7 DRIP SHIELD AND DYNAMIC ROCK BLOCK IMPACT
PERFORMANCE ANALYSES

The U.S. Department of Energy (DOE) is designing the drip shield so it will protect the waste
package from direct rock block impacts. This chapter conveys the results obtained from a
parametric study that assesses the effects of rock block size and fall height on the ability of the
drip shield to mitigate damage to the waste package. The results of this parametric study have
been used to develop the abstractions implemented within the MECHFAIL Total-system
Performance Assessment (TPA) Version 5.0 beta code module. Specific abstractions
developed include the maximum displacement of the drip shield and the plastic strain incurred
by the different drip shield components for a given dynamic rock block impact scenario (i.e.,
rock block size and fall height). In addition, an abstraction that can be used to approximate the
drip shield velocity as a function of displacement for a given rock block impact scenario has also
been derived. The drip shield velocity-displacement relationship is needed to estimate the
potential impact velocity of the drip shield with different waste package sizes in the event the
rock block impact scenario is sufficient to cause this type of interaction.

74 Finite Element Model Description

The finite element models used to assess the effects of dynamic rock block impacts on the drip
shield are consistent with those described in detail in Gute, et al. (2001). As a result, only a
brief overview of the finite element models will be presented here.

711 Drip Shield Finite Element Model

The drip shield and rock block impact finite element model was constructed using two planes of
symmetry and plane strain boundary conditions (see Figure 7-1). Note that these boundary
conditions are consistent with those used to model the drip shield subjected to static rockfall
loads (see Chapter 5) except for the presence of rock rubble along the sides of the drip shield.
Rock rubble was not included in the drip shield and rock block impact model because the

_ primary focus of the parametric study was to evaluate the effects of varying rock block sizes and
rock block impact velocities (i.e., fall heights) on drip shield performance. If it is determined that
dynamic rock block impacts with the drip shield are risk significant, additional analyses can be
performed to study the potentia! beneficial and adverse effects associated with the presence of
rock rubble buttressing the drip shield. It is expected that including the presence of rock rubble
will reduce the defiection of the drip shield while increasing the likelihood of the Titanium

Grade 7 plate being breached for a given rock block impact.

The potential interactions between the drip shield and waste package created by a rock block
impact have yet to be evaluated. This study was limited to establishing the possibility of such
an occurrence before spending the significant effort that will be required to develop a model that
can simulate the event.

Unlike the drip shield and static rockfall load models, the drip shield and dynamic rock block
impact models were constructed using eight-noded hexahedral solid elements exclusively. This
was necessitated by the use of an explicit, as opposed to an implicit, method of numerical
solution to perform the analyses. As a result, reduced integration and hourglassing issues
uniquely associated with the explicit numerical technique needed to be taken into consideration.
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Figure 7-1. Schematic lllustrating the Planes of Symmetry Used to Simplify the
Drip Shield and Rock Block Impact Model

Hourglassing occurs because reduced-integration elements consider only the linearly varying
part of the incremental displacement field in the element for the calculation of the increment of
physical strain. The remaining part of the nodal incremental displacement field is the hourglass
field and can be expressed as hourglass modes. Excitation of these modes may lead to severe
mesh distortion, with no stresses resisting the deformation. Hourglassing can be avoided by
using an adequate mesh density within the model or by introducing artificial numerical damping
to suppress the hourglass modes. Because the inappropriate implementation of artificial
numerical damping may result in an excessively stiff response by the structure, it was decided
that the problem of hourglassing would be addressed by using an adequately refined mesh.

