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ABSTRACT

The U.S. Nuclear Regulatory Commission is interacting with the U.S. Department of Energy to
gain insight into proposed engineered barriers design and related site characteristics associated
with the potential geologic repository at Yucca Mountain, Nevada.  In support of these
prelicensing interactions, this study independently investigates the static and dynamic structural
performance of the proposed drip shield, an engineered barrier system included in the design of
the potential geologic repository at the Yucca Mountain site in Nevada.  The primary purpose of
the drip shield is to limit the amount of water contacting the waste package as a result of
seepage into the near-field environment.  To accomplish this objective, the drip shield has to be
able to withstand rockfall impacts and static and dynamic loads resulting from the accumulated
rockfall rubble.  Drip shield structural instability would cause the drip shield and the waste
package to interact, potentially triggering high localized plastic stresses in the waste package.

The drip shield structure is modeled using both an ABAQUS (ABAQUS, Inc., 2004) finite
element model and an equivalent SAP2000 (Computers and Structures, Inc., 2004) frame
model.  The ABAQUS finite element model verifies the structural response obtained from the
equivalent SAP2000 drip shield frame model.  The finite element model also provides
information about the moment-rotation relationships of the drip shield sections and equivalent
spring constants to account for drip shield–rubble interaction.  The frame model is then used to
evaluate the structural performance of the drip shield based on sensitivity studies and seismic
analyses.  The drip shield frame model results indicate that the most recent drip shield design
cannot withstand the expected static and dynamic loads.  The failure mode under static loads is
plastic buckling of the drip shield columns for most of the evaluated loading configurations. 
Even when the drip shield strength capacity is sufficient to withstand the applied static loads,
seismic events are likely to cause structural collapse because the dynamic loads may be more
than one order of magnitude larger than the static loads.
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1  INTRODUCTION

1.1 Background

During the last two decades, the U.S. Department of Energy (DOE) has studied the
Yucca Mountain site in Nevada to determine whether it is suitable for building a geologic
repository for the disposal of the nation’s spent nuclear fuel and high-level radioactive waste
(DOE, 1998).  If the repository is approved, these radioactive materials will be encapsulated in
waste packages and emplaced in tunnels excavated about 350 m [1,148 ft] below the surface
and 225 m [738 ft] above the water table.  Subsequently, drip shields will be placed over the
waste packages.  DOE is required by regulation to include at least one engineered barrier.  The
current proposed design includes as engineered barriers the emplacement drift, drip shield,
waste package, multipurpose canister, spent fuel cladding, waste package pallet, and drift invert
system.  The engineered barriers are intended to work with the natural barriers—the geology
and climate of Yucca Mountain—to contain and isolate nuclear waste for thousands of years. 
The barrier components, therefore, include materials compatible with the underground thermal
and geochemical environment of the tunnels (DOE, 1998).

The analysis of the drip shield under repository environment and loading conditions was
discussed in the U.S. Nuclear Regulatory Commission (NRC) and DOE technical exchange
and management meeting on container life and source term of the potential repository held in
Las Vegas, Nevada, on September 12–13, 2000.  An agreement on drip shield analysis,
CLST.2.08 (Schlueter, 2000), was made between NRC and DOE after this meeting.  This
agreement asked for DOE to conduct drip shield analysis under static and seismic conditions
taking into account the load of fallen rock on the drip shield.

The DOE response to NRC and DOE prelicensing agreement CLST.2.08 (Bechtel SAIC
Company, LLC, 2003, Appendix K) included a summary of the results obtained from structural
analyses of the drip shield subjected to accumulated rockfall rubble and dynamic rock block
impact loads.  In reviewing these agreements (CNWRA, 2004), NRC indicated that DOE should
address additional scenarios in the drip shield analysis to ensure a complete and high-quality
license application.  Specifically, NRC stated that the drip shield should be analyzed considering
static loading due to accumulated rockfall rubble and that the rubble should be considered when
assessing the response of the drip shield to seismic ground motions.  NRC also requested drip
shield analyses for higher temperatures, for low-temperature creep, invert degradation, etc. 
These additional analyses will provide basis for evaluating whether the performance objectives
for the repository after permanent closure are achieved (10 CFR 63.113).

This study independently evaluates the structural performance of the drip shield, an engineered
barrier that limits the amount of water contacting the waste package as a result of seepage into
the near-field environment.  Although the original drip shield function was limited to protecting
the waste package from dripping water, DOE is currently attempting to design the drip shield to
protect the waste package from drift degradation.  Therefore, the drip shield would have to be
able to withstand rockfall impacts and static and dynamic (seismic) loading originated by the
accumulated rockfall rubble.  The drip shield structural performance is relevant not only
because it delays waste package corrosion, but also because a drip shield structural failure
would cause drip shield–waste package interaction.  As a result of this interaction, the waste
package could experience high localized plastic stresses in the immediate regions where the
drip shield bulkheads and longitudinal stiffeners transfer the loads to the waste package.
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The structural performance evaluation of this report refers to the current DOE drip shield design
(Bechtel SAIC Company, LLC, 2004a).  This updated design incorporates additional
reinforcement of the drip shield crown in both transverse and longitudinal directions and is
approximately one foot higher than the former design.  This report investigates the static and
dynamic drip shield structural performance under the presence of accumulated rockfall rubble. 
The system behavior largely depends on the distribution of load on the drip shield surface and
on the assumed system parameters.  Because of large uncertainties in these variables, models
with different system parameters and loading configurations are evaluated.

1.2 Objective and Scope

This study independently evaluates the structural response of the drip shield when subjected to
static and dynamic loading under the presence of accumulated rockfall rubble.  The analyses
are used to compute the onset of drip shield structural instability as a function of the vertical
load carrying capacity.  The potential failure modes under mechanical loading and the main
parameters affecting the drip shield strength capacity are identified.

The report focuses on the drip shield structural performance under different static loading
configurations, as well as its performance under seismic excitations.  A number of parameters
that may modify the vertical load carrying capacity of the structure are investigated.  The
relationship between the drip shield strength capacity and the variation of these parameters will
form the basis for the updated MECHFAIL abstractions used in the Total-system Performance
Assessment (TPA) computer code (Mohanty, et al., 2002).  These abstractions will be
presented in a subsequent report.

This study does not address drip shield performance under rock block impact because Gute,
et al. (2003) concluded that this is not a critical loading scenario.  In addition, the expected
structural damage due to rock block impact is smaller for the current drip shield design because
its roof has been reinforced.  Other phenomena contributing to drip shield structural degradation
that are not included in this study are stress corrosion cracking, localized corrosion, fabrication
flaws, weld residual stresses, hydrogen embrittlement, and creep.

This report is organized into six chapters.  The introduction and scope are discussed in
Chapter 1.  Chapter 2 describes the main characteristics of the drip shield structure
(e.g., geometry, material, and boundary conditions).  An ABAQUS (ABAQUS, Inc., 2004) drip
shield finite element model is introduced in this chapter.  The structural response of the
ABAQUS finite element model for selected loading configurations is presented, as well as
calculations of moment-rotation relationships and drip shield–rubble interaction.

Chapter 3 describes the SAP2000 (Computers and Structures, Inc., 2004) drip shield frame
model.  This model is used for the sensitivity study for static loading conditions and seismic
analyses.  The accuracy of the SAP2000 model results, as compared to the ABAQUS finite
element model, is discussed.  Also, the methodology used to obtain the structural capacity
of the drip shield at the onset of structural instability is described in terms of the baseline
drip shield model.

The effect of several system parameters and loading conditions on the drip shield structural
response is discussed in Chapter 4.  Among the evaluated parameters are the static loading



1-3

configurations, temperature of the drip shield-rubble modulus of elasticity, generalized corrosion
of the drip shield plates, degradation of the invert, and stage loading.

The seismic loads on the drip shield response are evaluated in Chapter 5 by means of nonlinear
dynamic time history analyses.  The chapter discusses the main assumptions and the selection
of the acceleration time histories used in the seismic analyses.

Conclusions regarding the drip shield structural performance are presented in Chapter 6. 
Finally, there are three appendices.  Appendix A presents the calibration performed in order to
obtain the stiffness properties of the drip shield frame model.  Appendix B is a summary of the
main results reported by DOE (Bechtel SAIC Company, LLC, 2004a) regarding the expected
drip shield pressures due to static and dynamic loading conditions.  Appendix C computes the
bearing capacity of the invert.
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2  DRIP SHIELD FINITE ELEMENT MODEL

2.1 Introduction

The drip shield is part of several engineered barrier subsystems that the U.S. Department of
Energy (DOE) is proposing to use at the potential geologic repository at Yucca Mountain,
Nevada.  Figure 2-1 presents a typical cross section of the Yucca Mountain tunnels
(CRWMS M&O, 2001).  The drip shields will be installed at the end of the preclosure period, and
their function will be to protect the waste packages from water intrusion and rockfall loading. 
The drip shield sections will be uniformly sized such that one design will be used over all waste
package types.  The sections will be interlocked to prevent separation between them.  The only
initial drip shield restraint is the friction developed between the drip shield base and the invert
surface because the drip shield is a free-standing structure with no physical attachments to the
drift invert.

The drip shield analyzed in this report corresponds to the current design proposed by DOE
(Bechtel SAIC Company, LLC, 2004a) (Figure 2-2a).  Each drip shield section has a length of
5,805 mm [228.5 in], a cross section width of 2,533 mm [99.7 in], and a total height of 2,886 mm
[113.6 in].  The drip shield consists of Titanium Grade 7 plates that are supported with frames
made of Titanium Grade 24 equally spaced at each 1,070 mm [42.1 in].  The drip shield base is
made of Nickel Alloy N6022, commonly referred to as Alloy 22, and is the only drip shield
structural component not made of titanium.  According to DOE nomenclature (Bechtel SAIC
Company, LLC, 2004a), the bulkhead refers to the reinforcing curve beam located at the drip
shield crown, and the support beams are actually the columns of the drip shield frames spaced
at 1,070 mm [42.1 in] (Figure 2-2a).  The updated drip shield model reinforces the bulkhead with
a bottom flange of 136 mm [5.4 in] (Figures 2-2 and 2-3).  The current system design also
incorporates three longitudinal stiffeners on the drip shield crown (Figure 2-2b) and is
approximately one foot higher than the former design.  There are additional drip shield
modifications that do not affect drip shield performance (e.g., the shape and location of the
lifting assembly).

If the drift degrades, the drip shield may be subjected to dynamic impact from falling rock blocks
and from static and dynamic loads due to the accumulated rockfall rubble (Gute, et al., 2003). 
Based on its drift degradation analysis (Bechtel SAIC Company, LLC, 2004b), DOE concluded
that (i) only a small fraction of the emplacement drifts (i.e., those located in the lowest quality
areas of the lithophysal rocks) will experience significant degradation from the combined effects
of thermal loading and potential time-dependent weakening of rock and (ii) seismic ground
motions from a potential earthquake with an annual frequency of 10!5 or less per year would
cause widespread drift degradation.  The DOE conclusion implies that the occurrence of
accumulated rockfall rubble would depend on the probability of occurrence of strong
earthquakes.  Staff analysis, however, indicates that drift degradation induced by repository
thermal loading or time-dependent rock weakening (with or without seismic loading) could be
more widespread than that estimated by DOE (Ofoegbu, et al., 2004).  To address the
uncertainties regarding the occurrence of rockfall rubble, DOE indicates the drip shield
would be designed to withstand loading from a completely collapsed drift (Bechtel SAIC
Company, LLC, 2004c).
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Figure 2-1. Cross Section of Yucca Mountain Tunnels (From CRWMS M&O, 2001)
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Figure 2-3.  Isometric of Drip Shield Finite Element Model

The evaluation of the drip shield structural performance under the presence of rockfall rubble
is the main objective of this study.  This evaluation includes three ABAQUS (ABAQUS, Inc.,
2004) finite element models and a drip shield frame model created in the structural program
SAP2000 (Computers and Structures, Inc., 2004).  The drip shield finite element model
presented in this chapter has three goals:  (i) to validate the SAP2000 frame model used for the
sensitivity study, (ii) to provide the frame model developed in SAP2000 with rock rubble
equivalent spring constants, and (iii) to develop moment-rotation relationships for the drip shield
side-roof transition and for support beams (columns) to be used in the drip shield frame model
(Section 3.1.2).  To reach these objectives, three distinct ABAQUS finite element models were
developed.  The first model is a detailed finite element model of the drip shield structure
(Section 2.2) used for validating the frame model.  The moment-rotation relationships for the
drip shield columns are obtained using a modified model with different boundary conditions. 
The second is a specialized model of the drift wall, rock rubble, and drip shield side wall
(Section 2.3.1) that is used for obtaining the spring constants.  The third is a model of bulkhead
corner section, which is used to obtain a moment-rotation curve for this region (Section 2.3.2.1).
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2.2 Description of Detailed ABAQUS Drip Shield Finite
Element Model

The detailed drip shield finite element model was utilized to verify the accuracy of the drip shield
frame model introduced in Chapter 3.  This model was also used to obtain moment-rotation
relationships at several locations of the drip shield column, which were used in the drip shield
frame model.  The finite element model consisted of the following main components:  (i) the
Titanium Grade 7 shell plate, (ii) interior and exterior plates, (iii) the Titanium Grade 24 bulkhead
and support beams, and (iv) longitudinal stiffeners and the Alloy 22 base plate (Figure 2-3). 
This finite element model no longer included rockfall rubble, the drift wall, or invert surfaces
(Gute, et al., 2003).  These modifications were made to improve the computational efficiency of
the model.  That is, a full contact analysis was previously required to model the rockfall rubble
drip shield wall interaction which increased the computational time.  Then uniform, normal
pressure loads were directly applied to the drip shield (Figure 2-4) as a substitute for the
pressure caused by the rubble.

The structural and loading variations in the longitudinal direction were neglected.  Thus, it was
assumed that the drip shield segments, defined by the uniform spacing of the support beam and
bulkhead reinforcing elements, repeat continuously in the axial direction.  This assumption, as
well as an imposed symmetric structural response, requires that only a quarter of this repeated
drip shield frame section be modeled (Figure 2-3).  This simplification allowed an adequate
mesh density in the model without significantly increasing the computational time.

The original drip shield finite element model was constructed using a mixture of plate and solid
elements (Gute, et al., 2003).  Plate elements (three-dimensional quadrilaterals) were used for
Titanium Grade 7 panel sections and the drip shield base made of Alloy 22.  Solid elements
(hexahedrons) were used to represent the Titanium Grade 24 structural support beams and
bulkhead components.  The plate elements, however, were replaced by solid elements in the
drip shield model of this study.  This allows some drip shield regions with complicated geometry
to be modeled with sufficient detail to accurately capture the associated complex nonlinearities
that arise.  An example of one of these regions is the drip shield corner, where the bulkhead
transfers the load to the support beams.  The support beams are Titanium Grade 24 external
components that are welded to the Titanium Grade 7 plate, whereas the bulkhead is an internal
Titanium Grade 24 member welded to the Titanium Grade 7 plate.  Therefore, the frame
transition from the support beam to the bulkhead at the drip shield corner includes an
intermediate Titanium Grade 7 panel that has to transfer the stresses between the
Titanium Grade 24 components, which have a much larger yield strength (Figure 2-5).

In the drip shield design, the edges of the external and internal plates (Figures 2-2 and 2-3) are
welded to the shell.  In the drip shield finite element model, however, all the solid elements
representing the external and internal plates were coupled to the solid elements of the shell. 
This approximation implies that full composite action takes place between these plates and
neglects the potential for high concentrated stresses at the zones where the external and
internal plates are welded.

The drip shield finite element model utilized elastic-plastic material behavior and large
strain/rotation element formulations.  The ABAQUS standard classical metal plasticity 
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constitutive model was used to represent the bilinear behavior of Titanium Grade 7 and
Titanium Grade 24.  Specifically, the material was represented by a Von Mises yield surface
with isotropic hardening.  This classical metal plasticity constitutive model also employs an
associated plastic flow rule (i.e., as the material yields, the inelastic deformation rate is in the
direction normal to the yield surface).  An additional common constraint in the context of
classical metal plasticity is that the material maintains a constant volume while undergoing
plastic deformation (i.e., plastic incompressibility).

2.2.1 Material of Drip Shield Finite Element Model

2.2.1.1 Drip Shield Material Properties

The materials proposed for the drip shield are Titanium Grade 7, Titanium Grade 24, and Nickel
Alloy N6022, usually referred to as Alloy 22.  The drip shield base will be made from Alloy 22,
and the bulkhead, support beams, and longitudinal stiffeners will be made from Titanium Grade
24.  All other drip shield components will be fabricated from Titanium Grade 7.  The relevant
material properties for the drip shield analyses are the yield stress (σy), ultimate tensile strength
(σu), modulus of elasticity (E), and the nominal elongation (εnom).  These properties are used to
approximate a bilinear stress–strain curve to model the inelastic behavior.  A large part of the
data has been obtained from ASME International (2001).

The material properties largely depend on the temperature, a parameter that may dramatically
change during the regulatory period.  For computing the drip shield structural response, DOE
has used material properties associated with a temperature of 150 °C [302 °F] (Bechtel SAIC
Company, LLC, 2004d).  DOE indicated that properties at this temperature are adequate
because the drip shield will not exceed this temperature in 98.5 percent of the compliance
period.  The modulus of elasticity for Titanium Grade 7 was obtained from Table TM–5 of
ASME International (2001).  For Titanium Grade 24, however, temperature-dependent values
for the yield stress, ultimate strength, and modulus of elasticity are not readily available.  As a
result, Titanium Grade 5 is used as a surrogate for Titanium Grade 24 because the
compositions of these materials are similar [Titanium Grade 24 contains 0.04 to 0.08 percent
palladium (Gute, et al., 2003)].  The Military Handbook:  Metallic Materials and Elements for
Aerospace Vehicle Structures (U.S. Department of Defense, 1998) and the Material Properties
Handbook:  Titanium Alloys (ASM International, 1994) both provide extensive material data for
Titanium Grade 5.

Data from these references were used to develop the curves of Figure 2-6, which corroborate
the dependence of yield stress and ultimate strength of titanium components on temperature. 
On the other hand, the modulus of elasticity exhibits a modest dependence on temperature
(Figure 2-6c).  Titanium Grade 5 (surrogate for Titanium Grade 24) not only exhibits a much
higher yield and ultimate stress than Titanium Grade 7, but also exhibits less material
degradation at high temperatures.  The material properties for Alloy 22 are relatively unaffected
by exposure to the expected emplacement drift temperature with respect to their room
temperature values.  These material properties correspond to the engineering stresses and
strains.  Because the drip shield may experience large deformations and inelastic strains,
however, the ABAQUS standard finite element program (when using the NLGEOM option) 
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Figure 2-6a.  Dependence of Yield Stress on Temperature 
[1 MPa = 0.145 ksi, Fahrenheit Degrees = 1.8 × Celsius Degrees + 32]

0

100

200

300

400

500

600

700

800

900

0 50 100 150 200 250 300 350 400 450

Temperature (Celsius Degrees)

U
lti

m
at

e 
Te

ns
ile

 S
tr

en
gt

h 
(M

Pa
)

Titanium Grade 24
Titanium Grade 7
Alloy 22

Figure 2-6b.  Dependence of Ultimate Tensile Strength of Temperature 
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Figure 2-6c.  Dependence of Modulus of Elasticity (E) on Temperature 
[1 GPa = 145 ksi, Fahrenheit Degrees = 1.8 × Celsius Degrees + 32]

( )ε εtrue ln 1= + eng (2-2)

requires the use of true (Cauchy) stresses and true strains.  The engineering stresses and
strains can be converted to true stresses and strains as follows:

( )σ σ εtrue eng eng= +1 (2-1)

where

= true stress (Cauchy stress)σ true

= engineering stress (nominal stress)σeng

= true strainε true

= engineering strain (nominal strain)εeng

These equations are valid at stresses less than the ultimate tensile strength of the material.  At
larger stresses, the material exhibits necking and softening of the engineering stress–strain
curve, and the state of stresses changes gradually from simple uniaxial tension to a complex
triaxial stress state.  It is not possible to determine a uniaxial true stress–strain relation by the
standard tensile test once necking has started, because the deformation is not uniform and only
average stresses can be measured (Ling, 1996).
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( )ε ε σ
true
pl

engln 1= + − true

E
(2-3)

Specifically, the ABAQUS computer code requires the plastic strain value as an input
parameter.  Thus, Eq. (2-2) is modified to subtract the elastic strain

= true plastic strainε
true
pl

= modulus of elasticity (Young’s modulus)E

Tables 2-1 and 2-2 summarize the material properties used for the drip shield analyses at
150 °C [302 °F], except for the Poisson’s ratio values that correspond to room temperature.  A
bilinear approximation of the true stress–true strain curves for Titanium Grade 7 and Titanium 
Grade 24 assuming a drip shield temperature of 150 °C [302 °F] is presented in Figure 2-7. 
The modulus of elasticity for Titanium Grade 7 and Titanium Grade 24 is very similar.  Thus,
the two materials will undergo elastic deformation without creating large stress concentrations
in the material interface.  Figure 2-7 also indicates that Titanium Grade 7 can accommodate
much larger ductile displacements than Titanium Grade 24.  On the other hand,
Titanium Grade 24 has more than three times the yield strength of Titanium Grade 7. 
Therefore, Titanium Grade 24 remains in the elastic range under larger stresses, but is
susceptible to potential brittle failure under nonlinear performance.

