 10 ms, at which time the inner 
shell starts to vibrate while the outer shell continues to move outward in contact with the rock mass.  
There is some slight crushing (or compressive yield) in the rock, mainly near the ends where there is less 
confinement.  The analysis is carried to 20 ms. It can be seen that the rock mass is still moving upward 
and in contact with the outer shell, but that a secondary impact will be minimal. 

Fig. 4a plots a contour for the accumulated equivalent plastic strain in the inner and outer canisters at the 
end of the analysis.  This plot shows that plastic deformation occurs in the inner canister shell wall under 
the impact, but that the outer canister wall remains elastic in this region.  While the outer canister 
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undergoes more deformation, the stress levels do not reach the yield stress for the Alloy 22 material.  
Both the inner and outer surfaces of the inner canister shell walls are stressed beyond yield in the area 
under the knife-edge load.  The outer surface yields due to high compressive hoop stress, and the inner 
surface yields due to high tensile hoop stress.  A hard spot at mid-span of the canister due to the locations 
of the spacer grids in the assemblies and diaphragms in the basket guides creates a double curvature shape 
in the axial direction and reduces the plastic deformation at the center directly under the load.  Fig. 4b 
shows the plastic strain contours with views from the outside for both the outer canister and the isolated 
inner canister.  This plots shows that some plastic deformation also occurs on the inner canister shell at a 
cusp location, about 30° from the vertical, from the dishing deformation.  This figure also shows some 
plastic deformation develops on the outer shell at the support locations.  This is most likely exacerbated 
by the rigid support assumption, and in reality, the support structure will deform slightly under the impact 
loading and spread the reaction force over a larger area on the outer shell surface. 

From these results, it is concluded that a rock fall impact event with the given size, mass, and velocity of 
the rock mass will have very little effect on the longevity of the Alloy 22 protective canister.  The 
response of the Alloy 22 material under the impact will likely remain in the linear regime, even with some 
corrosive thickness reduction, and thus, residual stresses that could accelerate the degradation from stress 
corrosion cracking will not be present.  It seems especially evident that if residual stresses near the yield 
strength of the material are needed for stress corrosion cracking, then such a rock fall event will most 
certainly not affect the performance or longevity of the waste package. 

 

    
 

Fig. 4. a) Contour of equivalent plastic strains, b) Backside views of plastic strain for inner and 
outer canister shells 

CONCLUSION 

Yucca Mountain is located in the somewhat seismically active Basin and Range province.  Future seismic 
activity is identified by the US Nuclear Regulatory Commission and the US National Academy of 
Sciences as a key scenario for safety assessment of a proposed repository at Yucca Mountain. As part of 
its on-going program of conducting independent analyses of scientific and technical issues that could be 
important to the licensing of the Yucca Mountain repository, EPRI has conducted an analysis of the 
combined scenarios of seismic activity and stability of emplacement drifts with respect to the long-term 
repository safety. In this paper we present the results of 3D finite element simulations of both static and 
dynamic loading of a degraded waste package.  For the static case, the expected maximum static load is 
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determined by utilizing relationships between cave height and the bulking factor.  A static load 
representing 30 meters of broken rock was simulated using the finite element model.  For the dynamic 
case, block size and velocity data from the most recent Drift Degradation AMR are used.  Based on this, a 
rock block with a volume of 3.11 m3 and with an impact velocity of 4.81 m/s was simulated using the 
finite element model.  In both cases, the results indicate that the waste package remains intact. 
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