71.2 Finite Element Model of the Rock Block

It is generally accepted that the rock block will dissipate some of the energy associated with the
impact with the drip shield by localized crushing or fracturing. The amount of energy dissipated
through this mechanism is uncertain. Predominant factors that affect the quantity of energy
dissipated in this fashion are the magnitude and distribution of stress within the rock block,
which are directly dependent on the geometry of the rock block and the ability of the rock block
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material to support these stresses without failing (i.e., crushing or fracturing). As presented in
earlier progress reports (Gute, et al., 2000, 2001), the rock block has been assumed to have
cubic, spherical, or tetrahedron geometries. Moreover, the previous constitutive models for the
rock block were either based on the classical metal plasticity model with a von Mises yield
surface and perfectly plastic flow rule or the Mohr-Coulomb model cast in terms of the Drucker-
Prager yield surface formulation. It is not clear at this time, however, if the development of a
rock block finite element model that can reasonably approximate the energy dissipated by
crushing or fracturing during the impact event is wholly necessary. Maintaining a constant rock
block mass with an infinite material strength during the impact event will, conceptually, provide
conservative results because the energy dissipated by crushing or fracturing will not be
accounted for. The structural stiffness of the drip shield bulkheads and support beams is,
however, likely to be sufficient to cause localized failure of the rock block. This localized failure
of the rock block was explicitly accounted for in the construction of the finite element model so
the localized shearing of the drip shield plate near the bulkhead would not be underestimated.
To accomplish this task, the plane strain boundary conditions were not applied to the face of the
rock block whose outward normal is in the negative y-direction (see Figures 7-2a and 7-2b). No
other provisions for rock block material or structural failure were taken into consideration within
the model (i.e., a simple linear elastic constitutive model was used to represent the mechanical
behavior of the rock block mass).

Moreover, the finite element model of the rock block was constructed using the following
simplifying assumptions: (i) the rock block is a parallel-piped shape, (ii) the rock block impacts
the apex of the drip shield crown with only a vertical component of velocity, and (iii) the rock
block is sufficiently long to assume plane strain conditions for the drip shield. Assumption

(iii) implies the rock block size should be interpreted as a mass-per-drip-shield segment length.
For this study, the drip shield segment length was defined as the distance between two planes
bisecting consecutive bulkhead and support beam structural stifiener pairs. The actual drip
shield segment length is approximately 1.15 m [3.77 fi].

743 Finite Element Model Boundary Conditions
7.1.3.1 Loads

A comprehensive discussion of the derivation of the dynamic rock block impact load conditions
can be found in Gute, et al. (2001). Table 7-1 summarizes the rock block sizes and impact
velocities that were simulated in the parametric study. The combinations of rock block sizes
and impact velocities were chosen in the hope of developing simple relationships between the
drip shield response and the kinetic energy of the impacting rock block. As the results
presented in Sections 7.2 and 7.3 indicate, however, these relationships could not be based on
kinetic energy alone. Note that different impact velocities are analogous to different rock block
fall heights and are related in Eq. (7-1).

Vi = \/2 gh,, (7-1)
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Table 7-1. Drip Shield and Rock Block Impact Scenarios Included in the
’ Parametric Study
Initial Rock Block Impact Rock Block Impact
Velocity, Rock Block Mass, Kinetic Energy,
Case mi/s [ft/s] tonne/m [Ib/ft] Joules/m [(ft-1b)/ft]
1 7.0[23.0] 0.5 [336] 12,250 [2,754]
2 9.9 [32.5] 0.5 [336] 24,500 [5,508]
3 14.0 [45.9] 0.5 [336] 49,000 {11,016]
4 7.0 [23.0] 1.0[672] 24,500 [5,508]
5 9.9 [32.5] 1.0 [672] 49,000 [11,016]
6 14.0 {45.9] 1.0[672] 98,000 [22,031]
7 7.0[23.0] 2.0[1,344] 49,000 [11,016]
8 9.9 [32.5] 2.0 [1,344] 98,000 [22,031]
9 14.0 [45.9] 2.0 [1,344] 186,000 [44,062]
10 7.0[23.0] 4.0 [2,689) 98,000 [22,031]
11 9.9 [32.5] 4.0 [2,689] 196,000 [44,062]
12 2.475(8.12] 4.0 [2,689] 12,250 [2,754]
13 7.0[23.0) 8.0 [5,378] 196,000 [44,062]
14 1.750 [5.74] 8.0 [5,378] 12,250 [2,754]
15 2.475[8.12] 8.0[5,378] 24,500 [5,508]
where
Viock —_ impact velocity of the rock block (m/s)
g — acceleration due to gravity (m/s?)
h., —_ rock block fall height (m) (corresponds to the drift degradation zone height

For the current engineered barrier subsystem design (CRWMS M&O, 2000a), it can be shown
that the approximate range of potential rock block fall heights is from 2.1 to 8.2 m [6.9 to 30.2 fi].

at the time the seismic event occurs).