Table 2-1.  Drip Shield Material Property Data at 150 °C [302 °F]

Material Name
Density,

MT/m3 [lb/in3]
Young’s Modulus,

GPa [ksi] Poisson’s Ratio

Titanium Grade 7 4.512 [0.163] * 100.7 [14.6 × 103] † 0.32 ‡

Titanium Grade 24 4.512 [0.163] * 107.2 [15.5 × 103] ¶ 0.32 ‡

Alloy 22 8.691 [0.314] 2 197.2 [28.6 × 103] § 0.32 2

*ASME International.  “ASME International Boiler and Pressure Vessel Code.”  Table NF–2, Typical Physical
Properties of Nonferrous Materials (Unalloyed Titanium).  New York City, New York:  ASME International.  2001.
†–––––.  “ASME International Boiler and Pressure Vessel Code.”  Table TM–5, Moduli of Elasticity of Titanium
and Zirconium for Given Temperatures.  New York City, New York:  ASME International.   2001. 
‡–––––.  “ASME International Boiler and Pressure Vessel Code.”  Table NF–1, Typical Mechanical Properties of
Materials (Unalloyed Titanium).  New York City, New York:  ASME International.  2001. 
§–––––.  “ASME International Boiler and Pressure Vessel Code.”  Table TM–4, Moduli of Elasticity of High Nickel
Alloys for Given Temperatures.  New York City, New York:  ASME International.   2001.
2ASTM International.  “Standard Specification for Low-Carbon Nickel-Molybdenum-Chromium, Low-Carbon
Nickel-Chromium-Molybdenum, Low-Carbon Nickel-Chromium-Molybdenum-Copper, Low-Carbon
Nickel-Chromium-Molybdenum-Tantalum, and Low-Carbon Nickel-Chromium-Molybdenum-Tungsten Alloy Plate,
Sheet, and Strip.”  New York City, New York:  ASTM International.  1998.
¶U.S. Department of Defense.  “Military Handbook:  Metallic Materials and Elements for Aerospace Vehicle
Structures.”  Figure 5.4.1.1.4, Effect of Temperature on the Tensile and Compressive Moduli of Annealed
Ti–6Al–4V Alloy Sheet and Bar.  MIL–HDBK–5H.  Washington, DC:  U.S. Department of Defense.  1998. 
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Table 2-2.  Drip Shield Material Data for Modeling Post-Yield Behavior at
150 °C [302 °F]

Material Name
Yield Stress*

MPa [ksi]

Ultimate Tensile
Strength*
MPa [ksi]

Lognormal Failure
Strain,

Percent

Titanium Grade 7 174.1 [25.2] 299.5 [43.4] 17.9

Titanium Grade 24 658.1 [95.4] 827.0 [119.9]   8.8

Alloy 22 254.7 [36.9] 984.7 [142.8] 36.7

*Cauchy Stress

2.2.1.2 Rockfall Rubble Material Properties

In this chapter, the rubble material properties were used only in the specialized finite element
model (Section 2.3.1) to obtain the equivalent spring constants required in the drip shield frame
model (Chapter 3).  The rubble surrounding the drip shield sides may contribute to the
structural resistance of the drip shield if side-sway and outward deformation of the drip shield
support beams compress the rubble, thereby developing a passive resistance.  The amount of
passive resistance would vary with the confining pressure, the magnitude of compression, and
any compaction from previous rubble compression (e.g., Lambe and Whitman, 1969).  The
passive resistance would be controlled by several characteristics of the rubble (e.g., particle
size and shape distributions, degree of wetness, strength of individual particles or blocks, and
porosity) (e.g., Marsal, 1973).  Values of the elastic stiffness parameters, such as the modulus
of elasticity and Poisson’s ratio, were selected based on literature information.  For example,
data from laboratory testing of crushed aggregates and natural sand and gravel (Marsal, 1973)
indicate that significant variability of the elastic parameters should be expected.

The values of mechanical properties for rubble were estimated based on information available
in the literature for cohesionless aggregates, such as natural sands and gravel or crushed rock. 
Rubble is expected to be similar to such aggregates because of being cohesionless (i.e., an
assemblage of uncemented rock fragments) and having a wide range of particle sizes from a
fraction of a millimeter to several centimeters, somewhat similar to a talus deposit.  Tables 2-3
and 2-4 present general values for the modulus of elasticity and Poisson’s ratio for sands and
gravel compiled by Das (1998) and Bowles (1977), respectively.  Similar information is also
available from Richart, et al. (1970) for round- and angular-grained sand with different void
ratios and confining pressures.  The value of the modulus of elasticity, E, for such materials is
in the range of 30 to 150 MPa [4.4 to 21.8 ksi] based on the information in Tables 2-3 and 2-4. 
Triaxial test data for crushed basalt tested under a confining pressure of 207 kPa [30.0 psi]
(Marachi, et al., 1972) indicate a modulus of elasticity of approximately 50 MPa [7.2 ksi] for
such materials.  However, for the rockfall rubble that may surround the drip shield, it was
estimated that the rubble modulus of elasticity may be as low as Er = 10 MPa [4.4 ksi] because
of the lack of any significant compaction.  For the drip shield baseline frame 
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Figure 2-7.  True Stress–True Strain Curves for Titanium Grade 7 and Titanium Grade 24
at 180 °C [302 °F] [1 MPa = 0.145 ksi]

Table 2-3.  Elastic Parameters of Various Soils*

Type of Soil

Modulus of Elasticity, E

Poisson’s Ratio, νksi (k/in2) MPa (MN/m2)

Loose Sand 1.5–3.5 10.35–24.15 0.20–0.40

Medium Dense Sand 2.5–4.0 17.25–27.60 0.25–0.40

Dense Sand 5.0–8.0 34.50–55.20 0.30–0.45

Sand and Gravel 10.0–25.0 69.00–72.50 0.15–0.35

*Das, B.M.  Principles of Foundation Engineering.  4th Edition.  Pacific Grove, California.  PWS-Kent Publishing. 
1998.

model introduced in Chapter 3, a modulus of elasticity value of 30 MPa [4.4 ksi] was used
based on the assumption that the stress–strain behavior of rockfall rubble is similar to the
stress–strain behavior of crushed rock or natural sand and gravel.  The effect of Er on the drip
shield strength capacity is presented in Chapter 4.
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Table 2-4.  Elastic Parameters of Various Soils*

Type of Soil

Modulus of Elasticity, E

Poisson’s Ratio, νksi (k/in2) MPa (MN/m2)

Loose Sand 1.5–3.5 10.35–24.15 0.15

Dense Sand 7.0–12.0 48.30–82.80 0.20–0.40

Loose Sand and Gravel 7.0–20.0 48.30–138.00 —

Dense Sand and Gravel 14.0–28.0 96.60–193.20 —

*Bowles, H.E.  Foundation Analysis and Design.  2nd Edition.  New York City, New York:  McGraw-Hill.  1977.

2.2.2 Boundary Conditions

2.2.2.1 Kinematic Constraints

An axial symmetry condition was imposed on the drip shield that constrains translation
and rotation displacements out of the axial plane.  This constraint is analogous to a
two-dimensional plane strain assumption and implies that the static rockfall load is uniformly
applied along the entire length of the drip shield.  To enforce symmetry, the detailed drip shield
finite element model precludes rotations and horizontal displacement of the drip shield crown
apex.  For most of the analyses, this model used a pinned restraint at the point where the
Alloy 22 base contacts the invert.  The pinned constraint is a valid approximation for the case
in which the frictional force developed between the drip shield base and the invert surface
overcomes the horizontal base reaction force.  The assumption was validated using models
with a lateral-to-vertical load ratio of 0.3 applied normal to the surface.  The first model
considered pinned constraints at the base, whereas in the second model, friction contacts
(with a friction coefficient of 0.4) replaced the pinned constraints to account for the friction
force developed between the drip shield base and the invert (Section 2.3.3).  The displacement
at the base column of the model with friction contacts was 0.02 mm [7.9 × 10!4 in], which for
practical purposes can be considered negligible.  As a result, the vertical load that the drip
shield can withstand is practically the same for both systems (i.e., pinned constraint or
contact surface).

2.2.2.2 Loads

A uniform pressure was applied normal to the crown and side walls of the drip shield
(Figure 2-4).  Uniform pressure is considered a reasonable assumption for the drip shield
crown according to the drip shield pressures obtained for a vertical ellipse degradation zone
geometry (Gute, et al., 2003).
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2.3 Drip Shield Finite Element Models and Results

The detailed drip shield finite element model was used to verify the accuracy of the drip shield
frame model discussed in Chapter 3.  Also, two input parameters for the frame model were
obtained:  the equivalent spring constants and the moment-rotation curves for critical sections.

2.3.1 Calculation of Spring Constants Using the Drip Shield Finite
Element Model

A specialized drip shield finite element model was used to obtain the equivalent spring
constants implemented in the drip shield frame model (Chapter 3).  This model includes
one drip shield side wall, the drift wall, and the rubble in between these two components
(Figure 2-8).  The drip shield side wall and the drift wall were modeled as rigid bodies, and the
rubble was modeled as a solid continuum.  First, the confining pressure was applied to the top
surface of the rockfall rubble.  Then, to obtain the rubble reaction force throughout the height of
the side wall, the wall was forced to compress the rubble pile using a prescribed displacement. 
The effect of confining pressure, rubble modulus of elasticity, and friction between the rock
rubble and the drift wall on the effective rubble spring constant was evaluated.  The Poisson’s
ratio was kept constant as ν = 0.17, and the coefficient of friction between the rock rubble and
the drip shield side wall was assumed as zero.  This approach, in which the wall is forced to
compress the rubble, is applicable because the springs of the model are capable of resisting
compression, but not tension stresses.

As indicated in Section 2.2.1.2, there is large uncertainty in the available rubble material
property information.  For instance, the modulus of elasticity increases as the confining
pressure increases, and in general as the strain rate becomes higher.  Because of this large
variability, the equivalent spring constants were obtained for several drip shield finite element
models with different combinations of rubble modulus of elasticity, Er, overpressure, Fo, and
friction coefficient, :, between the drift wall and the rubble.  Table 2-5 summarizes the data
used for the five evaluated cases.

The force–displacement relationships computed for each drip shield wall element were
grouped according to the location of the 12 equivalent springs of the frame drip shield model. 
Figure 2-9 presents the variation of spring constants with drip shield heights for the five
combinations of Table 2-5.  The largest equivalent spring constant values at a drip shield
height of 1,678 mm [66.1 in] is caused by the longer length of the top column section in the
SAP2000 frame model.  Note that the force–displacement relationships are nonlinear because
the compressed rubble tends to move upwards, causing geometric nonlinearities.  Thus, the
spring constants are obtained as the average of each nonlinear relationship for the expected
drip shield displacement interval.  A comparison of Cases 2 and 4 indicates that the confining
pressure is very relevant when there is no friction between the rubble and the drift wall
(i.e., when the overpressure is the only factor preventing the rubble from moving upwards).  For
Cases 3 and 5 that have a friction coefficient of 0.4, the confining pressure is less relevant. 
Case 5 should render more realistic equivalent spring constants because it accounts for friction
between the drift wall and the rubble and includes a vertical pressure that is between the
reasonable lower and upper boundaries presented in Section 3.1.4.2.  Therefore,
the equivalent spring constants of Case 5 were used for most of the realizations of
subsequent chapters.
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Figure 2-8.  Drip Shield Finite Element Model for Obtaining Soil
Spring Constants

Table 2-5.  System Parameter Values for Computing Soil Spring Constants

Case
Over Pressure, σo, 

kPa [psi]
Rubble Modus, Er,

MPa [ksi] Friction Coefficient*, μ

1 122 [17.7] 1 [0.15] 0.0

2 122 [17.7] 30 [4.4] 0.0

3 122 [17.7] 30 [4.4] 0.4

4 400 [58.0] 30 [4.4] 0.0

5 400 [58.0] 30 [4.4] 0.4

*This is the friction coefficient between the rock rubble and the drift wall.
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Figure 2-9.  Variation of Soil Spring Constants With Drip Shield Height
[1 mm = 0.039 in, 1 kN/m = 0.069 k/ft, 1 MPa = 0.145 ksi]

2.3.2 Moment-Rotation Curves

The moment-rotation curves at several critical sections of the drip shield were developed using
the ABAQUS (ABAQUS, Inc., 2004) model.  This information is not conventionally obtained
from finite element models; however, moment rotation curves are necessary to characterize the
drip shield frame model presented in Chapter 3.

2.3.2.1 Drip Shield Corner

The frame transition from the Titanium Grade 24 support beams (columns) to the Titanium
Grade 24 bulkhead (beams) requires transfer of stresses through a Titanium Grade 7 plate
(Figure 2-5).  The modulus of elasticity for both titanium grades is very similar.  The
yield strength for Titanium Grade 24, however, is almost four times larger than that of
Titanium Grade 7, which may imply that some sections of the sandwich component
(i.e., Titanium Grade 7 plate) could completely yield early in the loading process, triggering a
complex nonlinear interaction between the plates.  The potential for early failure of the joint
was investigated using a separate finite element model of the drip shield corner (Figure 2-10). 
This drip shield corner model was subjected to a moment load at the top of the bulkhead 
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Figure 2-10b.  Finite Element Model of the Drip Shield Corner
to Obtain Moment-Rotation Curve (Exterior View)
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Figure 2-10a.  Finite Element Model of the Drip Shield Corner to
Obtain Moment-Rotation Curve (Interior View)
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Figure 2-11.  Moment-Rotation Titanium Grade 7 Yield Stress at
Failure (Internal View) {Units:  [Pa 1 Pa = 0.145 × 10-3 psi]}

segment.  The boundary conditions for this scaled model are as follows:  (i) the nodes defined
in the plane at the base of the drip shield column, external support plate, and plate are
constrained to remain within this plane; (ii) the base of the column is fixed; and (iii) the nodes
that lie on the plane at the top of the bulkhead, external support plate, and shell remain on the
analytical rigid surface plane as it rotates.

The Von Mises stress distributions for the drip shield corner are shown in Figures 2-11 and
2-121.   Figure 2-11 shows the yielding of the Titanium Grade 7 plate at the inner surface of the
drip shield plate with the widest region of plasticity along the bottom edge of the plate. 
Figure 2-12a shows the plate, including the bulkhead beam.  A significant portion of the
plasticity was located along the bottom of the bulkhead where the bulkhead flange intersects
the Titanium Grade 7 plate.  Similarly, Figure 2-12b shows the plate with the support beam
(column), where almost the complete cross section of the Titanium Grade 24 support beam
yielded along the bottom edge of the support beam.  Taking into consideration the deformation
responses of the Titanium Grade 7 plate, Titanium Grade 24 bulkhead and support beam,
failure would likely occur along the bottom portion of the joint.  Specifically, the critical section
controlling the load capacity would be located in the cross section containing the
Titanium Grade 24 support beam (column) and the Titanium Grade 7 plate.

The moment-rotation curves obtained from the drip shield corner model are presented in
Figure 2-13 for a drip shield temperature of 150 °C [302 °F].  The correlation between the
moment-rotation relationship and the Von Mises stresses indicated that the Titanium Grade 7
yielding causes negligible degradation of the initial (elastic) stiffness.  Significant flattening of
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Figure 2-12a.  Moment-Rotation Titanium Grade 24 Yield Stress at Failure
(Internal View) {Units: Pa [1 Pa = 0.145 × 10-3 psi]}

Figure 2-12b.  Moment-Rotation Titanium Grade 24 Yield Stress at
Failure (External View) {Units:  Pa [1 Pa = 0.145 × 10!3 psi]}
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Figure 2-13.  Moment-Rotation Curve for Drip Shield Corner
[1 kN-m = 0.737 k-ft]

the slope was only noticeable after yielding of Titanium Grade 24.  Also, the ultimate moment
of the drip shield corner model was controlled by the moment capacity of the bottom section of
the drip shield corner (i.e., the top support beam section).

2.3.2.2 Drip Shield Support Beam

Two analyses utilizing the detailed drip shield finite element model (Section 2.2) were
performed to obtain moment-rotation curves for critical sections of the drip shield walls.  The
deformation response of the support beams (columns) at the critical locations—0.6 m [1.97 ft]
and 0.8 m [2.63 ft] (measured from the bottom) were analyzed (Figure 2-14).  The rotation was
calculated based on deflection of the free end of the support beam (Figure 2-14).  Figure 2-15
shows the obtained moment-rotation curves.  In the support beam, the ultimate moments at
0.6 m [1.97 ft] and 0.8 m [2.63 ft] are 69 kN-m [50.9 k-ft] and 77 kN-m [56.8 k-ft], respectively. 
For both cases, the first yield of Titanium Grade 7 occurred at an approximate moment of
29 kN-m [21.4 k-ft], while the first yield of the Titanium Grade 24 occurred at approximately
46 kN-m [33.9 k-ft].  The moment-rotation curve was basically linear after the yielding of
Titanium Grade 7.  The ultimate moment was 1.5 to 1.7 times the moment at the first yield of
Titanium Grade 24.

2.3.3 Drip Shield Finite Element Models Used to Validate the Drip Shield
Frame Model

The structural response of the detailed finite element model (Figure 2-3) was obtained for
specific system parameters and loading conditions.  These results are used in Chapter 3 to
verify the accuracy of the drip shield frame results.  The loads for this analysis were 
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Figure 2-14.  Analysis of Titanium Grade 24 Support Beam.
Units: Pa (1 Pa =  0.145 × 10-3 psi), 1m = 3.28 ft

monotonically increased until drip shield structural instability occurred.  The lateral-to-vertical
load ratio is Ph/Pv = 0.45 (Figure 2-4).

The first yield of Titanium Grade 24 occurred at Pv = 249 kPa [36.1 psi], and it was located at
the bottom part of the drip shield column frame (Figure 2-16).  Drip shield ultimate failure also
developed at this critical section (Figure 2-17).  The final collapse load occurred at a normal
pressure Pv = 287 kPa [41.7 psi].  Note that for this particular analysis, numerical failure is
reached for stresses below the ultimate tensile stress of the material.  Thus, structural
instability results from the large deformations of the lower part of the drip shield support beam. 
Then, a small increase on the applied forces leads to very large deformations, as can be seen
in the moment-rotation response of Figure 2-15.  This particular drip shield finite element model
analysis is discussed further in Chapter 3 with regard to the verification of the drip shield
SAP2000 frame model.

________________________

1In this report, stress contour plots are based on the default ABAQUS (ABAQUS, Inc., 2004) averaging criterion of
75 percent, which measures how much averaging is to be used for each element’s contribution to common
nodal values.
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First Yield of Ti-24

Figure 2-16.  Drip Shield Von Mises Stress Distribution at Titanium Grade 24 First Yield
{Units:  Pa [1 Pa =  0.145 × 10-3 psi]}
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Figure 2-17.  Drip Shield Von Mises Stress Distribution at Failure
{Units:  Pa [1 Pa = 0.145 × 10-3 psi]}
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3  DRIP SHIELD FRAME MODEL

A drip shield frame model was developed in the program SAP2000 (Computers and Structures,
Inc., 2004) to perform a sensitivity study of input parameters that potentially affect the drip
shield response.  The frame model is suitable for sensitivity analysis because modifications of
geometry and loading conditions are straightforward and little computational effort is required
for running the analyses.  Using a rather simplified structural model is justified, given the large
uncertainties of several drip shield parameters and loading conditions, which overcome the
precision obtained with complex finite element models.

In this chapter, the methodology to evaluate the strength capacity of the drip shield is
presented for the baseline model.  This model considers most of the expected system
parameters and static loading conditions of the drip shield and is the reference system for the
sensitivity study of Chapter 4.  To demonstrate that the frame model is capable of reproducing
the response of the drip shield finite element model, the output parameters of both models are
compared for several loading configurations.

3.1 Frame Model Description

The drip shield frame model is based on the U.S. Department of Energy (DOE) drip shield
drawings discussed in Chapter 2 (Bechtel SAIC Company, LLC, 2004a).  The elastic behavior
of the drip shield frame model is based on beam–column elements.  The nonlinear behavior is
included by means of concentrated plasticity at the end of the beam–column elements where
zero-length nonlinear rotational springs are incorporated.  In addition, the structural analyses
include geometric nonlinearities due to P-Delta effects that take place when gravity loads act
on the deformed drip shield configurations.

The drip shield failure criterion is the onset of structural instability, which is reached by
monotonically increasing the static loads until a minute loading increase results in unbounded
displacements (Ibarra, 2003).  Drip shield collapse is associated with the maximum gravity load
that is applied at the onset of structural instability (known as vertical load-carrying capacity). 
The interaction of the drip shield bulkhead and waste package due to large vertical crown
deformations may also be assumed as a drip shield failure.  Before the onset of drip shield
structural instability, however, the drip shield crown deflection is not enough to cause drip
shield waste package contact.  Contact of the drip shield walls and the waste package is not
automatically assumed as drip shield failure.

3.1.1 Frame Model Geometry

The unidimensional beam–column elements of the drip shield frame model represent both the
Titanium Grade 24 frame components and the equivalent cross section of the Titanium
Grade 7 plates, based on their stiffness contribution.  This stiffness contribution is simplified by
adopting an equivalent width obtained from calibrating the drip shield frame model with elastic
SAP2000 and ABAQUS finite element models (Appendix A).  Frame model calibration is based
on the comparison of eigenvalues and displacements.  The equivalent widths for the different
drip shield sections are listed on Table 3-1.
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Table 3-1.  Bending Strength Capacity of Average Cross Sections Used in the
Drip Shield Frame Model

Beam Sections

Section
Label

Section
Depth
(mm)*

Titanium
Grade 7

Plate
Width
(mm)*

Titanium
Grade 7

Plate
Thickness

(mm)*

Yielding
Moment

My7
(kN-m)†

Yielding
Moment

My24
(kN-m)†

Plastic
Moment

Mp24
(kN-m)† My24/My7 Mp24/Mp7 Mp24/My24

Center 105 230 15.0 45.7 105.1 151.0 2.30 3.31 1.44

Transition 110 230 27.7 61.8 123.3 191.9 2.00 3.11 1.56

Corner 135 230 27.7 86.0 172.4 264.3 2.00 3.07 1.53

Column Sections

Section
Label

Section
Depth
(mm)*

Titanium
Grade 7

Plate
Width
(mm)*

Titanium
Grade 7

Plate
Thickness

(mm)*

Yielding
Moment

My7
(kN-m)†

Yielding
Moment

My24
(kN-m)†

Plastic
Moment

Mp24
(kN-m)† My24/My7 Mp24/Mp7 Mp24/My24

C1 (base) 45.36 450 15.0 15.0 21.5 36.4 1.43 2.42 1.70

C2 50.69 441 15.0 18.6 27.0 45.0 1.45 2.42 1.67

C3 56.02 431 15.0 22.3 33.1 54.2 1.49 2.44 1.64

C4 61.35 418 15.0 25.9 39.7 66.8 1.53 2.58 1.68

C5 66.67 404 15.0 29.5 46.8 74.3 1.59 2.52 1.59

C6 72.00 387 15.0 32.8 54.0 85.0 1.64 2.59 1.57

C7 77.33 367 15.0 35.8 59.7 96.0 1.67 2.68 1.61

C8 86.25 345 15.0 38.4 65.5 107.2 1.70 2.79 1.64

C9 87.98 320 15.0 40.5 71.3 118.6 1.76 2.93 1.66

C10 93.31 282 27.7 46.7 83.8 138.9 1.80 2.98 1.66

C11 98.64 248 27.7 47.4 89.6 149.7 1.89 3.16 1.67

C12 (top) 101.3 230 27.7 47.2 91.8 154.7 1.94 3.27 1.69

* 1 mm = 0.0394 in

† 1 kN-m = 0. 737 k-ft

The node and element discretization of the drip shield frame model is presented in Figure 3-1. 
The model prevents out-of-plane deformations, and its base assumes pin restraints (see
Section 3.1.4).  The drip shield columns and some of the bulkhead sections are nonprismatic
components (i.e., the cross section varies along the length of the element).  Figure 3-2a
presents the variable cross section for support beams (columns).  The 15-mm [0.6-in]-thick
Titanium Grade 7 plate corresponds to the drip shield shell, whereas the 12.7-mm [0.5-in]-thick
Titanium Grade 7 plate is an external support plate included in the top column sections
(Figures 2-2 and 2-3).  Figure 3-2b shows the cross section for the bulkhead component,
where the 12.7-mm [0.5-in]-thick Titanium Grade 7 plate is an internal support plate only
included in the sections adjacent to the drip shield corner (Figures 2-2 and 2-3).
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(a) (b)

Figure 3-1.  Discretization of Drip Shield Frame Model:  (a) Node Labels and
(b) Element Labels

To account for the variable cross section in the frame model, the columns were discretized in
12 prismatic elements (constant section), each having the average cross section of the
corresponding longitudinal segment.1  SAP2000 (Computers and Structures, Inc., 2004) is
capable of evaluating nonprismatic sections, but the use of prismatic sections is preferred
because nonlinear inelastic springs must be connected to prismatic elements in series.  The
simplification is acceptable because the cross section variation with length is smooth along the
support beams (3.5-percent slope).  For the bulkhead, however, two nonprismatic beams were
included close to the corners of the drip shield because of the significant variation of the
bulkhead depth in this region (Figure 2-5).  In the joints where a nonprismatic member is
connected to a prismatic one, the nonlinear spring was included only in the latter element.  In
the joints where nonprismatic elements should be connected, an auxiliary prismatic element of
very small length was introduced in between the joints to accommodate the nonlinear spring
(elements 15 and 32 of the frame model, Figure 3-1).

________________________

1The elements at the top of the columns (12 and 35 in Figure 3-1b) are larger than the rest of the elements because
these elements have contant cross section.
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Figure 3-3.  Idealized Moment-Rotation Relationship of Drip Shield
Cross Sections

3.1.2 Nonlinear Inelastic Rotational Springs

Moment-Rotation Relationships

The frame model simulates the drip shield inelastic response by means of nonlinear inelastic
rotational springs, which are defined by the moment-rotation relationship of the drip shield
components.  Because of the geometry and material properties, these curves generally exhibit
yielding of Titanium Grade 7 first, and then yielding of Titanium Grade 24.  The plastic moment
is usually attained when Titanium Grade 24 reaches its ultimate strain.  Given that
Titanium Grade 24 has a limited displacement ductility (Section 2.2.1.1), it was assumed that
the plastic moment of the section takes place as soon as the ultimate stress is reached in the
outer fiber.  To obtain the yielding and plastic moments for the frame model sections,
moment-curvature relationships were computed for the drip shield cross sections using the
classic strength of materials formulation that assumes that plane sections remain plane
(Salmon and Johnson, 1996).  Table 3-1 presents a summary of the results obtained from
these analyses, and Figure 3-3 shows the graphical representation of the parameters listed on
Table 3-1.  The bending moments obtained in Section 2.3.2 for intermediate column sections
are very similar to those derived from the classical strength of materials formulation.
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Because of the lack of readily available experimental data, the spring rotations were derived
from the analytical moment-rotation curves obtained from the finite element model at several
drip shield cross sections (Section 2.3.2).  These curves indicate that the ultimate rotation, 2u,
is approximately 5 to 6 times the yielding rotation of Titanium Grade 7, 2y,Ti–7, and about 2.5 to
3 times the yielding rotation of Titanium Grade 24, θy,Ti–24.  The results are consistent with the
generalized load-deformation curves proposed by the Federal Emergency Management
Agency (2000) for steel buildings.  According to the Federal Emergency Management Agency
(2000), the peak strength for steel beams under bending action occurs at a rotation of 92y,
whereas collapse occurs at θu = 11θy.  Smaller plastic rotations are expected for the drip shield
components because Titanium Grade 7 and, particularly, Titanium Grade 24, are less ductile
than components made of carbon steel.

Representation of Moment-Rotation Relationships in the Frame Model

Based on the results from the finite element model and Federal Emergency Management
Agency (2000) recommendations, simplified moment-rotation curves were implemented in the
SAP2000 frame model.  The points included in this curve are the yielding of Titanium Grade 7,
the yielding of Titanium Grade 24, the peak capacity of the section, and the collapse point
(Figure 3-3).  The Titanium Grade 7 yielding moment was provided as input for the rotational
springs, whereas the yielding rotation was automatically computed based on the elastic
material properties.  The yielding moment of Titanium Grade 24 was defined from Table 3-1,
whereas the rotation was defined by assuming that the stiffness after yielding of Titanium
Grade 7 is 95 percent of the initial stiffness.  This assumption is based on the moment-rotation
curves obtained in Chapter 2, which indicate that the initial stiffness is practically unaffected by
Titanium Grade 7 yielding (Section 2.3.2).  The peak strength corresponds to a bending
moment smaller than the plastic moment, and the rotation at which this takes place is 2.5θy,Ti–24. 
This rotation was obtained from the analytical relationships of the finite element model
(Chapter 2).  After the peak strength, a steep negative slope was implemented to simulate the
expected brittle failure of Titanium Grade 24.  Note that the vertical load-carrying capacity is
not very sensitive to variations in the rotation utilized in the nonlinear springs.  On the other
hand, the peak strength becomes very relevant for this evaluated failure criterion.

The peak bending strength in the simplified moment-rotation curve did not correspond to the
plastic bending moment for several reasons.  First, the peak moment was associated with the
reaching of the ultimate strain at the extreme fiber instead of the plastic moment of the section. 
The plastic moment may not be reached because the sections cannot fully plastify due to the
relatively brittle characteristics of Titanium Grade 24.  In the case of Titanium Grade 24, the
ultimate strain-to-yield strain ratio (εu/εy) is approximately 15 (Figure 2-7); a small ratio
considering that both Titanium Grade 7 and A-36 steel can reach εu/εy ratios larger than 100.  A
second restriction imposed on the peak bending moments was that the maximum moment was
limited to 1.5 My for the columns.  This is in accordance with American Institute of Steel
Constructions (1994) guidelines that limit the maximum moment of T-sections because of
concerns regarding inelastic deformation at relatively small loads.  In any case, the computed
peak bending moments for the columns were about 1.6 to 1.7 times larger than the
corresponding yielding moments of Titanium Grade 24 (Table 3-1).  Thus, this constraint does
not have a large effect on the drip shield strength capacity.
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Axial Load-Bending Moment (P-M) Interaction

An axial load-bending moment (P-M) linear diagram interaction was automatically implemented
in SAP2000 (Computer and Structures, Inc., 2004) based on experimental results for steel
members (Salmon and Johnson, 1996).  This interaction automatically reduces the moment
capacities presented in Table 3-1, according to the axial load level.  Data based on steel
components were used because information is not readily available for P-M interactions of
composite members made of Titanium Grade 24 and Titanium Grade 7 materials.  The
reduction of the plastic moment was not significant because the ratio of applied axial load to
axial force capacity was very small for most of the loading configurations (Section 3.3).

3.1.3 Drip Shield Frame Model Material Properties

3.1.3.1 Drip Shield Material Properties

The material properties for Titanium Grade 7 and Titanium Grade 24 were described in
Section 2.2.1.1.  Alloy 22 material is not described because the drip shield base is not explicitly
modeled in the frame model.

3.1.3.2 Rockfall Rubble Material Properties

The rubble material properties were presented in Section 2.2.1.2.

3.1.4 Frame Model Boundary Conditions

3.1.4.1 Kinematic Constraints

The drip shield frame model was considered a bidimensional structure in which out-of-plane
translations and rotations were constrained, which means that for all nodes, the rotation
around the axis X and Z (2x and 2z), as well as translation in Y direction (δy), were prevented
(Figure 3-4).

The drip shield is a free-standing structure resting on the invert grid of carbon steel beams—a
grid that will likely deteriorate, leaving the drip shield resting on crushed tuff.  Thus, the friction
forces between the drip shield base and the invert surface are the only horizontal resistance
forces for preventing lateral displacements.  In spite of these system conditions, this boundary
condition was represented as a pin constraint that permits in-plane rotations (θy), but restrains
translational displacements (*x and *z) (Figure 3-4).  This assumption was considered
reasonable for most final static loading conditions of interest, where the frictional force is larger
than the lateral reaction at the drip shield base.2  In addition, once the steel beams degrade,
the drip shield may settle down in the tuff material due to the vertical pressure caused by the
rubble, providing additional lateral confinement to the drip shield base.  The fact that pin 

________________________

2In cases where the rockfall rubble accumulation takes place in several stages, the horizontal-to-vertical load ratio is
initially very large (Section 4.6).
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Figure 3-4.  Drip Shield Frame Model Kinematic Constraints

restraints permit rotation of the drip shield base is also a reasonable approximation considering
that the variable cross section of the support beams (columns) becomes smaller at the drip
shield base.  Consequently, bending moment forces at the base of the drip shield would be
marginal even if a fixed constraint were assumed.

Regarding the drip shield–rubble interaction, equivalent spring constants were obtained from
the drip shield finite element model (Section 2.3.1).  The obtained spring constants depended
on the assumed rubble modulus of elasticity, overpressure, and friction coefficient between the
drift wall and the rubble material.  The springs are nonlinear because they can resist
compression, but not tension stresses.  Nevertheless, the stress–strain relationship for the
compression zone was assumed to be always linear, an assumption that may underestimate
the drip shield displacements.  As shown in Figure 3-4, the springs are located only at the
drip shield walls.  The lack of springs on the drip shield roof, particularly tangential springs
to account for the drip shield–rubble friction, may overestimate the displacements in the
drip shield roof.  However, it will be shown that the drip shield failure mechanism, plastic
buckling of the drip shield support beams, should not be greatly affected by the additional
constraint provided by the drip shield crown.



3-9

3.1.4.2 Static Loads

The main assumptions and simplifications on the static loading applied to the drip shield frame
model were as follows.

• The vertical and horizontal pressures were uniformly distributed.  This is a good
approximation for the crown because the overpressure resulting from an elliptic drift
degradation is practically uniform (Gute, et al., 2003).  In the walls, the use of a
uniform distribution is an approximation that becomes more accurate as more
rubble accumulates.

• Unlike the drip shield finite element model where the load was applied normal to the
drip shield surface, the vertical and horizontal loads were projected to the drip shield
walls and crown in the frame model (Figure 3-5).  For the side walls, the use of either
horizontally projected or normal loads to the walls is practically the same because the
walls are almost vertical.  For the crown, however, projected loads are a more
realistic assumption, because the loads projected to the crown in the horizontal
direction account for the fact that horizontal pressures are usually smaller than
vertical pressures.

• For this study, the static loading for the drip shield frame model was fully defined by the
magnitude of the vertical pressure and the loading configuration.  The loading
configuration depends on the vertical-to-horizontal load ratio, and the lateral loading
asymmetry (imbalance) between the loads applied to the left and right side of the
drip shield.

• To obtain the loading magnitude that triggers drip shield collapse, the evaluated loading
configuration was monotonically applied in small incremental steps until drip shield
structural instability occurs.  In the expected loading history, the loading configuration is
modified as the rockfall rubble accumulates.  For most of the drip shield frame
analyses, however, the loading configuration was the same until drip shield failure.  The
implications of this approximation are addressed in Section 4.6.

Magnitude of Vertical Pressure

DOE estimated the vertical pressure on the drip shield from accumulated rubble using two
approaches:  (i) micromechanical modeling of drift degradation, which rendered lower
pressures on the drip shield; and (ii) closed-form solutions using piping and truncated trapezoid
(Terzhagi) caving mechanisms (Bechtel SAIC Company, LLC, 2004b).  The vertical pressures
on the drip shield crown obtained from several DOE calculations are illustrated in Figure 3-6 as
a function of the bulking factor.  The results include some of the realizations performed
using the micromechanical modeling and the curves generated for the piping and Terzhagi
caving mechanisms.

DOE concluded that the static load calculated from its micromechanical analysis provides a
better estimate of drip shield loading than the loads calculated from the closed-form solutions. 
The closed-form analytical models, however, are more likely to bound the drip shield loading
from accumulated rubble because the chimney shaped (piping) and trapezoidal (Terzhagi) 
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(a)

Figure 3-5.  Baseline Load Projected onto the Drip Shield (kN/m):
(a) Vertical Loads Equivalent to a Pressure of 300 kPa [43.5 psi] and

(b) Left and Right Horizontal Loads Equivalent to Pressures of 126 and
84 kPa [18.3 and 12.2 psi] [1 kN/m = 0.069 k/ft]

(a)

(b)
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Figure 3-6.  Vertical Load on the Drip Shield Crown as a Function of the Bulking Factor 
(Bechtel SAIC Company, LLC, 2004b) [1 Pa = 0.145 × 10-3 psi]

mechanisms can represent the range of potential degradation zones.  Conditions that favor
more lateral than vertical degradation would tend to result in trapezoidal geometry,
whereas conditions that favor more vertical than lateral degradation would tend to produce
chimney-shaped geometry.  In addition, the pressures computed from micromechanical
modeling are very sensitive to variations in input parameters (e.g., block rock size, invert
representation, seismic events, boundary conditions, and drip shield nonlinear behavior)
(Bechtel SAIC Company, LLC, 2004b; Appendix B).

Because of the above considerations, it is reasonable to adopt the pressures obtained from the
closed-form models.  Then, once a caving mechanism is prescribed, the bulking factor controls
the amount of rubble that may accumulate in a collapsed drift.  According to the DOE
micromechanical model, this parameter is in the range of 1.15 to 1.25 for most of the
evaluated realizations.  Based on this bulking factor range, the estimated upper and lower
boundaries for the pressure were about Pv = 450 kPa [65.3 psi] and Pv = 180 kPa [26.1 psi],
respectively (see the star marks in Figure 3-6).  The expected vertical pressure was about
Pv = 300 kPa [43.5 psi] and would correspond to a rubble height on top of the drip shield of
about 15 m [49.2 ft], assuming a rubble density of 2 MT/m3 [125 lb/ft3].
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Loading Configuration

In addition to the magnitude of the vertical pressure, a loading configuration was prescribed to
fully define the static loading on the drip shield.  The loading configuration is a function of (i) the
ratio of the average lateral to vertical load and (ii) the lateral loading asymmetry.  The most
important loading configuration in this study is the baseline pattern because all the sensitivity
studies in Chapter 4 are derived from this configuration.

The expected lateral-to-vertical load ratio for the baseline loading configuration can be
obtained from the active earth pressure coefficient and DOE simulations (Bechtel SAIC
Company, LLC, 2004b).  If the lateral load corresponds to the active pressure, the Rankine
formulation (Das, 1998) can be used to obtain the horizontal-to-vertical load ratio.  Then, for a
frictionless wall in a granular soil, the active earth pressure coefficient can be computed as

Ka = −
+

1 sin
1 sin

φ
φ

(3-1)

where φ is the soil friction angle.

For the rubble, the friction angle (N) can be estimated as 40° (Marachi, et al., 1972), which
renders an active pressure coefficient of Ka = 0.22.

On the other hand, the DOE performed several realizations to obtain the pressure on a drip
shield surrounded by a rock mass that has completely lost its cohesive strength.  For the six
realizations presented by DOE (Bechtel SAIC Company, LLC, 2004b; see also Appendix B,
Table B–2), the vertical pressure ranges from 110 to 155 kPa [16 to 22 psi], and the mean
average lateral pressure is 43 percent of the vertical.  This result can be considered an upper
bound because the lateral-to-vertical load ratio will tend to decrease as the magnitude of the
loads is increased in order to evaluate the drip shield collapse.  As the load increases, the
rubble consolidates, reducing the lateral-to-vertical load ratio.  By assuming the active pressure
and DOE realizations as the lower and upper bounds, respectively, the average lateral
pressure was estimated as 35 percent of the vertical pressure for the baseline model.

Regarding the lateral loading asymmetry, the average lateral imbalance for the six DOE
realizations is over 100 percent (Appendix B, Table B–2).  That is to say, the lateral load on
one drip shield side is more than twice the lateral load on the other side on average.  Because
the lateral imbalance is also expected to decrease as the rockfall rubble accumulates, the
lateral loading asymmetry was taken as 50 percent for the baseline model.

In summary, the expected vertical pressure was 300 kPa [43.5 psi] for the static loading
pattern.  For the baseline loading configuration, the average horizontal-to-vertical loading ratio
was 0.35, and the lateral loading imbalance was 50 percent.  The baseline loading is shown in
Figure 3-5 as a uniformly distributed load.
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3.2 Verification of the Drip Shield Frame Model Using a Drip Shield
Finite Element Model

As discussed in Chapter 2, the drip shield was originally analyzed using an ABAQUS finite
element model (ABAQUS, Inc., 2004).  A finite element analysis provides significant detail in
the structural response (e.g., stress and strain states).  Nevertheless, it can be computationally
expensive when plasticity and other forms of nonlinearity (e.g., contact interaction) are included
in the model.  With this in mind, a more computationally efficient model is needed to allow
additional structural analysis capabilities, such as asymmetric loading, seismic analysis, and
more.  These arguments led to development of the equivalent drip shield frame model, which is
computationally efficient, but not as detailed as a finite element model would be.  Therefore, it
was necessary to verify that the results obtained from both the SAP2000 frame model and the
ABAQUS finite element model compare reasonably.

The drip shield finite element model used in these comparisons was shown previously in
Section 2.2, Figure 2-3.  The drip shield finite element model included a pin constraint at the
drip shield base.  Only symmetric loading configurations were evaluated because the drip
shield finite element model represents half of the transverse drip shield section.  The rubble
pressure was simulated using equivalent pressure loads, but the effect of rock rubble
constraint was not taken into account—in the case of the drip shield frame model, the linear
equivalent springs were not included to allow a direct comparison with the finite element
results.  The material properties used in the model were associated to a drip shield
temperature of 150 °C [302 °F].

Two loading cases were evaluated:  Case I with vertical pressure PV = 100 kPa [14.5 psi] and
horizontal pressure Ph = 0 (Figure 2-4) and Case II with vertical pressure PV = 100 kPa
[14.5 psi] and horizontal pressure Ph = 45 kPa [6.5 psi].

3.2.1 Comparison of Displacements and Reactions

The drip shield structural performance remained within the elastic range for the two loading
cases described above.  For load Case I, the vertical displacement (uz) located at the center of
the drip shield crown (Node 24 in SAP2000 model)3 was 8.8 mm [0.35 in] for SAP2000 and
9.4 mm [0.37 in] for ABAQUS, which is a ratio of 0.94.  In addition, the horizontal displacement
(uX) located at the corner (SAP2000 Node 13) was 6.1 mm [0.24 in] for SAP2000 and 4.2 mm
[0.17 in] for ABAQUS, which is a ratio of 1.15.  Good agreement is noted for both locations. 
The vertical displacement of the apex, which is the most relevant deformation given the applied
loading configuration, produced very similar results for both the models.

Table 3-2 presents the deformation response results of the ABAQUS drip shield finite element
model and the SAP2000 drip shield frame model. For load Case I, the vertical displacement at
the crown apex, which is the most relevant deformation given the applied loading configuration,
produced very similar results for both of the models.  For load Case II, the horizontal
displacements at the critical column locations [SAP2000 Nodes 4 and 6 (Figure 3-1)]
__________________________

3See node labels on Figure 3-1.
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Table 3-2.  Comparison of Displacements from ABAQUS Finite Element Model* and
SAP2000 Drip Shield Frame Model†

Case
Displacement

Direction
SAP2000

Node
Drip Shield
Location

ABAQUS
Displacement 

mm [in]

SAP2000
Displacement

mm [in]

SAP2000/
ABAQUS

Displacement
Ratio

I uz 24 Crown’s Apex 9.4 [0.37] 8.8 [0.35] 0.94

I ux 13 Left Corner 4.2 [0.17] 6.1 [0.24] 1.15

II uz 24 Crown’s Apex 5.7 [0.22] 6.4 [0.25] 1.12

II ux 4 Column 
{460 mm

[18.1 in] from
base}

13.8 [0.54] 13.1 [0.52] 0.95

II ux 6 Column
{760 mm

[29.9 in] from
base}

16.8 [0.66] 16.2 [0.64] 0.96

*ABAQUS, Inc.  “ABAQUS User Manual.”  Version 6.4.  Providence, Rhode Island:  ABAQUS, Inc.  2004.
†Computers and Structures, Inc.  “SAP2000 Version 6.3.1, Integrated Software for Structural Analysis and
Design.”  Berkeley, California:  Computer and Structures, Inc.  2004.

show differences of 5 percent or less between the ABAQUS and SAP2000 displacement
results.  Overall for both cases, good correlation between the two models was observed.

Finally, reaction forces at the base for both cases are presented in Table 3-3.  Excellent
agreement of the reaction forces between ABAQUS and SAP2000 was observed.