This range of potential rock block fall heights corresponds to rock block impact velocities from

6.4 to 13.4 m/s [21.1 to 44.1 fi/s]. It should be noted, however, that Eq. (7-1) does not take into

consideration the potential for the rock blocks being dislodged from the drift roof with initial
velocities induced by the seismic ground motions.
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To account for the ground motion associated with the seismic event assumed to be occurring at
the same time as the dynamic rock block impact with the drip shield, the drip shield and invert
were assumed to be moving at a constant upward velocity of 1 m/s [3.28 ft/s] at the time the
impact was initiated. After impact, the invert foundation continued to move upward with a 1-m/s
[3.28-ft/s] velocity throughout the duration of the analysis while the drip shield was free to
respond to the rock block impact load.

7.1.3.2 Kinematic Constraints

Kinematic constraints are discussed in detail in Gute, et al. (2001) and are illustrated in
Figure 7-1. To summarize, the drip shield rock block impact model is simplified by cutting the
model by three symmetry planes [see Figures 7-2(a), (b)]. The first two planes are normal to
the length axis (y-direction) and cut through the middle of the bulkhead and between the
bulkheads. The second plane is normal to the lateral axis (x-direction) and cuts through the
center of the drip shield. Nodes that lie on the respective symmetry planes are constrained to
those planes. The resultant model represents a continuous drip shield that experiences the
rock block impact along its entire length.

Recall from the rock block model discussion in Section 7.1.2 that the rock block was assumed
to be fractured at the bulkhead. This assumption will create the shearing condition between the
drip shield bulkhead and the drip shield crown plate expected to occur after the rock block was
~ crushed or fractured above the bulkhead. The shear stress calculated in the model should
bound any potential shear stress that the drip shield may experience as the result of a rock
block impact.

Three different contact interactions were explicitly accounted for in the drip shield and rock
block impact model. These were the interactions between the drip shield and the (i) rock block,
(i) supporting invert, and (iii) adjacent gantry rail. A master-slave concept was used within the
finite element program to model these interactions. Specifically, the nodes associated with the
slave surface cannot penetrate into or through the master surface mesh. The master surface
nodes, however, can penetrate through the slave surface. As a consequence, the slave surface
mesh should be much more refined than the master surface. Another option was to redundantly
define the master-slave relationship—the contact surface pair is defined twice with the surfaces
interchanging the master-slave relationship. A redundant master-slave relationship does not
allow any nodes from either surface to penetrate through the counterpart surface. Moreover, a
redundant master-slave contact definition is only appropriate when the master and slave
surfaces have similar mesh densities. Even though the effects of friction can be included as
part of the interaction between the two surfaces, the duration and magnitude of the impact load
are such that these effects are negligible.

For the case of the drip shield and rock block interaction, the coarsely meshed rock block was
used to define the master surface, and the drip shield was the corresponding slave surface. No
redundancy was used.

The finite element model also represented the drip shield as a free-standing structure on the
invert. In particular, the model employed a friction-free sliding contact boundary condition
between the drip shield and the rigid analytical surface to represent the invert and gantry rails
(see Figure 7-2). Note that the gantry rail (i.e., the vertical side of the rigid analytical surface)
limited the horizontal (x-direction) deflections of the drip shield and provided a potential pivot
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point to cause the drip shield to fold up underneath itself (i.e., buckle) if the deformations
became sufficiently large.

714 Finite Element Model Material Properties

See Section 5.1.3 for a summary of the material properties used to develop the constitutive
models for the various drip shield components. Gute, et al. (2001) discusses in detail the
construction of the bilinear stress-strain curves used to define the elastic-plastic material
behavior of the drip shield materials. The specific elastic rock mass material properties used in
the drip shield and rock block impact finite element analyses are provided in Table 7-2

(NRC, 2000).

Table 7-2. Elastic Material Properties Used for the Rock Block Mass

Young’s Modulus,*
GPa [psi]

32.6[4.73 x 109 0.21

*NRC. “Input to Repository Design and Thermal-Mechanical Effects Issue Resolution Status Report.” Rev. 3.
Washington, DC: NRC. 2000.

Poisson’s Ratio*

7.2 Summary of Analysis Results

A comprehensive discussion of the general stress and deflection results obtained from the finite
element models of the drip shield and rock block impacts can be found in Gute, et al. (2001).
That discussion is not repeated here except where it relates directly to the data abstractions
presented in Section 7.3.