Table 3-3.  Joint Reactions, Cases I and II

Case Location SAP2000* ABAQUS†

SAP2000
Node

Rx 
kN [k]

Rz
kN [k]

Rx 
kN [k]

Rz 
kN [k]

I 1 11.24
 [2.53]

127.44
[28.65]

9.72
 [2.19] 

126.80
[28.51]

II 1 !38.74
 [-8.71]

129.36
[29.08]

!39.54
[8.89]

129.94
[29.21]

*Computers and Structures, Inc.  “SAP2000 Version 8.3.1, Integrated Software for Structural Analysis and
Design.”  Berkeley, California:  Computers and Structures, Inc.  2004.
†ABAQUS, Inc.  “ABAQUS User’s Manual.”  Version 6.4.  Providence, Rhode Island:  ABAQUS, Inc.  2004.
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Figure 3-7.  Comparison of Frame Model and Finite Element Model Vertical Load Carrying
Capacity for Critical Column Sections, Case I 

[1 kPa = 0.145 psi, 1 mm = 0.039 in, 1 m = 3.28 ft] 

3.2.2 Comparison of Ultimate Load Carrying Capacity

The loads in the above two cases were monotonically increased until the collapse load of the
drip shield was reached (Section 3.3.2).  The failure mode was plastic buckling of the lower
part of the columns, even for the static loading case with no lateral loads.  For this loading
case, the drip shield columns tended to move outward as the vertical pressure was applied,
and there were no springs to prevent the large deformation of the drip shield walls and
subsequent second-order moment effects.  The ultimate vertical load carrying capacity for both
cases is presented in Figures 3-7 and 3-8.  These figures show the vertical load carrying
capacity versus horizontal displacement at the critical location in the support beam measured
from the base (z).  For both load cases, good agreement between ABAQUS and SAP2000 was
observed.  For load Case I, ABAQUS predicted a vertical load capacity of 350 kPa [50.8 psi]
and SAP2000 400 kPa [58 psi]—a difference of !14 percent.  For load Case II, ABAQUS
predicted a vertical load capacity of 287 kPa [41.6 psi] and SAP2000 260 kPa [37.7 psi]—a
difference of 9 percent.



3-16

 

0

50

100

150

200

250

300

350

0 10 20 30 40 50 60 70 80 90

Horizontal Displacement (mm)

Ve
rt

ic
al

 L
oa

d 
C

ar
ry

in
g 

C
ap

ac
ity

 (k
Pa

)

Node 4 (Frame Model) z = 0.458 m
Node 6 (Frame Model) z = 0.763 m
Finite Element Model z = 0.800 m

Figure 3-8.  Comparison of Frame Model and Finite Element Model Vertical
Load Carrying Capacity for Critical Column Sections, Case II 

[1 kPa = 0.145 psi, 1 mm = 0.039 in, 1 m = 3.28 ft]

3.3 SAP2000 Baseline Frame Model

The SAP2000 baseline model is the reference system for the sensitivity study (Chapter 4),
and most of its input parameters correspond to expected drip shield conditions.  The model
assumes a pin constraint at the drip shield base, and the material property values are
associated with a temperature of 150 °C [302 °F].  Stress corrosion cracking is not considered
in the analysis.  This model also includes nonlinear springs representing thedrip shield–rubble
interaction.  The modulus of elasticity for the rubble is Er = 30 MPa [4.4 ksi], and the relative
values of the equivalent spring constants correspond to Case 5 of Section 2.2.1.2.

The loading configuration has an average horizontal-to-vertical load ratio of 0.35 and a lateral
loading imbalance of 50 percent, resulting in vertical, left, and right pressures of Pv = 300 kPa
[43.5 psi], Ph,l = 126 kPa [18.3 psi], and Ph,r = 84 kPa [12.2 psi], respectively.  The uniform
distributed loads applied to the drip shield frame model are obtained by multiplying the
pressures by 1.07 {the Titanium Grade 24 frames are spaced at each 1,070 mm [42.1 in]}. 
First, baseline model results are presented for a normalized baseline loading pattern that does
not lead to drip shield inelastic behavior.  In the second stage, results are presented for
monotonically increasing loads until drip shield structural instability takes place.
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3.3.1 Drip Shield Response Under Normalized Loading Configuration

Displacements

The drip shield deformed shape for the normalized baseline loading pattern, where
Pv = 100 kPa [14.5 psi], Ph,l = 42 kPa [6.1 psi], and Ph,r = 28 kPa [4.1 psi], is presented in
Figure 3-9, and selected node displacements are shown in Table 3-4 (Figure 3-1).  At this
loading level, all drip shield components remained elastic, and the largest displacements
occurred in the column nodes in the horizontal direction (Nodes 4, 5, and 6 of Figure 3-1). 
The crown apex displacement was several times smaller than the maximum displacement in
the drip shield columns.

Reactions

Table 3-5 shows the reactions at drip shield base.  To test the assumption of a pin restraint for
the drip shield base, the friction force between the drip shield base and the invert surface was
computed as

F Ff v= μ (3-2)

where Fv is the normal or vertical force, and : is the friction coefficient that DOE has assumed
to be between 0.2 and 0.8, with an expected value of 0.4 (Bechtel SAIC Company, LLC,
2004d).  Based on the drip shield reactions of Table 3-5, the most critical friction force was for
Node 1, corresponding to the drip shield side with the largest lateral load.  According to
Eq. (3-2) and assuming : = 0.4, the frictional force for this node is

F kN R kNf x,1 ,1(0.4)(125.89) 50.4 33.7= = > =

The drip shield base, therefore, does not displace under the baseline loading pattern, and the
pin constraint is acceptable for this particular loading configuration.  Keep in mind that most of
the analyses of this study do not consider that the loading pattern may change as the rubble
accumulates around the drip shield.  This approximation disregards the fact that at early
loading stages the lateral pressures are even larger than the vertical pressures (Section 4.6). 

End Forces

Figure 3-10 presents the axial forces on the beam–column elements for the normalized
baseline loading.  The top part of the columns does not report end forces because the corner 
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Figure 3-9.  Drip Shield Deformed Shape for Normalized Baseline Loading Pattern

Table 3-4.  Selected Drip Shield Node Displacements for Normalized Baseline
Loading Pattern

Joint Ux
mm [in]

Uy
mm 

Uz
mm [in]

2x
Radians

2y
Radians

2z
Radians

5 6.19
[0.24]

0.00 !0.22  
[!8.7 × 10-3] 

0.00 0.00117 0.00

13 !0.10 
[!3.9 × 10-3] 

0.00 !0.25  
[!9.8 × 10-3] 

0.00 !0.00216  0.00

24 0.55
[0.02]

0.00 !1.90  
[0.07]

0.00 0.00002 0.00

35 1.21
[0.05]

0.00 !0.23  
[!9.1 × 10-3] 

0.00 0.00193 0.00

43 !5.00
[0.20]  

0.00 !0.20  
[!7.9 × 10-3] 

0.00 !0.00027 0.00
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Figure 3-10.  Drip Shield Axial Forces for Normalized Baseline Loading Pattern
{Units kN [1 kN = 0.225 k]}

Table 3-5.  Drip Shield Reactions for Normalized Baseline Loading Pattern

Joint Output Case
Rx

kN [k]
Rz

kN [k]

1 TotBase !33.69 !7.6] 125.89 [28.3]

47 TotBase 20.28 [4.6] 128.97 [29.0]
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Figure 3-11.  Drip Shield Bending Moments for Normalized Baseline Loading Pattern
{Units kN-m [1 kN-m = 0.737 k-ft]}

section includes a rigid zone.  The columns and the bulkhead close to the corners have the
largest axial force of about P = 130 kN [29.3 kips].  This is a relatively small axial force that
does not significantly reduce the section moment capacities when P-M interaction is taken into
account.  For example, the largest displacements and bending moments occurred at column
Section 4, which yields under a pure axial force of about Py,c4 = 3,400 kN [764.4 kips].  The
small ratio P/Py,C4 = 0.038 indicated that no relevant P-M interaction takes place at this static
loading level.

The drip shield bending moment diagram of Figure 3-11 indicates that the maximum bending
moments are located at the drip shield corner.  Nevertheless, this is not the critical section
because the moment capacities for the bulkhead section and the top drip shield column
section at the corner are significantly larger than those at the critical column sections
(Table 3-1).
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3.3.2 Drip Shield Response Under Monotonically Increasing Loads Until
the Onset of Structural Instability

The baseline loading configuration was monotonically increased until the onset of drip shield
structural instability occurred.  Figure 3-12 presents the deformed shapes and the developing
plastic hinges at different loading levels.  The colored dots correspond to nonlinear springs
that are in the inelastic range.  The SAP2000 hinge color code is based on the Federal
Emergency Management Agency (2000) moment-rotation curve.  For the moment-rotation
curve used in the drip shield analysis (Figure 3-3), however, only three dot colors have
significance:  (i) pink dots indicating that Titanium Grade 7 has yielded; (ii) yellow dots
indicating that Titanium Grade 24 has yielded; and (iii) orange dots indicating that the
moment-rotation curve is on the steep softening curve, which is the onset of structural
instability (Figure 3-3).  The rest of the color code displayed on the drip shield deformed
shape diagrams is irrelevant for the moment-rotation relationships used in the drip shield
frame model.

Figure 3-12a corresponds to the drip shield deformed shape when the vertical pressure is
Pv = 188 kPa [27.3 psi].  At this stage, the first column sections began to exhibit yielding of
Titanium Grade 7.  Note that stresses at 60 to 70 percent of the yield stress were reached at
vertical pressures of only 110 to 130 kPa [16.0 to 18.9 psi], an important threshold for creep
analysis (Gute, et al., 2003).  Figure 3-12b shows the drip shield deformed shape for a vertical
pressure of 237 kPa [34.4 psi], which is the load level at which some of the middle column
sections began to exhibit Titanium Grade 24 yielding (yellow dots).  Figure 3-12c is the
deformed shape for Pv = 290 kPa [42.1 psi], which is the load level where the top column
section started to exhibit Titanium Grade 7 yielding.  For this loading configuration, the
yielding at the joint occurred only for the top column section, because the bending capacity of
the bulkhead end section is larger than that of the top column section.  At this stage, there
was already a large number of column sections in which Titanium Grade 7 and Titanium
Grade 24 yielded.  Finally, Figure 3-12d corresponds to the onset of drip shield structural
instability that was caused by the loss of moment resistance capacity of one of the nonlinear
springs that connect to Node 4.  The orange dot indicates that the spring reached the negative
slope (softening) of the backbone curve of Figure 3-3.

The complete loading history curve is presented in Figure 3-13, where the vertical load
carrying capacity for the baseline model is plotted versus the horizontal displacement of
Nodes 4 and 6.  Node 4 is where the nonlinear spring reached zero-moment resistance,
whereas Node 6 is where the largest horizontal displacements were located.

For the baseline model, coincidentally, the onset of drip shield structural instability was very
close to the expected loading pressure of 300 kPa [43.5 psi].  The low bending moment
capacity of the drip shield columns was not enough to withstand the applied flexural demands
leading to plastic buckling failure.  This reflects inadequate drip shield structural performance,
given that the structure should be able to perform satisfactorily for loads larger than the
reasonable upper boundaries of Figure 3-6 {i.e., for vertical pressures of about 450 kPa
[65.3 psi]}.  The plastic buckling failure mode on the drip shield columns is found consistently
in most of the systems analyzed in the sensitivity study of Chapter 4.
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(a) (b) 

(c) (d) 

Figure 3-12.  Drip Shield Deformed Shape for Baseline Model Under Different Loading
Levels.  (a) Pv = 188 kPa [27 psi], (b) Pv = 237 kPa [34 psi], (c) Pv = 290 kPa [42 psi], and

(d) Pv = 298 kPa [43 psi]
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4  DRIP SHIELD SENSITIVITY ANALYSIS

Chapter 3 presented the SAP2000 frame model characteristics, as well as the response of the
baseline model, a model that includes most of the expected system parameters and loading
configurations.  These parameters are uncertain, however, in terms of the type of probability
distribution function, expected values, and dispersion.  To a large extent, these uncertainties
reflect the sparsity of analytical and experimental data regarding the performance of structures
with the system configuration and materials of the drip shield, as well as the long-term
regulatory period.

To evaluate the effects of the variation of system and loading parameters on the drip shield
response, the baseline model was taken as the reference system, and only one parameter
was varied at a time (i.e., individual parameter variation).  This approach simplifies the
sensitivity study because the discrete values of each one of the parameters are not combined,
which would result in thousands of structural analyses.  It is recognized that the variation of a
particular parameter may have a different effect on the drip shield response depending on
the magnitude of the rest of the parameters.  Therefore, the use of expected values for the
rest of the system and loading parameters (baseline model) should generate the most
significant trends.

The evaluated parameter intervals were based only on reasonable lower and upper bounds. 
At this stage, probabilistic distribution functions were not assigned to any of the probabilistic
parameters.  Once distribution functions are defined, the new abstractions for the drip
shield structural performance will be integrated into the Total-system Performance
Assessment code known as TPA (Mohanty, et al., 2002).

4.1 Rubble Modulus of Elasticity Variation

The rubble modulus of elasticity for the baseline model, Er = 30 MPa [4.4 ksi], was varied to
evaluate the variation in the drip shield strength capacity due to uncertainty in the rubble
material properties.  The finite element model developed in ABAQUS (ABAQUS, Inc., 2004)
provided information about the spring constants for Er = 1 and 30 MPa [0.15 and 4.4 ksi]
(Section 2.3.1).  In these analyses, the Poisson’s ratio of the rubble was held constant at ν =
0.17, whereas parameters such as the overpressure and the friction coefficient between the
rock and the rubble were varied.  Figure 2-9 presents the spring constants obtained from the
drip shield finite element model for five cases where the above parameters were varied. 
Cases 1 and 5 were taken as reference cases for the sensitivity study.  Case 1 had an
overpressure of 122 kpa [17.7 psi], Er = 1 MPa [0.15 ksi], and no friction was assumed
between the drift walls and the rubble.  Case 5 had an overpressure of 400 kPa [58.1 psi], a
friction coefficient between the drift walls and the rubble of μr = 0.4, and was one of four cases
with Er = 30 MPa [4.4 ksi].

The sensitivity study included Er values of 0.0 (no drip shield–rubble interaction), 0.5, 1, 3, 10,
30, and 100 MPa [0.00, 0.07, 0.15, 0.44, 1.5, 4.4, and 14.5 ksi].  The spring constants were
scaled for the cases in which the rubble modulus of elasticity were neither 1 MPa [0.15 ksi]
nor 30 MPa [4.4 ksi].  That is, the spring constants for Er values 0.5 MPa [0.07 ksi] and 3 MPa
[0.44 ksi] were obtained by linearly scaling the finite element results of Er = 1 MPa [0.14 ksi]
(Case 1) by the factors 0.5 and 3.0, respectively.  On the other hand, the spring constants for
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Er values 10 MPa [1.5 ksi] and 100 MPa [14.5 ksi] were obtained by scaling the spring
constants of Er = 30 MPa [4.4 ksi] (Case 5) by the factors 1/3 and 10/3, respectively.

The bending moment diagrams at the onset of structural instability for the models with lower
and upper value spring constants {i.e., Er = 0 and Er = 100 MPa [14.5 ksi]} are shown in
Figure 4-1.  At this stage, the difference in boundary conditions between the two models
caused a large stress redistribution, which is reflected in the different shape of the bending
moment diagrams.  The lack of confinement boundary conditions for the model with no
springs resulted in very large translational displacements, as observed in Figure 4-2.1  Note
that the moment redistribution due to the lack of lateral constraints caused yielding of Titanium
Grade 24 at the top of the right column (yellow dot), a behavior observed only under extreme
boundary or loading conditions.

The relationship between the vertical load carrying capacity and the horizontal displacement
at the location of the nonlinear springs reaching zero-moment resistance (Node 4 of
Figure 3-1) is presented in Figure 4-3.  The results are presented for systems similar to the
baseline model, but with spring constants representing different Er values.  The curves can be
discretized into three linear segments.  The first segment approximates the elastic behavior,
which ends when the Titanium Grade 7 plate yields.  After the Titanium Grade 7 plate yields,
there is only a slight modification of the elastic stiffness, which is in agreement with the results
obtained for the drip shield finite element model results presented in Chapter 2.  After
Titanium Grade 24 yields, the slope of the load displacement curve becomes significantly
flatter, reflecting the large decrease in the bending capacity.  Figure 4-4 presents the
dependence of the vertical load carrying capacity on Er.  The vertical load carrying capacity of
the baseline model, Er = 30 MPa [4.4 ksi], was approximately 298 kPa [43.3 psi], which was
then reduced to 166 kPa [24.1 psi] (a reduction of more than 40 percent) when no springs
were considered.  The reason for this decrease is that the lack of drip shield lateral support
triggers second-order effects (P-Delta effects), reducing the drip shield strength capacity. 
Note that the presence of lateral equivalent spring components with a modulus of elasticity
larger than about Er = 3 MPa [0.44 ksi] significantly increased the drip shield load carrying
capacity.  After this threshold, the drip shield strength capacity was almost insensitive to
variations in the rubble modulus of elasticity.  Because this parameter is not expected to be
smaller than approximately Er = 3 MPa [0.44 ksi], it is concluded that the rubble modulus of
elasticity does not have a large effect on the drip shield vertical load carrying capacity.

4.2 Static Loading Variation

In this study, the drip shield strength capacity is associated with the vertical load carrying
capacity of the structure.  However, along with the applied vertical pressure, the loading
configuration must be taken into account.  The loading configuration refers to the ratio of the
average lateral-to-vertical load and the loading asymmetry (Section 3.1.4.2).  For the baseline
model, for instance, the average lateral load is 35 percent of the vertical load, and the lateral
loading asymmetry is 50 percent.

___________________________

1As discussed in Chapter 3, pink dots indicate Titanium Grade 7 yielding, yellow dots represent Titanium Grade 24
yielding, and orange dots represent the onset of structural instability.
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                (a) (b)

Figure 4-1.  Effect of Rubble Modulus of Elasticity on the Drip Shield Bending Moment
Diagrams at the Onset of Structural Instability.  (a) Er = 0 MPa, and 

(b) Er = 100 MPa [14.50 ksi]. {Units:  kN-m [1 kN-m = 0.737 k-ft]}

The average lateral-to-vertical load ratio and the lateral loading asymmetry are parameters
that can contain large variations because the drift degradation is a random process involving
several factors.  Appendix B, for example, presents a summary of drip shield pressures
obtained by U.S. Department of Energy (DOE) (Bechtel SAIC Company, LLC, 2004b), in
which a large variability in loading configurations is observed.  As the rubble accumulates,
however, certain loading configuration trends are developed.  For example, the lateral loading
asymmetry should decrease on average as the vertical pressure increases.  This is expected,
in part, because the rubble has a more asymmetric pattern at early drift degradation stages
(e.g., when the rubble accumulates mostly on one side of the drip shield).  Also, the rubble is
better compacted when the rubble column is higher, which tends to homogenize the rockfall
rubble.  In addition, the horizontal-to-vertical load ratio varies as the rock rubble increases. 
For instance, when the crown is not entirely covered by rubble, the lateral load is actually
larger than the vertical load (Section 4.6).

In summary, the general trend is that the higher the rubble column, the smaller the
horizontal-to-vertical load ratio and the asymmetry.  For the sensitivity study of these two
parameters, the static loading patterns were increased proportionally (i.e., the relative loads
remain constant as the load magnitude increases).  This approximation is revised later in
Section 4.6.
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(a) (b)

Figure 4-2.  Effect of Rubble Modulus of Elasticity on the Drip Shield Deformed
Shape at the Onset of Structural Instability.  (a) Er = 0 MPa and (b) Er = 100 MPa.

[14.5 ksi]

4.2.1 Lateral Loading Asymmetry Variation

The lateral loading asymmetry of the baseline model was modified while keeping constant the
percentage of the average loading; Table 4-1 summarizes the analyzed cases.  Although
some of the imbalance may appear to be very large, DOE reported much larger values as a
result of micromechanical model analyses (Appendix B).

Figure 4-5 shows the deformed shape for Case 1 (0-percent asymmetry) and Case 8
(150-percent asymmetry) at the onset of structural instability.  In both cases, collapse was
triggered by the loss of bending capacity of the third nonlinear spring from the bottom.  The
stress distribution was more uniform when the loading pattern was symmetric, resulting in
yielding at several sections, including Titanium Grade 7 yielding of bulkhead sections
(Figure 4-5a).  On the other hand, the drip shield with high lateral loading asymmetry (Case 8)
concentrated the stresses at the drip shield column with the largest lateral loading
(Figure 4-5b).  Figure 4-6 shows the bending moment diagrams for both drip shield cases at
the onset of structural instability.  The lateral loading asymmetry was sufficient to modify the
stress distribution pattern in the drip shield crown.
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Table 4-1.  Cases for Sensitivity Study of Lateral Loading Asymmetry 

Loading Pattern Case

Vertical
Pressure,
kPa [psi]

Average
Lateral
Load,

kPa [psi]

Lateral
Loading

Asymmetry
(Percent)

Left 
Lateral
Load,

kPa [psi]

Right
Lateral
Load,

kPa [psi]

1.  Asymmetry 0 percent
(Symmetric Case)

300 [43.5] 105 [15.2] 0 105.0  [15.2] 105.0  [15.2]

2.  Asymmetry 10 percent 300 [43.5] 105 [15.2] 10 110.0 [16.0] 100.0 [14.5]

3.  Asymmetry 20 percent 300 [43.5] 105 [15.2] 20 114.5 [16.6] 95.5 [13.9]

4.  Asymmetry 35 percent 300 [43.5] 105 [15.2] 35 120.6 [17.5] 89.4 [13.0]

5.  Asymmetry 50 percent
(Baseline model)

300 [43.5] 105 [15.2] 50 126.0 [18.3] 84.0 [12.2]

6.  Asymmetry 75 percent 300 [43.5] 105 [15.2] 75 133.6 [19.4] 76.4 [11.1]

7.  Asymmetry 100 percent 300 [43.5] 105 [15.2] 100 140.0 [20.3] 70.0 [10.2]

8.  Asymmetry 150 percent 300 [43.5] 105 [15.2] 150 150.0 [21.8] 60.0 [8.7]
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Figure 4-4.  Dependence of Vertical Load Carrying Capacity on Rubble
Modulus of Elasticity [1 kPa = 0.145 psi, 1 MPa = 0.145 ksi]

Relationships between the vertical load carrying capacity and horizontal displacement at the
critical nonlinear spring are shown in Figure 4-7 for loading configurations with different lateral
loading asymmetry.  As the loading asymmetry increased, the yielding of Titanium Grade 7
and Titanium Grade 24 consistently occurred at smaller vertical pressures.  Figure 4-8
presents the dependence of the vertical load carrying capacity on the lateral loading
asymmetry.  The vertical load carrying capacity ratio for the models with the upper and lower
asymmetric loading configurations (150 percent and 0 percent) was about 60 percent.

4.2.2 Average Lateral-to-Vertical Load Ratio Variation

The presence of lateral pressure may significantly modify the drip shield response because it
directly affects the drip shield columns, which are the elements with less bending moment
strength capacity.  Table 4-2 shows the loading cases used to evaluate this variation.  These
cases had a common lateral loading asymmetry of 50 percent, which is the imbalance for the
baseline loading configuration.  As shown in Figure 4-9,2 the dependence of vertical load
carrying capacity on the average lateral loading was quite large, particularly at load ratios
between 0.1 and 0.5.  The strength capacity decreased about eight times from the model with
no lateral load as compared to the model in which the same amount of lateral and vertical load
was applied.  Figure 4-10 shows the deformed shape at the onset of structural instability for
loading cases with average lateral-to-vertical load ratios of 0.0 and 0.5.  When lateral loads
were not included, the top column section reached zero bending moment capacity, and the
drip shield deformed configuration exhibited outward bending of the columns.  This failure
mode was different from most of the models that include lateral loads, where the drip shield
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structural instability was triggered by plastic buckling of the lower part of the columns, and the
columns deformed inward.

The assumption of pin restraints is not valid for cases where the lateral load is sufficient to
cause a horizontal reaction at the drip shield base that exceeds the friction force between the
base and the invert surface.  Table 4-3 shows horizontal and vertical reactions for all
evaluated cases, as well as the friction force, assuming a friction coefficient : = 0.4.  The
results indicate that the horizontal reactions overcome the friction force for the drip shield
cases with an average lateral-to-vertical load ratio equal or larger than 0.50.  These cases will
require additional boundary restraints in order to achieve stability.  These additional restraints
may be provided by the pallets and the waste package if structural instability does not occur
first.  In any case, the results provided by the pin constraint model can be considered very
close to the upper boundary in terms of structural performance.  Very small base
displacements would cause stress redistribution on the drip shield, and a marginal increase in
the drip shield capacity may be reported.  Nevertheless, as the base displacements increase,
additional geometric nonlinearities due to the base displacements will overcome the
stress redistribution.

4.3 Invert Degradation Variation

The baseline system includes a pin constraint that not only prevented sliding of the drip shield
base, but also lifting and settlement of the structure.  This assumption implies that the invert is
a rigid component, though it is composed of tuff material and a grid of carbon steel beams that
may deteriorate after a relatively short period of time.  Once the carbon steel beams
deteriorate, the drip shield may settle into the invert material because the drip shield base
width is only 75 mm [3.0 in].  After the base deforms due to the imposed loads, the base
contact width will be even smaller.  Nevertheless, uniform settlements will not greatly affect
the drip shield structural capacity, except that the clearance between the drip shield and the
waste package will be reduced.  Up to a point, uniform settlements may benefit the structural
behavior because the base will have additional lateral restraint.  Differential settlements,
however, will modify the original drip shield shape, induce additional stresses, and may
accelerate structural instability.  This section analyzes the decrease of drip shield strength
capacity when differential settlements occur.

Potential sources for differential settlements include asymmetry of vertical and lateral
pressures causing a bearing failure on one side of the drip shield and different corrosion rates
of the grid of carbon steel beams (e.g., one side of the drip shield may be more exposed to
water and corrode faster).  Appendix C provides a gross evaluation of the bearing capacity of
the drip shield under static vertical load.  This assessment indicates that the bearing capacity
is not enough to prevent failure of the crushed tuff under the pressure transferred by the drip
shield base.  Differential settlements from bearing failure on one side of the drip shield
foundation, therefore, should be considered.

___________________________
2The curve of Figure 4-9 does not include cases with average lateral-to-vertical load ratio smaller than 0.10, which
correspond to unlikely loading configurations.
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(a) (b)

Figure 4-5.  Effect of Lateral Loading Asymmetry on the Drip Shield Deformed Shape at
the Onset of Structural Instability:  (a) Symmetry and (b) Lateral Loading Asymmetry

of 150 Percent

The differential settlement effect was simulated by applying vertical displacements (in
opposite directions) at the base of the two columns of the baseline model.  Then a nonlinear
static incremental analysis was performed.  Applying the vertical displacements at the
beginning of the incremental analysis may overestimate drip shield stresses at early loading
stages.  The procedure is considered reasonable, however, because the crushed tuff bearing
capacity is expected to be exceeded at early stages of static loading (Appendix C).  A range of
potential differential settlements of 25, 50, 75, 100, 125, and 150 mm [1.0, 2.0, 3.0, 3.9, 4.9,
and 5.9 in] was applied in a counterclockwise direction, which resulted in additional stresses
on the left drip shield column.  The maximum imposed differential settlements were almost
half of the invert depth at the location of the drip shield base.

Figure 4-11 shows the deformed shape at the onset of structural instability for a system similar
to the baseline model, but with an initial differential settlement of 100 mm [3.9 in].  The stress
redistribution due to the differential settlements caused Titanium Grade 7 yielding of several
nonlinear springs at the right drip shield corner (compare to Figure 3-12b).  The bending
moment diagram associated with this deformed shape (Figure 4-12) shows large bending
moments at the right corner, which explain the yielding of several members in this region. 
These large bending moments still did not produce yielding of Titanium Grade 24 at 
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(a) (b)

Figure 4-6.  Effect of Lateral Loading Asymmetry on the Drip Shield Bending Moment
Diagram at the Onset of Structural Instability:  (a) Symmetry Loading and (b) Lateral

Loading Asymmetry of 150 Percent {Units kN-m [1 kN-m = 0.737 k-ft]}

the drip shield corner.  The dependence of the vertical load carrying capacity on the invert
degradation is shown in Figure 4-13 for the range of evaluated differential settlements.  All the
drip shield–rubble models used in this evaluation are identical to the baseline model with the
exception of the imposed vertical displacements.  As these displacements increased, the drip
shield strength capacity monotonically decreased.  For the model with the largest evaluated
differential settlement of 150 mm [5.9 in], the vertical load carrying capacity decreased about
12 percent.

In short, the drip shield vertical load carrying capacity decreased moderately when differential
settlements of more than about 100 mm [3.9 in] were simulated.  However, initial deformed
shape configurations tend to be structurally unstable and difficult to predict because of the
lack of knowledge regarding the settlement rate and potential additional geometric effects
such as drip shield rotation (not included in this analysis).  The complexity of the physical
phenomena increase the uncertainty in the response predicted by numerical models and
sometimes leads to numerical instability.  For instance, for this particular simulation the
numerical model did not converge for differential displacements larger than 150 mm [5.9 in].
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Table 4-2.  Cases for Sensitivity Study of Percentage of Average Lateral Loading

Loading Pattern Case

Vertical 
Pressure,
kPa [psi]

Average
Lateral

to
Vertical

Load
Ratio

Lateral
Loading

Asymmetry 
(Percent)

Left Lateral
Load,

kPa [psi]

Right
Lateral
Load,

kPa [psi]
1.  Average Lateral Load 0 300 [43.5] 0.00 —  0  0
2.  Average Lateral Load 5 300 [43.5] 0.50 50 18 [2.6] 12 [1.7]
3.  Average Lateral Load 10 300 [43.5] 0.10 50 36 [5.2] 24 [3.5]
4.  Average Lateral Load 20 300 [43.5] 0.20 50 72 [10.4] 48 [7.0]
5.  Average Lateral Load 35
(Baseline Case)

300 [43.5] 0.35 50 126 [18.3]  84 [12.2]

6.  Average Lateral Load 50 300 [43.5] 0.50 50 180 [26.1] 120 [17.4]
7.  Average Lateral Load 75 300 [43.5] 0.75 50 270 [39.2] 180 [26.1]
8.  Average Lateral Load 100 300 [43.5] 1.00 50 360 [52.2] 240 [34.8]

Table 4-3.  Drip Shield Reactions and Friction Force for Several Percentages of
Average Lateral Loading Cases

OutputCase
Text

Joint
Text

Rx
kN [k]

Rz
kN [k]

Frictional
Force, Ff

kN [k] Conditional
Lat/Ver Ratio 0.00 1

47
!0.2 [!0.0]  

0.2 [0.0] 
127.4 [28.6]
127.4 [28.6]

51.0 [11.5]
51.0 [11.5]

Ff>Rx
Ff>Rx

Lat/Ver Ratio 0.05 1
47

!2.7 [!0.6] 
1.9 [0.4]

127.1[28.6]
127.7 [28.7]

50.9 [11.4]
51.1 [11.5]

Ff>Rx
Ff>Rx

Lat/Ver Ratio 0.10 1
47

!6.0 [!1.3] 
3.9 [0.9]

126.9 [28.5]
128.0 [28.8]

50.8 [11.4]
51.2 [11.5]

Ff>Rx
Ff>Rx

Lat/Ver Ratio 0.20 1
47

!14.1 [!3.2]
8.7 [2.0]

126.8 [28.5]
128.1 [28.8]

50.7 [11.4]
51.2 [11.5]

Ff>Rx
Ff>Rx

Lat/Ver Ratio 0.35 1
47

!33.7 [!7.6]
20.3 [4.6]

123.7 [27.8]
131.2 [29.5]

50.4 [11.3]
51.6 [11.6]

Ff>Rx
Ff>Rx

Lat/Ver Ratio 0.50 1
47

!55.9 [!12.6]
33.8 [7.6] 

121.2 [27.2]
133.7 [30.1]

49.5 [11.1]
52.5 [11.8]

Ff<Rx
Ff>Rx

Lat/Ver Ratio 0.75 1
47

!92.0 [!20.7]  
56.7 [12.7] 

120.8 [27.2]
134.1 [30.1]

48.5 [10.9]
53.5 [12.0]

Ff<Rx
Ff<Rx

Lat/Ver Ratio 1.00 1
47

!126.6 [!28.5]
81.6 [18.3]

127.7 [28.7]
140.6 [31.6]

48.3 [10.9]
53.6 [12.1]

Ff<Rx
Ff<Rx
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Figure 4-9.  Dependence of Vertical Load Carrying Capacity on Percentage of Average
Lateral Loading [1 kPa = 0.145 psi]

4.4 Temperature Variation

DOE assumed a temperature of 150 °C [302 °F] for the drip shield analysis and design
(Bechtel SAIC Company, LLC, 2004d).  DOE stated that this temperature is appropriate for
evaluating material properties during 98.5 percent of the first 10,000 years after repository
closure.  This result, however, was based on a thermal analysis for an unfilled drift with three
infiltration levels and five host-rock units (Bechtel SAIC Company, LLC, 2004d).  Moreover,
even if the drift remained intact, the potential scenarios with temperatures higher than 150 °C
[302 °F] cannot be disregarded.  In contrast, staff studies estimated that the drip shield
temperature during early stages of the repository will be 171 °C [340 °F] for no drift
degradation and approximately 362 °C [684 °F] for early degradation (Fedors, et al., 2004). 
Because of these potential scenarios, drip shield structural performance was investigated for
system temperatures of 260 °C [500 °F] and 316 °C [601 °F].

As presented in Figure 2-6, there is an important degradation of the material properties at
temperatures higher than 150 °C [302 °F], and the degradation is larger for Titanium Grade 7. 
For instance, Titanium Grade 7 has a yield stress reduction of 40 percent when the
temperature increases from 150 to 260 °C [302 to 500 °F].  For the same temperature
increase, the Titanium Grade 24 yield stress reduction is only 18 percent.  Based on this data,
the moment-rotation relationships were recalculated for Titanium Grade 24 and Titanium
Grade 7 materials to take into account the degradation due to higher temperatures 
(Section 3.1.2).
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(a) (b)

Figure 4-10.  Effect of Lateral Load on the Drip Shield Deformed Shape at the Onset of
Structural Instability.  Average Lateral-to-Vertical Load Ratio of (a) 0 and ( b) 0.50

The effect of the drip shield temperature on the vertical load carrying capacity was
investigated for the baseline model.  The drip shield strength capacity decreased from 298 to
233 kPa [43.3 to 33.8 psi] when the temperature increased from 150 to 260 °C [302 to 500 °F]
(Figure 4-14).  For a drip shield temperature of 316 °C [601 °F], the vertical load carrying
capacity decreased to 191 kPa [27.7 psi] (about 35 percent less strength capacity than that of
the baseline model).

4.5 Effect of General Corrosion on Titanium Plates

The baseline model does not consider thinning of the plates due to general corrosion.  As
reported in Section 5.3.1 of Technical Basis Document 14 (Bechtel SAIC Company, LLC,
2004e), the potential for corrosion to degrade the drip shield can be incorporated by reducing
the thickness of the drip shield plates by 2 mm [0.08 in] (Bechtel SAIC Company, LLC,
2004e).  Thus, the drip shield model was modified in this section to include this reduction. 
The model  considered a general thinning of the drip shield plates by 1 mm [0.04 in] on all
faces, except for the case in which two Titanium Grade 7 plates are overlapped.  In these
regions, only the exposed surface of each plate was thinned by 1 mm [0.04 in], assuming that
the surfaces where the two Titanium Grade 7 plates are attached are not exposed and will
have a much smaller rate of corrosion.

The effect of general corrosion on the drip shield strength capacity was evaluated using the
baseline model as the reference system.  The thinning of the plates reduced the bending 
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Figure 4-11.  Drip Shield Deformed Shape for a System With Simulated
Differential Settlements of 100 mm [3.9 in]

capacity of the cross sections by about 10 percent.  Based on this modification, the drip shield
vertical load carrying capacity was also reduced by about 10 percent from 298 to 270 kPa
[43.3 to 39.2 psi] (Figure 4-15).

4.6 Staged Loading

The average lateral-to-vertical load ratio decreases as the rubble column height increases,
even if the rock rubble does not consolidate.  For instance, if the rubble accumulates up to the
drip shield crown apex, the vertical pressure can be neglected, whereas the lateral pressure
can be significant at this stage.  As the rubble continues accumulating, the friction force at the
base starts to build up, and for the final loading configuration, the developed friction force may
be larger than the lateral reaction at the drip shield base.  This friction force depends on the
assumed friction coefficient, :, which DOE set between 0.2 and 0.8 (Bechtel SAIC Company,
LLC, 2004d).

Although the loading configuration is expected to be modified as the rubble column increases,
the analyses performed previously on this study considered a constant loading pattern.  For
the drip shield frame model, one of the main consequences of variable loading configurations
is that the friction force at early stages of drift degradation would be very small or nil, and the
assumption of a pin constraint would no longer be valid.  Based on this premise, the baseline
model was analyzed in a two-step loading process.  In the first step, it was assumed that the
rubble accumulated symmetrically up to the height of the drip shield crown apex, and the drip
shield base was considered free to translate horizontally.  The second step consisted of 
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Figure 4-12.  Drip Shield Bending Moment Diagram for a System with Simulated
Differential Settlements of 100 mm [3.9 in].  Units:  kN-m [1 kN-m = 0.737 k-ft]

applying the necessary additional uniform pressure to the sides and crown to reach the
resulting symmetric final loading configuration of Case 1 of Table 4-1.  Because the friction
force was expected to develop during the final loading configuration, lateral constraints at the
drip shield base were included in the second stage.  This approach is rather limited because
(i) it only considers a symmetric loading case and (ii) friction forces do not build up suddenly
after the rubble surpasses the crown apex.

For the first loading stage, the lateral pressure was defined by a trapezoidal distribution that
depends on the height of the rubble column and the active earth pressure coefficient, Ko.  The
lateral pressure at a height i (hi) based on this distribution is as follows

P k hh,i o i= γ (4-1)
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Figure 4-13.  Dependence of Vertical Load Carrying Capacity on Invert Degradation
[1 kPa = 0.435 psi, 1 mm = 0.039 in]

where

— horizontal pressure at the height hiPh,i

 — rubble volumetric weight {assumed as 2 MT/m3 [125 lb/ft3]}γ

Figure 4-16 shows the loading configuration at Stage 1 (considering an average loading for
each segment); the resulting deformed shape from this first loading stage is presented in
Figure 4-17.  The drip shield base displacements at the first loading stage are over 50 mm
[2.0 in].  The final total base displacement (convergence) of over 100 mm [3.9 in] represents
about 4 percent of the initial drip shield width.  The potential implications of such
displacements can be deduced by comparing them with literature data on tunnel-support
deformations, because the drip shield and rubble configuration is similar to tunnel support
configurations for horseshoe-shaped tunnels.  Previous analyses of field observations and
measurements (e.g., Sakurai, 1983; Chern, et al., 1998) suggest that tunnel strain levels
(ratio of the tunnel deformation to the tunnel radius) in excess of approximately 1–2 percent
are associated with the onset of tunnel instability and with difficulties in providing adequate
support.  Hoek (2001) notes, however, that some tunnels that experienced strains as
4 percent did not exhibit stability problems, although construction problems increased
significantly with increasing strain levels, and additional support was necessary in several 
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Figure 4-14.  Vertical Load Carrying Capacity Versus Horizontal Displacement at Critical
Column Section for Different Drip Shield Temperatures

[1 kPa = 0.435 psi, 1 mm = 0.039 in]

tunnels.  Also, most of the tunnels in which deformations exceeded 2-percent strain were
excavated in weak rocks (i.e., the quality of the rock was similar to that expected for the
rubble surrounding the drip shield).  Therefore, the large base horizontal displacements for
such an early loading stage indicate that the initial drip shield boundary conditions may
accelerate the onset of structural instability.  In addition, the drip shield strains should be
carefully evaluated in the design process because corrective treatments cannot be applied in
case of excessive deformations.

Further accumulation of rubble on top of the drip shield after Stage 1 will cause the lateral load
to increase beyond Stage 1 values.  Base friction forces sufficient to resist the lateral load,
however, will not be developed until the accumulated rubble on top of the drip shield attains a
certain minimum height.  The drip shield, therefore, likely will be less stable during this
intermediate stage than during Stage 1.  On the other hand, the presence of the base of the
pallet and the waste package may deter the horizontal displacements of the drip shield base. 
The pallet base is located at about 30 to 40 mm [1.2 to 1.6 in] from the drip shield base.  Thus,
Stage 2 considered a lateral constraint on the grounds that the pallet base will be able to
provide a certain degree of stability before the friction force is enough to overcome the lateral
base reaction.  Figure 4-18 presents the deformed shape after the application of the loads of 



3The horizontal members at the drip shield base are auxillary members in the numerical model to account for the
lateral restriction provided by the friction force, pallet, and waste package.
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Figure 4-15.  Vertical Load Carrying Capacity Versus Horizontal
Displacement at Critical Column Section for Drip Shield with Different

Plate Thickness [1 kPa = 0.145 psi, 1 mm = 0.039 in]

Stage 2.  The deformed shape was similar to that obtained for cases in which stage loading
was considered.3  The effect of stage loading on the drip shield vertical load carrying capacity
is presented in Figure 4-19.  As can be seen, the vertical load carrying capacity is similar to
that obtained for Case 1 of Table 4-1.  Note that the displacement at the critical node did
not start at zero, because the Stage 1 loading already produced a displacement of about
40 mm [1.6 in].

In short, if it is assumed that the pallet and waste package provide adequate constraint to the
drip shield base, stage loading considerations do not cause significant differences with
respect to the drip shield vertical load carrying capacity obtained with constant loading
configurations.  The validity of this assumption is difficult to evaluate without further 
considerations and analyses.  On the other hand, if this potential constraint is not included,
the drip shield may fail before frictional forces large enough to overcome the lateral base
reaction are developed.

Analyses for variable loading configurations are necessary if the expected drift degradation
rate is relatively slow.  The rate at which the rubble accumulates around the drip shield largely
depends on the process triggering drift degradation.  If the drift suddenly degrades completely
due to a large seismic event, a constant loading configuration may be acceptable.  On the
other hand, loading stages have to be considered if drift degradation is relatively slow due to
static degradation, small seismic events, or a combination of both.
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Figure 4-16.  Drip Shield Lateral Loading Pressure at Stage 1
[Units:  kN/m (1 kN/m = 0.069 k/ft)]

Figure 4-17.  Drip Shield Deformed Shape at Stage 1
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Figure 4-18.  Drip Shield Deformed Shape at Stage 2
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Figure 4-19.  Effect of Stage Loading on Vertical Load Carrying Capacity
[1 kPa = 0.435 psi, 1 mm = 0.039 in]
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5  DRIP SHIELD SEISMIC ANALYSIS

5.1 Introduction

The previous chapters analyzed drip shield performance under static loading.  In addition to
this loading, the drip shield will be subjected to seismic ground motions of varying intensity
and frequency content throughout the regulatory period.  This chapter presents the drip shield
seismic analysis considering that drift degradation has taken place previously and, therefore,
the drip shield is surrounded by rockfall rubble.  The separation of drip shield sections under
seismic events is excluded from these analyses because the rubble prevents this potential
failure mode.  This is in agreement with U.S. Department of Energy (DOE) considerations
(Bechtel SAIC Company, LLC, 2004d).  Also, the analyses only consider the seismic response
of the drip shield–rubble system subjected to ground motion accelerations.  Faulting events
are not evaluated.

The seismic analysis of the drip shield–rubble system presents several challenges because
the response depends on a large number of parameters that are not easily evaluated.  Among
the features that make the drip shield–rubble system unique are (i) the long compliance
period, (ii) the lack of mechanical attachments of the drip shield to the invert, (iii) the
magnitude of the expected earthquake levels, (iv) the uncertainty on the rockfall rubble
mechanism, (v) the rubble material properties, and (vi) the lack of information regarding the
hysteretic behavior of titanium material under cyclic loads.

5.2 Frame Model Geometry

The frame model is the same used for the drip shield static analyses.  Nonlinear behavior is
included by means of concentrated plasticity at the end of the elastic beam–column elements
where zero-length nonlinear rotational springs are incorporated.  The unidimensional
beam–column elements of the drip shield frame model represent the Titanium Grade 24 frame
components and the equivalent cross section of Titanium Grade 7 plates, which is based on
its stiffness contribution.  The node and element discretization of the drip shield frame model
is presented in Figure 3-1.  Out-of-plane drip shield deformations are not allowed.

5.2.1 Nonlinear Inelastic Rotational Springs

The nonlinear inelastic rotational springs used for monotonic loading were described in
Chapter 3.  The moment-rotation curves used as input for the nonlinear analysis of the
drip shield under monotonic loads are based on a strength of materials formulation and on
information derived from finite element models.  Nevertheless, the behavior of nonprismatic
sections composed of Titanium Grade 7 and Titanium Grade 24 materials when subjected to
cyclic loading is not readily available.  For seismic analyses, the hysteretic response of the
material is assumed to be the classic bilinear kinematic model (Ibarra, et al., 2005; Computers
and Structures, Inc., 2004).  This is a reasonable assumption given that other metal structural
materials, such as carbon steel components, usually exhibit bilinear hysteretic response when
subjected to cyclic loading.
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5.2.2 Frame Model Viscous Damping

Information regarding the percentage of critical damping is not readily available for structures
with the geometry and materials of the drip shield.  For steel structures, critical damping, ξ, is
usually 2 to 3 percent.  Limited experimental data indicates that for titanium materials, ξ is in
the range of 1.0 to 2.5 percent (Maly, et al., 2000a,b).  For this analysis, the percentage of
critical damping for the drip shield was assumed as 2 percent.

The Rayleigh damping approach is used in the frame models to incorporate viscous damping
into the drip shield structure.  Then damping is expressed as linearly proportional to mass and
stiffness (Clough and Penzien, 1993)

c M K= +α β (5-1)

where M and K are the mass and stiffness of the multi-degree-of-freedom structure, and α and
$ are the corresponding parameters of proportionality (Clough and Penzien, 1993).  The
parameters  α and $ can be obtained if the percentage of critical damping, ξ, is known
(or assumed) for two natural frequencies, and .  For nonlinear time history analyses, itωm ωn

is customary to assign the Rayleigh damping to the first mode and to the mode at which the
cumulative mass participation exceeds about 90–95 percent, which leads to smaller damping
values for the intermediate modes.  This is a rather conservative approach.  In this system,
however, there are two uncoupled sets of vibrational mode shapes with important
contributions to the structural response.  In the horizontal direction, the first mode ( )T s1 0 269= .
and the third mode ( ) account for 94 and 5 percent of the cumulative massT s3 0 064= .
participation, respectively.  For the vertical direction, the mass participation factor for the
second  ( ), fourth ( ), and sixth ( ) modes are 56, 26, and 13T2 0 130= . T4 0 043= . T6 0 024= .
percent, respectively.  For the drip shield analysis, a critical damping value of 2 percent
( ) was assigned to the first and fourth modes.  The rest of the significant modes haveξ = 0 02.
damping values ranging from 1.4 to 3.2 percent, which is acceptable because the expected
damping value for the titanium material is in the range of 1.0 to 2.5 percent.

5.2.3 Drip Shield Frame Model Material Properties

5.2.3.1 Drip Shield Material Properties

The material properties for Titanium Grade 7 and Titanium Grade 24 were described in
Section 2.2.1.1.

5.2.3.2 Rockfall Rubble Material Properties

The rubble material properties were presented in Section 2.2.1.2.
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5.2.4 Frame Model Boundary Conditions

5.2.4.1 Kinematic Constraints

As for the drip shield static analysis, a pin constraint was used for the drip shield base.  For
practically all cases, this assumption overestimates the drip shield structural performance
under seismic excitations because the expected horizontal accelerations may slide the entire
drip shield structure along the invert, whereas vertical accelerations may lift it.  For very limited
sliding of the base, however, the stress redistribution may lead to a marginal increase of the
drip shield structural performance.  As the sliding increases, geometric nonlinearities also
increase, overcoming this limited benefit of the stress redistribution.

DOE (Bechtel SAIC Company, LLC, 2004b) investigated the dynamic performance of the drip
shield–rubble system, considering that the drip shield base rests on the invert.  The DOE
results from an analysis of the emplacement drift are presented in Figures B–3 and B–6 of
Appendix B.  These graphs correspond to the equilibrium state of the tunnel for a model that
assumes an initial intact drift subjected to ground motion accelerations associated with a
mean annual frequency of exceedance of 10!5 and 10!6, respectively (Section 5.2.4.3).  As
observed, there are large displacements of the drip shield relative to its original position, which
include drip shield sliding and uplifting.  The equilibrium state of Figure B–6 shows an uplift of
the right drip shield base of about 700 mm [27.6 in].  The drip shield did not fail in these
analyses because it was modeled as an elastic structure.  In any case, the drip shield final
configuration of Figure B–6 can be considered structurally unstable.

The cases of Figures B–3 and B–6 did not consider drift degradation previous to the seismic
event, an assumption that may have magnified the drip shield sliding and uplifting. 
Nevertheless, these two analyses exemplify the potential consequences of having a
free-standing system subjected to large seismic accelerations.  Therefore, the pin constraint
used in this study causes the drip shield to be more stable than the drip shield design
proposed by DOE.  This boundary condition is used only to reduce the complexity of the drip
shield seismic analysis and will have to be revisited if the analysis results indicate that the drip
shield would be structurally stable under the expected seismic loads.

5.2.4.2 Static Loads

For seismic analyses, the drip shield was assumed to be initially subjected to the static
baseline loading configuration to reduce the number of parameters to be studied.  The
magnitude of the expected baseline loading configuration, however, was reduced from a
vertical pressure Pv = 300 kPa [43.5 psi] (Figure 3-5) to Pv = 180 kPa [26.1 psi], which
corresponds to the lower boundary for the static vertical pressure obtained in Section 3.1.4.2. 
The magnitude of the static load was reduced because the drip shield was at the onset of
structural instability under the combination of expected vertical pressure and baseline loading
configuration (Section 3.3.2).  Even for lower boundary static loads, several nonlinear springs
of the drip shield column exhibited yielding of Titanium Grade 7 (Figure 5-9).

The fact that the expected static loads cannot be used for seismic analyses may be enough to
conclude that the drip shield is inadequate to withstand seismic events.  Nevertheless, the
performance approach adopted for this study requires the investigation of the drip shield
seismic performance under other initial static loading conditions.
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5.2.4.3 Dynamic Loads

For seismic analyses, nonlinear time history analyses were carried out using ground motion
time histories provided by DOE for the seismic assessment of subsurface structures at the
potential Yucca Mountain repository (Bechtel SAIC Company, LLC, 2004f).  The time
histories represent earthquake levels associated with mean annual frequencies of
exceedance of 10!5, 10!6, and 10!7.  For each earthquake level, DOE provided sets of velocity
and acceleration time histories on three orthogonal directions and site response spectra for
the waste emplacement level.  Site values for the expected (target) peak ground velocities
were also provided for the seismic levels, as shown in Table 5-1 (Bechtel SAIC Company,
LLC, 2004f).  DOE used these target peak ground velocity magnitudes to scale the time
histories for the waste emplacement level.  The peak ground velocity, therefore, is the
earthquake intensity measure in this study.

The DOE ground motion time histories were derived from the 17 records listed in Table 5-2
(Bechtel SAIC Company, LLC, 2004f).  For seismic analyses, however, a subset of 15 time
histories where records 15 and 17 were eliminated was used.  DOE scaled these original
records based on the target peak ground velocity from Table 5-1.  For instance, Figure 5-1
shows the velocity and acceleration time histories for one of the records of Table 5-2 for mean
annual frequency of exceedance of 10!6.  DOE also scaled the velocity time history to a target
horizontal peak ground velocity of 2.44 m/s [8.00 ft/s] in the horizontal direction H1
(Table 5-1).  To preserve intercomponent variability, DOE also scaled the other two
orthogonal directions of the time histories by the same proportion used for the H1 scaling. 
Because the scaling is based on the target peak ground velocity, the peak ground
accelerations are not controlled in any direction.

Scaling of Ground Motion Records to a Mean Annual Frequency of Exceedance of 10!5

For a mean annual frequency of exceedance of 10!5, DOE developed the set of 17 records by
first spectrally conditioning the recorded ground motion data to weakly match (one iteration)
the site response spectra for the emplacement level at Yucca Mountain (Bechtel SAIC
Company, LLC, 2004f).  The envelope response spectra for the vertical and horizontal
directions are shown in Figure 5-21 and as illustrated, the spectra peak values for both
directions are close to a frequency of 10 Hz (period of vibration, T = 0.1 s).  The peak spectral
acceleration is about two times the peak ground acceleration (approximated as the spectral
acceleration for a frequency of 100 Hz).

Table 5-1.  Site Peak Ground Velocity for the Waste Emplacement Level
Mean Annual Frequency of

Exceedance
Horizontal Peak Ground

Velocity, m/s [ft/s]
Vertical Peak Ground

Velocity, m/s [ft/s]
10!5 1.05 [3.45] 1.37 [4.49]
10!6 2.44 [8.00] 2.36 [7.74]
10!7 5.35 [17.55] 6.25 [20.51]

____________________
1The spectra are based on DOE results (Bechtel SAIC Company, LLC., 2004f).
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Table 5-2.  Ground Motions Proposed for Seismic Postclosure Analyses

Earthquake Date
Magnitude

(M) Station

Distance 

(km) *
PGA (g) PGV (cm/s) †

H1 H2 V H1 H2 V

1 Coalinga, California 7/22/83 5.8 Oil City 10.0 0.87 0.370 0.210 13.8 12.4 4.6

2 Whitter Narrow,
California

10/1/87 6.0 Garvey Res.–Control
Building

12.1 0.384 0.457 0.362 15.8 19.0 9.9

3 Helena, Montana 10/31/35 6.2 Carroll Coll. 8.0 0.15 0.173 0.102 5.8 16.5 7.3

4 Parkfield, California 6/28/66 6.1 Cholame #8 9.2 0.246 0.273 0.116 10.2 11.3 4.3

5 Parkfield, California 6/28/66 6.1 Temblor 9.9 0.357 0.272 0.136 21.5 15.0 4.4

6 San Fernando,
California

2/9/71 6.6 Pacoima Dam 2.8 1.226 1.116 0.699 112.5 54.3 56.5

7 Gazli, USSR 5/17/76 6.8 Karakyr 3.0 0.608 0.718 1.264 65.4 71.6 54.2

8 Morgan Hill, California 4/24/84 6.2 Coyote Lake Dam 0.1 0.711 1.298 0.388 51.6 80.8 15.6

9 Morgan Hill, California 4/24/84 6.2 Gilroy Arr #6 11.8 0.222 0.292 0.405 11.4 36.7 14.1

10 Whitter Narrow,
California

10/1/87 6.0 San Gabriel–E Grand
Ave

9.0 0.304 0.199 0.227 23.0 11.0 5.5

11 Loma Prieta,
California

10/18/89 6.9 Corralitos 5.1 0.644 0.479 0.455 55.2 45.2 17.7

12 Northridge, California 1/17/94 6.7 Pacoima Kag Canyon 8.2 0.301 0.433 0.169 31.4 51.5 15.1

13 Loma Prieta,
California

10/18/89 6.9 Gilroy Arr #6 19.9 0.126 0.17 0.101 12.8 14.2 9.5

14 Landers, California 6/28/92 7.3 Lucerne 1.1 0.721 0.785 0.818 97.6 31.9 45.9

15 Chi-Chi, Taiwan 9/20/99 7.6 TCU025 54.3 0.058 0.075 0.034 10.5 19.0 13.8

16 Kobe, Japan 1/16/95 6.9 Kobe University 0.2 0.29 0.31 0.38 54.8 34.2 20.2

17 Koaceli, Turkey 8/17/99 7.4 lzmit 7.7 0.152 0.22 0.149 22.6 29.8 11.9

* 1 km = 3,281 ft = 1.609 miles
† 1 cm/s = 32.8 ft/s

Following this conditioning, the records were scaled to the site peak ground velocity
preserving the intercomponent variability of the original records.  Figure 5-3 summarizes
individual peak ground velocity and peak ground acceleration values at this earthquake level
for the 15 records of the evaluated subset.  All the peak ground velocity values in the direction
H1 are 1.05 m/s [3.44 ft/s], because this is the direction that was scaled to the target peak
ground velocity.  To preserve intercomponent variability, the other horizontal (H2) and vertical
directions were scaled by the same factor used on H1.

Figure 5-4 shows the individual peak ground velocity and peak ground acceleration values, as
well as statistical results for the mean and the 16th, 50th (median), and 84th fractiles, which
were obtained under the assumption that the peak ground velocity and acceleration
parameters can be represented by a lognormal distribution.  For the peak ground on the peak
ground velocity.  The standard deviations of the log of the peak ground acceleration values for
H1, H2, and vertical directions are 0.70, 0.68, and 0.64, respectively.  Scaling peak ground
velocity values in a particular direction does not have a significant effect on the peak ground
acceleration dispersion.  In fact, for this case, the largest peak ground acceleration dispersion
is in the direction H1.
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Figure 5-1.  Time Histories for the Three Orthogonal Directions of Record 13 of
Table 5-2; Mean Annual Frequency of Exceedance of 10!6:  (a) Velocities and
(b) Accelerations (Bechtel SAIC Company, LLC, 2004f) [1 cm/s = 0.394 in/s]
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Figure 5-2.  Envelope Response Spectra (5-Percent Damped) at Emplacement Level
                  for Mean Annual Frequency of Exceedance of 10!6

                  (Based on Bechtel SAIC Company, LLC, 2004f) 
Scaling of Ground Motion Records to a Mean Annual Frequencies of Exceedance of 10!6

and 10!7

For earthquake levels associated with mean annual frequencies of exceedance of 10!6 and
10!7, the basis time histories were spectrally conditioned to weakly match the target response
spectra for the reference rock outcrop using a transfer function approach (Figures 5-5 and
5-6).  Following conditioning, the records in one horizontal direction were scaled to the site
target horizontal peak ground velocity.  The other two directions were scaled in the same
proportion to preserve intercomponent variability.  Figures 5-7 and 5-8 show the peak ground
velocity and acceleration statistical information for mean annual frequency of exceedance
levels of 10!6 and 10!7.  Observe that the standard deviation of the log of the data is about the
same for 10!6 and 10!7 because both sets were weakly conditioned to the rock outcrop
response spectra.
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Figure 5-3.  Individual Peak Ground Velocity and Peak Ground Acceleration for the
Subset of 15 Ground Motions; Mean Annual Frequency of Exceedance of 10!5:  (a) Peak

Ground Velocity and (b) Peak Ground Acceleration [1 cm/s = 0.394 in/s]
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Figure 5-5.  Envelope Response Spectra (5-Percent Damped) at Emplacement Level for
Mean Annual Frequency of Exceedance of 10!6 (Bechtel SAIC Company, LLC, 2004f)
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Figure 5-6.  Envelope Response Spectra (5-Percent Damped) at Emplacement Level for
Mean Annual Frequency of Exceedance of 10!7 (Bechtel SAIC Company, LLC, 2004f)
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Figure 5-7.  Individual and Statistical Peak Ground Velocity and Peak Ground
Acceleration Data for the Subset of 15 Ground Motions; Mean Annual Frequency of

Exceedance of 10!6:  (a) Peak Ground Velocity and (b) Peak Ground Acceleration
(Bechtel SAIC, Company, LLC, 2004f) [1 cm/s = 0.394 in/s]



5-12

535.6

296.7

541.6

988.4

331.6

612.3

1130.8

0

200

400

600

800

1,000

1,200

1,400

1,600

1,800

2,000

0 1 2 3 4 5 6 7Direction

PG
V 

(c
m

/s
)

Individual Records
16th
Median
84th
Mean

H1 H2  V

St Devln(PGV,H2) = 0.60 St Devln(PGV,V) = 0.61

649.0
739.1

4.53

7.87

13.69

4.85

8.59

15.21

6.48

11.04

18.81

0

5

10

15

20

25

30

35

40

0 1 2 3 4 5 6 7Direction

PG
A

 (g
)

Individual Records
16th
Median
84th
Mean

H1 H2  V

St Devln(PGA,H1) = 0.55

St Devln(PGA,V) = 0.53St Devln(PGA,H2) = 0.57

9.17

12.7
27

10.11

(b)
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Frequency of Exceedance of 10!7:  (a) Peak Ground Velocity and (b) Peak
Ground Acceleration (Based on Bechtel SAIC Company, LLC, 2004f) 

[1 cm/s = 0.394 in/s]

(a)



5-13

The mean vertical acceleration for a mean annual frequency of exceedance of 10!6 is 4.75 g
(Figure 5-7).  Therefore, the drip shield would have to withstand several times its vertical static
load to avoid structural instability—this is before considering that the spectral acceleration will
be increased with respect to the peak ground acceleration (Figure 5-5).  This increase in
dynamic loads is consistent with the dynamic loads presented by DOE for a drip shield that
has a static vertical pressure on the crown of Pv = 110 kPa [5.9 psi] and is subjected to a 10!6

seismic event (Bechtel SAIC Company, LLC, 2004b).  The dynamic loads on top of the drip
shield (Figure B–8) show that the average vertical pressure may be larger than 1 MPa [0.15
ksi], resulting in an increase of one order of magnitude with respect to the static vertical
pressure.  Certainly, the drip shield will not be able to withstand these vertical pressures,
particularly because the horizontal component acceleration will augment the lateral pressure
on the side walls, decreasing the drip shield vertical load carrying capacity.  Therefore, the
seismic analyses will focus on ground motions associated with a mean annual frequency of
exceedance of 10!5.

Frequency Content of the Set of Ground Motions

The frequency content of the selected ground motions is one of the major sources of
variability on the input dynamic loads.  To account for this source of variability, the structural
system is usually subjected to different ground motions that envelop all of the cases of
interest.  The variability in the ground motion frequency content regularly produces large
dispersion in the nonlinear structural response, even when records are scaled to the same
spectral acceleration (Ibarra, 2003).  In this study, this variability will be evaluated only if the
drip shield performs adequately when subjected to selected records representing the
expected acceleration levels.

Multiple Seismic Events

Generally, the probability of having one or more seismic events is linked to the mean annual
frequency of exceedance and obeys a Poisson distribution (Benjamin and Cornell, 1970):

( )P t e
n

n
=

−λ λ
!

(5-2)

where  is the probability of occurrence of the seismic event and can be expressed asλ
,  is the mean rate of occurrence of the event (i.e., mean annual frequency of λ ν= t ν

exceedance), and t is the time in which the event can take place.  The mean rate of
occurrence is the reciprocal of the return period, ν = 1 T.

For the probability of having one or more events in a given time, Eq. (5-2) simplifies to

( )P n t e≥ = − −1 1, λ (5-3)

Table 5-3 presents the probability of having a different number of seismic events for different
mean annual frequency of exceedances for a period of 10,000 years, according to Eq. (5-2). 
For a mean annual frequency of exceedance of 10!6, the probability of having more than one 
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Table 5-3.  Multiple Seismic Events
Number

of
Events

Probability of Occurrence in 10,000 Years for Different Mean Annual Frequency of Exceedance

1.0 × 10!4 5.0 × 10!5 1.0 × 10!5 5.0 × 10!6 1.5 × 10!6 1.0 × 10!6 5.0 × 10!7 1.0 × 10!7

P(n = 0) 3.7 × 10!1 6.1 × 10!1 9.0 × 10!1 9.5 × 10!1 9.9 × 10!1 9.9 × 10!1 9.97 × 10!1 9.99 × 10!1

P(n = 1) 3.7 × 10!1 3.0 × 10!1 9.0 × 10!2 4.8 × 10!2 1.5 × 10!2 9.9 × 10!3 5.0 × 10!3 1.0 × 10!3

P(n = 2) 1.8 × 10!1 7.6 × 10!2 4.5 × 10!3 1.2 × 10!3 1.1 × 10!4 5.0 × 10!5 1.2 × 10!5 5.0 × 10!7

P(n = 3) 6.1 × 10!2 1.3 × 10!2 1.5 × 10!4 2.0 × 10!5 5.5 × 10!7 1.7 × 10!7 2.1 × 10!8 1.7 × 10!10

P(n = 4) 1.5 × 10!2 1.6 × 10!3 3.8 × 10!6 2.5 × 10!7 2.1 × 10!9 4.1 × 10!10 2.6 × 10!11 4.2 × 10!14

P(n = 5) 3.1 × 10!3 1.6 × 10!4 7.5 × 10!8 2.5 × 10!9 6.2 × 10!12 8.3 × 10!13 2.6 × 10!14 8.3 × 10!18

P(n = 6) 5.1 × 10!4 1.3 × 10!5 1.3 × 10!9 2.1 × 10!11 1.6 × 10!14 1.4 × 10!15 2.2 × 10!17 1.4 × 10!21

P(n = 7) 7.3 × 10!5 9.4 × 10!7 1.8 × 10!11 1.5 × 10!13 3.3 × 10!17 2.0 × 10!18 1.5 × 10!20 2.0 × 10!25

P(n = 8) 9.1 × 10!6 5.9 × 10!8 2.2 × 10!13 9.2 × 10!16 6.3 × 10!20 2.5 × 10!21 9.6 × 10!24 2.5 × 10!29

P(n >0) 0.6321 0.3935 0.0952 0.0488 0.0149 0.0100 0.0050 0.0010

Note:  Values in italics indicate that the probability of a given number of events for a certain mean annual frequency of
exceedance is less than that of the regulatory limit.

event is less than one in 10,000 (the actual threshold for two events is close to a mean annual
frequency of exceedance of 1.5 × 10!6).  On the other hand, three seismic events with a mean
annual frequency of exceedance of 10!5 can take place in 10,000 years with more than one
chance in 10,000 years.  Because these probabilities of multiple seismic events are within the
range requiring analysis under 10 CFR Part 63, the drip shield must be able to withstand the
effect of several seismic events and account for the potential cumulative damage caused by
previous dynamic excitations.  This scenario will be evaluated only if the drip shield seismic
response is adequate when subjected to a single seismic event.

5.3 Dynamic Time History Analysis for Records with Mean Annual
Frequency of Exceedance of 10!5

The first ground motion used for the nonlinear dynamic time history analysis for a mean
annual frequency of exceedance of 10!5 was record 13 of Table 5-2, which corresponds to
Loma Prieta, Station Gilroy Arr # 6.  As observed in Figure 5-3b, this record has peak ground
accelerations for the three orthogonal directions that are close to the median values, but still
remain below the 50th fractile.  In addition, the record was selected for the first analysis
because it is a Californian record that does not exhibit pulse-type near-fault characteristics
(Alavi and Krawinkler, 2001).

The rubble surrounding the drip shield provides most of the mass that causes the inertia
forces in the drip shield.  Because the rubble can be considered similar to a poor-quality rock
mass, it can be assumed that all the rubble contributes to generating inertia forces.  This
assumption may overestimate the dynamic pressures in the horizontal direction and will be
reevaluated if the drip shield response depends on this consideration.  Nevertheless, the use
of all the mass in the horizontal and vertical directions is an assumption that appears to be in
agreement with the dynamic loading pressures reported by DOE (Bechtel SAIC Company,
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LLC, 2004b).  In the study, the static pressure is amplified by more than one order of
magnitude with respect to the static pressure on both the walls and the crown surfaces.

As a first stage, the drip shield was subjected to time histories in the vertical and horizontal
(H2) directions.  The maximum peak ground acceleration for this Loma Prieta record is 1.40 g2

in the vertical direction and takes place in about 3 s.  The drip shield static load corresponded
to the baseline loading configuration scaled down to the low boundary vertical pressure
Pv = 180 kPa [26.1 psi].  Under static loading conditions, some of the drip shield
nonlinear springs exhibited yielding of Titanium Grade 7 (Figure 5-9).  The resulting
horizontal and vertical absolute acceleration time histories at the crown apex are shown in
Figure 5-10.  Large vertical accelerations occurred at the drip shield crown slightly after 3 s
(i.e., immediately after the peak ground acceleration occurred) causing structural instability. 
The drip shield deformed shape at the onset of structural instability (Figure 5-11) indicated
that the failure occurred in the crown sections.  In fact, the vertical seismic accelerations were
enough to cause drip shield collapse.  Figures 5-12 and 5-13 present the resulting absolute
accelerations at the crown and the final drip shield deformed shape when the vertical
component of the ground motion is the only time history applied to the drip shield.  Note that
the horizontal accelerations at the crown apex decreased when the seismic analysis only
included vertical time histories.  Because the drip shield is a symmetric structure, these
horizontal accelerations in the crown were caused by the static lateral loading imbalance of
the baseline configuration.

The Loma Prieta record (Gilroy Arr # 6) presents some of the smallest peak ground
accelerations for this set of records, although its peak ground velocities are not among the
smallest ones (Figure 5-3).  For this reason, the second seismic event to be evaluated
corresponded to record 10 of Table 5-2 (Whitter Narrows, California, Station San Gabriel),
which has the smallest peak ground velocities for the set of records scaled to a mean annual
frequency of exceedance of 10!5 (Figure 5-3).  The acceleration time histories for the vertical
direction and the horizontal direction H1 were selected for the seismic analysis (Figure 5-14). 
The resulting absolute acceleration time histories for the crown apex (Figure 5-15) show that
the maximum accelerations were also in the vertical direction, (i.e., the direction with the
largest peak ground accelerations).  The deformed shape at collapse (Figure 5-16) revealed
that column plastic buckling is the failure mode for this analysis.  The use of the vertical time
history as the input seismic load also led to drip shield structural instability, but this time the
failure occurred at the crown (Figure 5-17).

The seismic analysis results for the two selected ground motions were enough to conclude
that the drip shield frame model predicts structural instability when the system is subjected to
the seismic time histories provided by DOE for postclosure performance evaluation.  The drip
shield frame model was unable to withstand the smallest postclosure earthquake level
(associated with a mean annual frequency of exceedance of 10!5), even when assumptions
that overestimate the drip shield structural performance were used.  Some of these
assumptions included the pin constraint at the drip shield base, low magnitude of the initial
static loading, the use of records with the smallest peak ground velocities and peak ground
accelerations, and the use of only the acceleration time history on the vertical direction. 
Therefore, additional model refinements in the drip shield frame model were not needed at

____________________

2 1 g = 981 gals (cm/s2) = 386 in/s2
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Figure 5-9.  Deformed Shape Under Baseline Loading Configuration 
Scaled to a Target Pv = 180 kPa [26 psi]

Figure 5-10.  Horizontal and Vertical Accelerations at the Crown Apex. 
Drip Shield Subjected to the Horizontal and Vertical Ground Motions of
Record 13 of Table 5-2; Mean Annual Frequency of Exceedance 10!5. 

Acceleration in gals.  [1 gal = 1 cm/s2 = 0.394 in/s2]
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Figure 5-11.  Drip Shield Deformed Shape at the Onset of Structural Instability. 
Drip Shield Subjected to the Horizontal and Vertical Ground Motions of

Record 13 of Table 5-2; Mean Annual Frequency of Exceedance 10!5.

Figure 5-12.  Horizontal and Vertical Accelerations at the Crown Apex.  Drip Shield
Subjected to the Vertical Ground Motion of Record 13 of Table 5-2; Mean Annual

Frequency of Exceedance 10!5.  Acceleration in gals.  [1 gal = 1 cm/s2 = 0.394 in/s2]
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Figure 5-13.  Drip Shield Deformed Shape at the Onset of Structural Instability.  Drip
Shield Subjected to the Vertical Ground Motion of Record 13 of Table 5-2; Mean Annual

Frequency of Exceedance 10!5.
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Figure 5-14.  Acceleration Time Histories for the Three Orthogonal Directions of
Record 10 of Table 5-2; Mean Annual Frequency of Exceedance of 10!5
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Figure 5-15.  Horizontal and Vertical Accelerations at the Crown Apex.  Drip
Shield Subjected to the Horizontal and Vertical Ground Motions of Record 10

of Table 5-2; Mean Annual Frequency of Exceedance 10!5.  Acceleration in
gals.  [1 gal = 1 cm/s2 = 0.394 in/s2]

Figure 5-16.  Drip Shield Deformed Shape at the Onset of Structural
Instability.  Drip Shield Subjected to the Horizontal and Vertical Ground

Motions of Record 10 of Table 5-2; Mean Annual Frequency of
Exceedance 10!5.
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Figure 5-17.  Drip Shield Deformed Shape at the Onset of Structural Instability.  Drip
Shield Subjected to the Vertical Ground Motion of Record 10 of Table 5-2; Mean Annual

Frequency of Exceedance 10!5.

this stage.  Such model refinements would have been necessary to address the effects of
variability of the frequency content and peak ground accelerations of the ground motions;
multiple seismic events; the potential sliding, lifting, and settlement of the drip shield under
dynamic loads; and the lack of information of the hysteretic behavior of components made of
Titanium Grade 24 and Titanium Grade 7.
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6  SUMMARY AND CONCLUSIONS

6.1 Summary

Drip shield structural performance was evaluated under the presence of static and dynamic
loading configurations.  The applied loads are caused by the drift degradation due to static
degradation, seismic events, or a combination of both.

The drip shield structural performance was analyzed in Gute, et al. (2003), but the design has
since been updated by the U.S. Department of Energy (DOE) (Bechtel SAIC Company, LLC,
2004a).  The objective of this study is to assess the strength capacity of this updated drip
shield design.  The new design has mainly reinforced the drip shield crown, where a bottom
flange has been incorporated to the bulkhead (or crown beam) and three longitudinal
stiffeners have been located at the top of the drip shield crown (Figure 2-2).  These two
updates have increased the drip shield capacity to withstand rockfall impacts due to potential
drift degradation.  In addition, the new drip shield is about one foot taller than the former
design.  This modification increases the clearance between the drip shield and the waste
package outer barrier.

The drip shield failure mode for most of the static loading conditions is plastic buckling at the
lower section of the drip shield column.  This component is subjected to axial and bending
forces, although the section fails mainly because of the relatively low bending resistance of
the column that leads to zero-moment strength capacity.  In addition, because most of the
strength capacity is provided by Titanium Grade 24, which exhibits low ductility capacity after
yielding, the section cannot develop large inelastic rotations.  Because of the failure mode, the
updated drip shield does not increase the system capacity to resist static and dynamic loads. 
In fact, the slenderness ratio of the updated drip shield has increased because the new model
is taller but it keeps the same section for the columns.  Consequently, for certain loading
conditions, the updated drip shield model may fail at earlier loading stages.

For this study, two drip shield analytical models were developed:  an ABAQUS (ABAQUS,
Inc., 2004) finite element model and a SAP2000 (Computers and Structures, Inc., 2004) frame
model.  Chapter 2 describes the finite element model that was used to calibrate the frame
model, and to generate the moment-rotation relationships and equivalent spring constants
used on the drip shield frame model.  The comparison of both models indicated good
correlation of the drip shield response.  The drip shield frame model was used in a sensitivity
study to identify the parameters that most influence the drip shield strength capacity.  The
capacity of the drip shield is expressed as a function of the vertical load carrying capacity,
which is the maximum vertical load that the drip shield can withstand prior to structural
instability.  Chapter 4 presents drip shield structural performance with respect to variations of
several input parameters under static loading, and Chapter 5 discusses the drip shield
seismic analysis.

6.2 Static Loading

A drip shield frame model termed the baseline model that accounts for expected drip
shield-rubble system parameters and loading conditions was used as a reference model for
the sensitivity study.  As presented in Chapter 3, this baseline frame model is at the onset of
structural instability when the expected static loads are applied.
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The sensitivity study identified the parameters that have the largest influence on the drip
shield vertical load carrying capacity.  The baseline model was always taken as the reference
system, and only one system parameter was varied at a time (i.e., individual parameter
variation).  The sensitivity study included drip shield structural analyses for parameter values
limited to reasonable lower and upper bounds, which were determined based on available
information and engineering judgment.  The relationships between the drip shield structural
capacity and variation of specific parameters will be converted to abstractions and
incorporated into the MECHFAIL code (Gute, et al., 2003), a subroutine of the Total-system
Performance Assessment code (Mohanty, et al., 2002).  This implementation is part of a
subsequent report, and probabilistic distribution functions will have to be defined for the
parameters that significantly affect the drip shield structural performance.

The results indicated that the average lateral-to-vertical load ratio is the factor that has the
largest influence on the drip shield vertical load carrying capacity, which may increase several
times if the lateral load decreases (Figure 4-9).  This result is consistent with the fact that the
weakest elements of the structure are the drip shield support beams (columns).  On the other
hand, the lateral loading asymmetry, or load imbalance, can modify the drip shield capacity by
more than 50 percent (Figure 4-8).  The large load imbalance tends to decrease, however, as
the vertical loads increase.  Temperature is another parameter that may modify the drip shield
capacity by almost 50 percent when it increases from 150 to 316 °C [302 to 601 °F]
(Figure 4-14).  Generalized corrosion has a small effect on the drip shield strength capacity. 
A total thinning of 2 mm [0.08 in] in the plate thickness results in a decrease of about
10 percent on the drip shield vertical load carrying capacity.  Stiffness of the rubble
accumulated around the drip shield walls was also investigated.  The drip shield capacity is
very sensitive to whether or not the drip shield–rubble interaction is included.  However, the
main effect of the rubble is to provide overall lateral constraint to the drip shield and avoid
second-order moment effects.  Therefore, once the drip shield–rubble interaction is included
in the model, variation of the rubble modulus of elasticity has a negligible effect on the
drip shield capacity.

The degradation of the invert, which may cause differential settlements of the drip shield, was
also addressed.  Analyses were carried out to obtain the decrease in the drip shield capacity
when differential settlements occur and the loads are applied to the drip shield deformed
configuration.  For the range of differential settlements analyzed {up to 150 mm [5.9 in] of
uneven settlement}, the drip shield capacity decreased on the order of 10 to 15 percent 
(Figure 4-13).  The underlying concern, however, is that after the degradation of the grid of
carbon steel beams of the invert, the drip shield will rest on the crushed tuff, transferring
vertical loads directly from the drip shield base to the crushed tuff, which will generate large
stresses.  As shown in Appendix C, the bearing capacity of the crushed tuff may be exceeded
by several orders of magnitude.

The possibility of having a slow rate of rubble accumulation was also evaluated.  The objective
of studying early loading stages is to assess the drip shield capacity when the vertical load is
not large enough to develop the necessary frictional force to overcome the horizontal base
reaction.  It was concluded that the lateral stiffness of the free-standing drip shield is not
enough to prevent large lateral base displacements before the friction force builds up. 
Nevertheless, the vertical load carrying capacity is not largely affected if it is assumed that the
base pallet and waste package will laterally constrain the drip shield to some extent. 
Otherwise, drip shield failure is likely to occur at very early loading stages.  This section only
evaluates symmetrical loading patterns, but at early loading stages the rubble may tend to
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accumulate on only one side of the drip shield and cause drip shield rigid body motions
(Bechtel SAIC Company, LLC, 2004b).

6.3 Seismic Loading

Chapter 5 describes the seismic loading scenario used for the seismic evaluation of the
drip shield frame model.  The earthquake levels used for the dynamic evaluation are based on
DOE probabilistic seismic hazard analysis (Bechtel SAIC Company, LLC, 2004f) and are
associated with mean annual frequencies of exceedance of 10!5, 10!6, and 10!7.  In this study,
the drip shield frame model was subjected to acceleration time histories that correspond to a
mean annual frequency of exceedance of 10!5, the smallest postclosure earthquake level. 
The analytical model predicted drip shield structural instability as a result of this seismic
loading.  The drip shield frame model collapsed during the time history analyses, even when
assumptions that overestimate the drip shield structural performance were used.  For
instance, the static load previous to the seismic event was smaller than the expected static
load, the selected records exhibited the smallest peak ground accelerations of DOE set of
records, and more.

6.4 Uncertainty in the Drip Shield Frame Model

The unique characteristics of the drip shield design imply that some parameter conditions
cannot be easily evaluated, leading to significant uncertainty in the characterization of the
analytical model.  Among the factors that lead to large uncertainty are the lack of mechanical
attachments of the drip shield to the invert, the potential invert degradation, the material
properties of the rubble surrounding the drip shield, the drip shield temperature and the lack of
information about the nonlinear dynamic response of components made of Titanium Grade 7
and 24.  On the other hand, the random variability of the loading scenarios is even larger, and
its effect on the drip shield structural performance appears to be more relevant.  For instance,
the magnitude of the lateral pressure presents large variability, which may increase
(or decrease) several times the vertical load carrying capacity of the drip shield (Figure 4-9). 
Similarly, the acceleration time histories show large dispersion on parameters such as the
peak ground acceleration.  This large variation is observed even for time histories scaled to
the same mean annual frequency of exceedance (Figures 5-4 and 5-7).

Because uncertainties are large, using a rather simplified model is justified for the sensitivity
study of the static loading conditions and the nonlinear dynamic time history analysis.  As
shown in Chapter 2, the structural response obtained for the drip shield frame model differs
about 10–20 percent from the response obtained using a more complex drip shield finite
element model.  Therefore, the precision that may be obtained using finite element models is
overcome by the large variation in the results due to the limitations in the numerical model and
the intrinsic random variability of system parameters and loads.

6.5 Conclusion

The frame model indicates that the proposed drip shield design cannot withstand the expected
static and dynamic loads.  The failure mode under static loads is plastic buckling of the drip
shield columns for most of the evaluated loading configurations.  Some loading conditions
induce demands (i.e., stresses, displacements, etc.) that are orders of magnitude larger than
the system capacity (e.g., strong seismic events and the bearing capacity of the invert
crushed tuff).
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The drip shield structural performance, therefore, has to improve significantly.  Ideally, the
system performance should remain within the elastic range under any potential static loading
configuration because inelastic performance triggers additional failure modes, such as
localized corrosion and creep.  Moreover, it is very unlikely that a structural system performing
in the inelastic range under static loads will have sufficient inelastic absorption energy
capacity for withstanding seismic events with the characteristics of the postclosure
acceleration time histories.  A better performance under static loads is also needed because
corrective treatments cannot be applied in case of excessive drip shield deformations.
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EQUIVALENT WITH DRIP SHIELD FRAME MODEL SECTIONS

This section presents the calibration performed to obtain the stiffness properties of the
drip shield frame model.  Most of the characteristics of the beam–column elements of the
frame model can be obtained directly from the cross sections of the drip shield design.  The
unidimensional beam–column elements, however, represent not only the Titanium Grade 24
frame components, but also the part of the Titanium Grade 7 plate that contributes to the drip
shield global stiffness.  Therefore, the calibration is used to obtain the equivalent width of the
drip shield plates that produce similar results between the frame model and more complex
finite element models.  The calibration is an iterative process because of the different sections
used for the crown and the columns of the drip shield and because of the presence of several
nonprismatic members.  The first part of this appendix describes the initial calibration of the
drip shield frame model with a drip shield elastic SAP2000 (Computers and Structures, Inc.,
2004) finite element model developed exclusively for this purpose.  Then several dynamic
properties and response parameters are compared for both the SAP2000 frame and the
SAP2000 finite element models.

For simplicity, a uniform equivalent width was used as a first iteration for all drip shield
sections.  Lateral displacements and vibrational modes, however, were not particularly
sensitive to stiffness variations on the lower part of the columns because of the relatively thin
sections used in this region.  Therefore, a more refined calibration was carried out, varying the
equivalent width of the drip shield frame model columns.

A.1 SAP2000 Finite Element Model Description

The SAP2000 finite element model represents a complete transverse section of the drip shield 
(Figure A–1).  This model was used to establish the lateral stiffness of the structure and to
determine the equivalent width of the Titanium Grade 7 plates to be used on the cross
sections of the SAP2000 frame model.

All the elements of the SAP2000 finite element model were modeled with four-node shell
elements.  The plane bending behavior of this element includes two-way, out-of-plane, and
plane rotational stiffness components and a translational stiffness component in the direction
normal to the plane of the element.  Also, the drip shield analysis used SAP2000 automatic
mesh capabilities to further subdivide the generated shell elements into 3 × 3 meshes.

A pin constraint, which prevents translation in the three orthogonal directions, was
incorporated for the drip shield base elements.  To enforce longitudinal symmetry, the nodes
along the edges of the drip shield model were prevented from translation in the longitudinal
direction and out-of-plane rotation (Figure A–2).  The SAP2000 finite element model did not
include spring constants, a model simplification that permits a better comparison of the drip
shield structural properties.

A.2 Calibration of the SAP2000 Frame Model with SAP2000 Finite
Element Model

The unidimensional beam–column elements of the SAP2000 frame model represented both
the Titanium Grade 24 frame components and the equivalent cross section of the Titanium
Grade 7 plates.  The stiffness contribution of the Titanium Grade 7 plates was simplified by 
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Figure A–1.  Isometric View of SAP2000 Finite Element Model

Figure A–2.  Constraints on SAP2000 Finite Element Model
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adopting an equivalent width obtained from calibrating the SAP2000 frame model with
SAP2000 finite element models.  The equivalent width concept is amply used in reinforced
concrete and steel design, and several design codes propose general equations for
computing the equivalent width.  The code equations, however, were not used in this study
because they do not correspond to the materials and particular geometry of the drip shield.

The calibration of the SAP2000 frame model was based on the comparison of dynamic
properties (e.g., the eigenvalues) and response parameters (e.g., displacements and end
forces).  The results indicated that, although the centerline distance between Titanium Grade
24 frames is 1,070 mm [42.1 in], the equivalent width is much smaller.  In the first iteration, a
constant equivalent width bE = 260 mm [10.2 in] was proposed for all the drip shield sections. 
The response obtained from this calibration compared favorably with the response of the
SAP2000 finite element model even though the moment capacity of the drip shield columns
was underestimated.  After the calibration of the columns using a cantilever element
(Section A.3), the equivalent width for the drip shield columns varied from bE = 230 mm [9.1 in]
at the top of the column to bE = 450 mm [17.7 in] at the base of the drip shield (Table 3-1). 
For the crown sections, a constant bE = 230 mm [9.1 in] was used.  The following results are
some of the dynamic properties and structural responses that were compared in the
calibration process.

A.2.1 Modal Frequencies

The first natural vibrational periods for both the SAP2000 frame model and the SAP2000 finite
element model are shown in Table A–1, and the modal shapes are presented in Figure A–3. 
For computing the drip shield dynamic properties of both models, the mass sources are the
self-weight and the mass provided by a vertical pressure of 100 kPa [14.5 psi] applied normal
to the drip shield crown.  These obtained dynamic properties must only be used to validate the
stiffness properties of the drip shield frame model.  The modal shapes and eigenvalues to be
used in the dynamic analyses of Chapter 5 are different because the drip shield–rubble
interaction and the appropriate magnitude and distribution of the acting masses are
incorporated.  The modal shapes and vibrational periods showed reasonable agreement.

Table A–1.  Comparison of Vibrational Period Between SAP2000 Finite Element
Model and SAP200 Frame Model

Vibrational Mode

Vibrational Period (Seconds)

SAP2000
Finite Element Model, TFEM

SAP2000
Frame Model,

Tframe Tframe/TFEM

First Mode 1.52 1.49 0.98

Second Mode 0.24 0.22 0.92

Third Mode 0.09 0.08 0.89
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Figure A–3a.  Modal Shapes for SAP2000 Finite Element Model and SAP2000 Frame
Model, First Vibrational Period

A.2.2 Displacements

For elastic behavior, the initial drip shield global stiffness is proportional to the displacements
experienced by the structure.  Thus, several displacements for three simple loading
configurations were computed:

Case 1 A vertical load of 200 kN [45.0 kips] was applied on the drip shield crown.  The
vertical displacement at the crown apex and the horizontal displacement at the
left drip shield corner were computed.

Case 2 A horizontal load of 100 kN [22.5 kips] was applied at each drip shield corner. 
The horizontal displacement at the drip shield corner was reported.

Case 3 A vertical pressure of 100 kPa [14.5 psi] was applied normal to the crown
surface.  The vertical displacement at the crown apex and the horizontal
displacement at left drip shield corner were computed.
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Figure A–3b.  Modal Shapes for SAP2000 Finite Element Model and SAP2000 Frame
Model, Second Vibrational Period

As observed in Table A–2, there was good agreement between the displacements obtained
for both models.

A.3 Cantilever Comparison

As mentioned above, the global response of the drip shield model is not very sensitive to
variations in the stiffness properties of the lower part of the columns.  For this reason, it was
decided to improve the calibration of these sections by isolating the column response.  For
this purpose, the boundary conditions of the drip shield columns of the ABAQUS (ABAQUS,
Inc., 2004) finite element model and the SAP2000 frame model were set to simulate a
cantilever member.  As shown in Figure A–4, the top part of the column was fixed, and the
bottom of the column was released of all constraints.  The resulting cantilever beams were
subjected to a uniform pressure of 20 kPa [2.9 psi], and the displacements for both models
were compared.  When calibrating the drip shield frame column sections, the equivalent 
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Figure A–3c.  Modal Shapes for SAP2000 Finite Element Model and SAP2000 Frame
Model, Third Vibrational Period

width was increased as the Titanium Grade 24 frame section became thinner.  Then the
bottom of the drip shield columns have a larger equivalent width than the top of the column
section.  The rationale is that the contribution of the Titanium Grade 7 plate becomes more
important as the Titanium Grade 24 cross section is reduced.  After several iterations, the
equivalent width was set at bE = 230 mm [9.1 in] for the top of the column and bE = 450 mm
[17.7 in] for the base of the column.  The variation of the equivalent width was proportional to
the elastic stiffness of the drip shield sections obtained from the first iteration, where a
constant  bE = 260 mm [10.2 in] was used for all the sections.  As Figure A–5 indicates, the
calibration successfully reproduces the displacements of the drip shield frame throughout the
complete column.
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Table A–2.  Displacements Comparison for SAP2000 Finite Element Model and
SAP2000 Frame Model

Loading Case

Displacement, mm [in]

SAP2000 
Finite Element

Model, dFEM

SAP2000
Frame Model,

dframe dframe/dFEM

Case 1—Vertical Displacement at
Crown Apex

!20.0 [0.79] !19.9 [0.78] 1.00

Case 1—Horizontal
Displacement at Left Drip Shield
Corner

!14.8 [0.58] !14.6 [0.57] 0.99

Case 2—Horizontal
Displacement at Drip Shield
Corner

407.9 [16.06] 414.2 [16.31] 1.02

Case 3—Vertical Displacement at
Crown Apex

!8.9 [0.35] !8.8 [0.35] 0.99

Case 3—Horizontal
Displacement at Drip Shield
Corner

!7.4 [0.29] !7.0 [0.28] 0.95
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Figure A–4.  Cantilever Model for Calibration of Drip Shield Columns
{Units:  Pa [1 Pa = 0.145 × 10!3 psi]}
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SUMMARY OF DRIP SHIELD PRESSURES REPORTED ON DRIFT
DEGRADATION ANALYSIS

B.1 Introduction

The U.S. Department of Energy (DOE) calculated the pressures on the drip shield due to
static and seismic loads using micromechanical modeling (Bechtel SAIC Company, LLC,
2004, Appendix P).  DOE evaluated the drip shield loads in the lithophysal rock for several
rock block sizes and boundary conditions, and the drip shield was modeled as a rectangular
or an arched structure that can be rigid or flexible.  The main DOE results are summarized in
this appendix because this report is one of the best sources of static and dynamic drip
shield pressures.

B.2 Quasi-Static Drift Degradation

For quasi-static drift degradation, DOE assumed that the rock mass has zero-cohesive
strength.  Based on this assumption, total drift collapse occurred under the action of in-situ
stresses and gravitational forces.  Thus, DOE performed several analyses varying the block
size of the model, the drip shield model, and the boundary conditions.  Regarding the
boundary conditions, DOE considered two options:  (i) the drip shield was slaved to the
free-field motion, and the invert pallet and the waste package were not included in the model;
and (ii) the drip shield, invert pallet, and waste package were included in the model. 
According to DOE, the invert provided horizontal support affecting the volume of the initial drift
cross section that can be filled with the caved rock, which results in earlier buildup of the back
pressure by the caved rock.  When the invert was included, the drip shield was pinned to the
invert or rested on it.

Table B–1 includes the drip shield loading pressures obtained by DOE from different
realizations.  Cases 1 and 2 show the influence of the drip shield model when the
characteristic size of Voronoi blocks (rock size) is assumed to be 0.3 m [0.98 ft] and the invert
is not included.  Case 1 modeled the drip shield as an equivalent rectangular rigid body that is
slaved to the free-field motion.  Case 2 used a deformable arched drip shield pinned at its
bottom that was calibrated with a more refined drip shield structural model.  The drip shield
model, however, was assumed to behave always within the elastic range.  For these two
cases, the deformability of the drip shield did not have a significant effect on the vertical load
on the drip shield, which was even larger for the deformable case.  Regarding the large
asymmetric loading of Case 2, DOE assumed that the lateral loading imbalance was likely
caused by the pin condition.

Cases 3 and 4 also consider a rock size for the rubble of 0.3 m [0.98 ft], but the invert, pallet,
and waste package are included.  Case 3 includes a rigid arched drip shield model, whereas
Case 4 considers a flexible arched drip shield.  The results indicate that the drip shield loads
were remarkably similar for both the rigid and flexible drip shield models, but the inclusion of
the invert led to a significant decrease in the drip shield loads.  Note that the lateral loading
imbalance was very small for the flexible drip shield although it was pinned at its base.  Thus,
unlike the first two cases, the pin constraint did not cause large lateral loading asymmetry, and
the results for rigid and flexible drip shield models were very close.
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Table B–1.  Quasi-Static Drift Degradation.  Average Loads on the Drip Shield
Crown and Side Walls.*

Case

Rock
Size,
 m 
[ft]

Invert,
Pallet
and

Waste
Package

Drip Shield
Model

Drip
Shield

Boundary
Condition

Left
 kPa 
[psi]

Top
 kPa 
[psi]

Right
kPa
[psi]

1 0.3 
[0.98]

No Rigid 
Rectangular

Slaved 303.2
[44.01]

194.2
[28.19]

326.7
[47.42]

2 0.3
[0.98]

No Flexible
Arched

Pinned 216.1
[31.36]

216.7
[31.45]

15.8
[2.29]

3 0.3 
[0.98]

Yes Rigid 
Arched

Slaved 39.7
[5.76]

58.6
[8.51]

30.0
[4.35]

4 0.3
[0.98]

Yes Flexible
Arched

Friction 35.0
[5.08]

59.9
[8.69]

29.8
[4.33]

5 0.2
[0.66]

No Rigid
Rectangular

Slaved 62.6
[9.09]

179.2
[26.01]

44.8
[6.50]

6 0.2
[0.66]

No Flexible
Arched

Pinned 35.8
[5.20]

136.0
[19.74]

89.5
[12.99]

7 0.2
[0.66]

Yes Rigid 
Arched

Slaved 66.5
[9.65]

144.2
[20.93]

11.3
[1.64]

8 0.2
[0.66]

Yes Flexible
Arched

Friction 41.5
[6.02]

108.9
[15.81]

58.8
[8.53]

* Bechtel SAIC Company, LLC.  “Drift Degradation Analysis.”  ANL–EBS–MD–000027.  Rev. 03.  Las Vegas,
Nevada:  Bechtel SAIC Company, LLC.  2004.

The models for Cases 5 and 6 are identical to Cases 1 and 2, but the block size is assumed to
be 0.2 m [0.66 ft] instead of 0.3 m [0.98 ft].  The smaller block size should yield better packing
and smaller bulking of the cave rock.  DOE stated that for cases in which the cohesive
strength of the joints between the blocks is reduced to zero, the potential for formation of
stable arches becomes smaller as the block size decreases.  Table B–1 indicates that the
vertical drip shield loads were reduced for the deformable drip shield (Case 6).  There was,
however, a significant imbalance in the horizontal forces acting on the deformable drip shield,
which was attributed to the boundary condition used at the bottom of the drip shield.  The
comparison of Cases 5 and 6 with Cases 1 and 2 shows that the reduction of the rock size
from 0.3 m [0.98 ft] to 0.2 m [0.66 ft] caused a decrease in the drip shield loads, even though
the invert is not included in the models.

Cases 7 and 8 are similar to Cases 5 and 6 in the sense that a rock size of 0.2 m [0.66 ft] is
used.  In these cases, however, a rigid invert was included.  For Case 8, the drip shield was
not pinned to the invert, and friction was the only constraint to the drip shield base.  As
observed, the deformable drip shield caused the loads to reduce by approximately 30 percent
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with respect to the rigid model (Case 7).  Cases 7 and 8 can also be compared to Cases 3
and 4 where a rigid invert was also utilized, but a block size of 0.3 m [0.98 ft] was used.  In
this case, the models with larger block size presented the smaller drip shield pressures, which
is the expected trend according to DOE.  There are several comments derived from the
results of Table B–1:

• Some of the final equilibrium states, such as Case 4 (Figure B–1), represent partial
degradation in which some areas are at the brink of instability.  The large gaps in the
rubble eventually have to be filled due to static or dynamic degradation, which would
increase the loads on the drip shield. 

• The invert includes a grid of carbon-steel beams that will likely degrade at an early stage
of the regulatory compliance period.  Once these beams degrade, the drip shield vertical
loads will transfer to tuff material that, as shown in Appendix C, does not have the
bearing capacity to withstand such large loads.  Therefore, the invert should not be
considered as a rigid body, and the cases without an invert may model the drip shield
behavior more realistically.

• The models that do not include the invert consider that the entire drip shield is “slaved”
to the free-field motion and cannot translate in any direction.  This may be a
nonconservative assumption, because once the drip shield starts to actually settle, the
volume of the cross section to be filled will increase.  

• The flexible drip shield models used in the analyses assume that the drip shield
response is always within the elastic range.  If nonlinear behavior were considered, large
vertical and horizontal loads would cause inelastic response.  Thus, under monotonic
static loading, the drip shield deformations would be larger than those predicted by a
drip shield model that deforms in the elastic interval.

DOE also included a set of six quasi-static realizations to account for the variability in the
mechanical properties throughout the repository horizon.  The realizations are shown in
Table B–2, and the basecase is the model of the deformable drip shield resting on the invert,
which is Case 8 of Table B–1.  DOE stated that the results indicate the large variability of the
load in the cross section.  DOE, however, did not explicitly indicate whether the six
realizations consider the same drip shield model, block size, and boundary conditions,
although this should be the case in order to have a comprehensive estimation of the
pressure variability.  The last two columns were added by staff and show the two
parameters that define the loading configurations used in Chapters 3 and 4:  (i) the average
horizontal-to-vertical ratio and (ii) the lateral loading asymmetry.  The table also presents the
mean value for the two parameters.  Observe that the mean lateral pressure on only one side
of the drip shield does not have a physical meaning because of the randomness in selecting
the left and right drip shield side pressures.  This information is used to estimate the loading
configurations to be used in this investigation (Section 3.1.4.2).  The lateral loading
asymmetry is larger for some of the cases of Table B–1 and for the lateral-to-vertical
load ratio.
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Table B–2.  Six DOE Realizations for Quasi-Static Drift Degradation.  Average Loads
on the Drip Shield Crown and Side Walls.*

Realization

Left
kPa
[psi]

Top 
 kPa 
[psi]

  Right 
 kPa 
[psi]

Bulking
Factor

Average
Horizontal/Vertical

Ratio†

Lateral
Loading

Asymmetry†

1 41.4
[6.01]

108.9
[15.81]

58.8
[8.53]

0.24 0.46 1.41

2 19.2
[2.79] 

147.1
[21.35]

19.3
[2.80]

0.19 0.13 1.01

3 31.4
[4.56]

154.8
[22.47]

6.7
[0.97]

0.25 0.12 4.69

4 57.2
[8.30]

129.8
[18.84]

123.8
[17.97]

0.20 0.72 2.25

5 69.7
[10.12]

112.7
[16.36]

105.4
[15.30]

0.22 0.78 1.51

6 33.0
[4.79]

113.9
[16.53]

52.2
[7.58]

0.21 0.37 1.58

Mean‡ — 128.0
[18.58]

— — 0.43 2.08

*Bechtel SAIC Company, LLC.  “Drift Degradation Analysis.”  ANL–EBS–MD–000027.  Rev. 03.  Las Vegas,
Nevada:  Bechtel SAIC Company, LLC.  2004.
†Columns added for this report.
‡Row added for this report.

B.2 Dynamic Degradation Under Seismic Events

The DOE also evaluated the effect of ground motion accelerations on the dynamic pressures
of the drip shield for models with an initially intact drift and an initially collapsed drift (Bechtel
SAIC Company, LLC, 2004).

B.2.1 10!5 Seismic Events With Intact Drift

DOE states that partial drift collapse occurs in about 70 percent of the analyses for ground
motions with a mean annual frequency of exceedance of 10!5.  Depending on the modeling
conditions at the equilibrium stage, the drip shield loads at the crown presented by DOE
varied between 13 and 49 kPa [1.9 and 7.1 psi].  An example of the final configuration when
equilibrium is reached is presented in Figure B–2 for a flexible drip shield that includes a rigid
invert and a drip shield that can slide and separate from the invert.  The drift was considered
intact before the seismic event, and the imposed ground motion accelerations did not result in
total drift collapse, although the final configuration is susceptible to eventual complete
collapse (as inferred from some block elements that are at the onset of instability).  The left,
top, and right average pressures at the end of the analysis were 21, 13, and 9 kPa [3.0, 1.9,
and 1.3 psi], respectively. 
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Figure B–2.  Equilibrium State After a Seismic Event With Mean Annual Frequency of
Exceedance of 10!5 {Units:  Pa and m [1 Pa = 0.145 × 10-3 psi, 1 m = 3.28 ft]}

Figure B–3 shows the segments in which DOE subdivided the drip shield in the model, and
Figure B–4 presents the time history of impact loads for the crown drip shield segments. 
This time history belongs to the same realization that produced the final configuration of
Figure B–2.  Observe that the maximum impact load for a specific segment was over 6 MPa
[0.87 ksi], and at some time intervals of the time history analysis, the average vertical load
pressure was over 1 MPa [0.15 ksi] (e.g., between 1.5 and 2 s).  This load is two orders of
magnitude larger than the vertical pressure at the equilibrium state, which is only 13 kPa
[1.9 psi].  Nevertheless, the drip shield model will not collapse even under very large
pressures because it was modeled to remain within the elastic range.

B.2.2 10!6 and 10!7 Seismic Events With Intact Drift

For the cases in which the drift is intact at the time of the seismic event, DOE indicated that
the drip shield did not overturn even for low probability seismic events, because in these
cases, collapse occurs quickly and the drip shield is backfilled almost immediately.  Once the
drip shield is backfilled, it is difficult to overturn it because the caved rock provides the back
pressure and constrains the drip shield motion.  Figure B–5 shows one of the model
configurations in the equilibrium state after a 10!6 ground motion has taken place.  Note that
the drip shield tilted significantly and that the base on the right side elevated to almost the
height of the pallet {about 700 mm [27.6 in]}.
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Figure B–3.  DOE Segments Used to Model the Drip Shield Structure

Figure B–4.  Dynamic Loads on the Top of a Deformable Drip Shield Under a Seismic
Event with Mean Annual Frequency of Exceedance of 10!5 [1 Pa =  0.145 × 10-3 psi]
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Figure B–5.  Equilibrium State After a Seismic Event With Mean Annual Frequency of
Exeedance of 10!6 [Units:  m (1 m = 3.28 ft)]

As stated by DOE, the maximum transient pressures were up to 10 MPa [1.5 ksi] for 10!6

ground motion and up to 40 MPa [5.8 ksi] for 10!7 ground motions for individual drip shield
segments (Figure B–6).  The average vertical load pressure for the drip shield is larger than
1.5 to 2.0 MPa [0.22 to 0.29 ksi], whereas the maximum average load when the equilibrium
state is reached is only 134 kPa [19.4 psi] for this particular seismic event.  Therefore, the
dynamic loads caused drip shield pressures that are more than one order of magnitude larger
than the loads at the equilibrium state.  Similar conclusions were obtained for ground motions
with a mean annual frequency of exceedance of 10!7.

B.2.3 Seismic Events on Collapsed Drifts

DOE indicated that when seismic events occur on already collapsed drifts, the transient
pressures on the drip shield are up to an order of magnitude larger than the original static
pressures.  Observe, for instance, the dynamic load on the drip shield crown for a 10!6 seismic
event acting on an already collapsed drift (Figure B–7).  In this analysis, one of the segments
ended with a large load of about 1.5 MPa [0.22 ksi], although the average was significantly
smaller because some segments have very low pressure.  Nevertheless, at some time
intervals of the dynamic loading, the average load pressure was certainly above 1 MPa
[0.15 ksi]. 
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Figure B–6.  Dynamic Loads on the Top of a Deformable Drip Shield Under a
Seismic Event with Mean Annual Frequency of Exceedance of 10!6 

[1 Pa =  0.145 × 10-3 psi]

Figure B–7.  Dynamic Loads on the Top of a Deformable Drip Shield Under a
Seismic Event With Mean Annual Frequency of Exceedance of 10!6, Already

Collapsed Drift [1 Pa =  0.145 × 10-3 psi]
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Table B–3.  Effect of Seismic Shaking After Quasi-Static Collapse.  Average Loads on
the Drip Shield.*

Case Left
kPa [psi]

Top 
kPa [psi]

Right
kPa [psi]

Bulking
Factor

Quasi-Static Collapse 41.4 [6.01] 108.9 [15.81] 58.8 [8.53] 0.24

10!4 Seismic Event 13.9 [2.02] 154.4 [22.41] 55.9 [8.11] 0.20

10!5 Seismic Event 24.1 [3.50] 173.3 [25.15]  96.1 [13.95] 0.14

10!6 Seismic Event 72.2 [10.48] 240.1 [34.85] 78.1 [11.34] 0.10

*Bechtel SAIC Company, LLC.  “Drift Degradation Analysis.”  ANL–EBS–MD–000027.  Rev. 03.  Las Vegas,
Nevada:  Bechtel SAIC Company, LLC.  2004.

The static pressure in the equilibrium state after shaking also increased compared to the static
pressures in the equilibrium before shaking.  The increase in the average pressures was
larger for stronger ground motions (Table B–3).  Associated with this pressure increase was a
reduction in the bulking factor, because shaking compacts the caved rock.

A.4 REFERENCES

Bechtel SAIC Company, LLC.  “Drift Degradation Analysis.”  ANL–EBS–MD–000027. 
Rev. 03.  Las Vegas, Nevada:  Bechtel SAIC Company, LLC.  2004.
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BEARING CAPACITY OF CRUSHED TUFF INVERT

C.1 Background

The drip shield structure will initially rest on a grid of carbon steel beams that will transfer the
drip shield vertical loads to the crushed tuff.  The steel beams, however, will corrode after a
relatively short period of time and the crushed tuff will have to withstand the drip shield vertical
forces.  Because the design does not include a foundation for transferring the loads from the
drip shield to the crushed tuff, the loads must be directly transferred from the drip shield base
to the crushed tuff.

To perform satisfactorily, the invert crushed tuff should have sufficient bearing capacity such
that the drip shield would not undergo excessive displacement or rotation.  In the
drip shield–invert system, the theory developed by Terzaghi for continuous foundations may
be applied.  Based on equilibrium analysis, Terzaghi expressed the ultimate bearing capacity
as (Das, 1998)

q cN qN BNu c q c= + + 1
2

γ (C–1)

where

B = width of the foundation base
c = cohesion of soil
γ = unit weight of soil
q = , where Df is the depth of the foundation baseγDf

Nc, Nq, Nγ = bearing capacity factors that are nondimensional and are only functions
of the soil friction angle, φ

The bearing capacity factors are defined as
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where  is the passive pressure coefficientKpγ
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q cN qN BNu c q= ′ + ′ + ′2
3

1
2

γ γ (C–5)

q BNu = 1
2

γ γ (C–6)

If the superstructure rests on sand or clayey soil of medium compaction, the soil may exhibit a
local shear failure mode.  The following modification applies to Eq. (C–1):

where  are the modified bearing capacity factors.  They can be calculated using′ ′ ′N N Nc q, , γ

Eqs. (C–2) through (C–4) by replacing  with .φ ′ = ⎛
⎝⎜

⎞
⎠⎟

−φ φtan tan1 2
3

The common safety factor for the ultimate bearing capacity is three.

C.2 Invert Bearing Capacity

The friction angle for crushed tuff may vary from approximately 35° if loosely compacted to
approximately 45° if densely compacted (e.g., Lambe and Whitman, 1969).  The crushed tuff
would be cohesionless (i.e., no cementitious or clayey admixture), which eliminates the first
term of Eq. (C–1).  The second term of Eq. (C–1) refers to the effect of the soil above the
bottom of the foundation, which is approximated by means of an equivalent surcharge, q.  In
the case of the drip shield invert system, there are different conditions for the interior and
exterior side of the drip shield.  For the exterior side, the rubble surrounding the drip shield
wall provides a large surcharge effect.  For the interior drip shield side, there is no equivalent
surcharge because the drip shield base rests directly on the invert surface.  Therefore, the
second term does not have a contribution to the ultimate soil bearing capacity, and Eq. (C–1)
is reduced to

For the drip shield base, B = 0.075 m [0.25 ft].  The volumetric weight was assumed as
  For a  between 35 and 45°, Nγ = 12.1 to 39.8, which resulted in an ultimateγ = 2 3MT m/ . φ

bearing capacity range, qu, from 0.91 to 2.98 MT/m2.  On the other hand, the load on the
foundation was computed from the expected overpressure on top of the drip shield
{i.e., Pv = 300 kPa [43.5 psi]}.  According to baseline model results, the maximum vertical
reaction for the baseline model is 384 kN [86.3 kips].  Then, the applied load pressure was

( )
( )q qa u=

×
= >> =

384 9 81
0 075 107

488 2/ .
. .

/ . /
MT

m m
MT m MT2 98 m2 (C–7)

where 1.07 m [3.5 ft] is the centerline distance between Titanium Grade 24 frame supports.

The applied load was two orders of magnitude larger than the upper ultimate invert bearing
capacity.  Furthermore, the contact area at the base is likely to be smaller than 0.075 m
[0.246 ft] once the base deforms under the applied axial and bending loads.  Because of this
large difference, differential settlements were not calculated in this Appendix.
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It could have been considered that the pallet and waste package provide the surcharge
pressure on the interior of the drip shield.  However, the edge of the bottom of the pallet is
separated approximately 0.3 m [ 0.98 ft] from the drip shield base for the case in which the
pallet is centered with respect to the drip shield.  When the pallet is near one of the drip shield
walls, the above separation is approximately 0.4 m [1.3 ft].  Because the drip shield base
width is only 0.075 m [0.246 ft], most of the soil failure surface is developed in less than 0.4 m
[1.3 ft].  Therefore, it is not recommended to account for this type of surcharge.  Moreover,
even if this surcharge were considered, the term  would contribute to the ultimate bearingqNq′

capacity with only 15 percent of the applied load pressure.

C.3 REFERENCES

Das, B.M.  Principles of Foundation Engineering.  4th Edition.  Pacific Grove, California: 
PWS Publishing.  1998.

Lambe, T.W. and R.V. Whitman.  “Soil Mechanics.”  New York City, New York:  John Wiley &
Sons, Inc.  1969.
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