7.2.1 Drip Shield Deflection

Knowledge of the maximum deflection of the drip shield was required to determine if the drip
shield would sufficiently deform under the rock block impact load to strike the waste package.
Drip shield deflection was measured by the relative change in gap between the bottom surface
of the bulkhead at the apex of the drip shield crown and the top of the waste package.

Figures 7-3 through 7-7 show the drip shield deflection history for each load case from

Table 7-1.

7.2.2 Drip Shield Component Stresses and Strains

The magnitudes of stress and strain incurred by the drip shield components under dynamic rock
block impact loads are required to establish the extent of the damage incurred by the drip shield
as a result of this type of event. Figure 7-8 illustrates the regions where maximum stresses and
strains occurred within the drip shield plate and bulkhead as the result of dynamic rock block
impacts. Table 7-3 provides a summary of the maximum drip shield deflection, drip shield plate
and bulkhead von Mises stresses, and drip shield plate and bulkhead equivalent plastic strains
that were calculated for each load case.
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7.3 Data Abstractions for MECHFAIL

7.31 Drip Shield Maximum Deflection Abstraction

The maximum deflection of the drip shield caused by a given rock block impact scenario was
assumed to be a function of the rock mass as well as the momentum and kinetic energy of the
rock block [see Eq. (7-2)]. The coefficients for Eq. (7-2) were determined using the data
obtained from the finite element analyses and the method of Least Squares curve fitting,

Oax = [7.720 10°]m +[3402x 107°]m? - [3.544 x 107 m®

+[1041:10 1M v, +[1443 10| M V2, (7-2)

where

Omax — maximum drip shield displacement (m)
M — rock block mass (tonne/m)

Vieesk — rock block impact velocity (m/s)

The normalized error for Eq. (7-2) was calculated using the following relationship

2
o _ 2 Onos = (M Vi )] (7-3)

2 Gnen]
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Table 7-3.

Maximum Drip Shield Plate and Bulkhead Stress and Strain Results

Drip Shield Plate Drip Shield Bulkhead
Maximum Maximum Maximum Maximum Maximum
Drip Shield von Mises Equivalent von Mises Equivalent
Deflection, Stress, Plastic Stress, Plastic
Case m [ft] MPa [psi] Strain MPa [psi] Strain
1 0.054 176.7 0.004 668.2 0.006
[0.177] [2.563 x 10 [9.691 x 10
2 0.080 178.1 0.007 . 685.4 0.015
[0.262] [2.583 x 10 [9.941 x 109
3 0.130 182.2 0.012 7246 0.035
[0.426] [2.643 x 10%] [1.051 x 109
4 0.097 212.3 0.054 705.8 0.025
[0.318] [3.079 x 104 [1.024 x 109]
5 0.1583 238.0 0.093 737.9 0.047
[0.502] [3.452 x 10 [1.070 x 109
6 0.268 287.4 0.162 811.9 0.082
[0.879] [4.168 x 109)] [1.178 x 109
7 0.174 260.1 0.124 763.2 0.057
[0.571] [3.772 x 10Y] [1.107 x 109
8 0.298 * * * *
[0.977]
9 0.613 * * * *
[2.011]
10 0.338 * * * *
[1.109]
11 0.638 * * * *
[2,093]
12 0.101 207.0 0.047 720.6 0.034
[0.331] [3.002 x 104] [1.045 x 10%]
13 ' * * * 0
14 0.130 227.4 0.076 741.2 0.044
[0.426] [3.298 x 104 [1.075 x 107
15 0.175 270.8 0.138 772.6 0.059
[0.574] [3.928 x 104 [1.121 x 109

*Denotes results that exceeded the material failure criterion and, as a result, were not used to calculate the

coefficients of the abstraction formulas.
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Using Eq. (7-3), the normalized error for Eq. (7-2) was determined to be
5o =177 x 1073 (7-4)

Eq. (7-2) provides a reasonable approximation of the drip shield maximum deflection, J,,,,, for a

limited range of masses, 0.5 [336) < M < 8.0 tonne/m [5,378 Ib/ft], and impact velocities,

1.75 [6.74] < V. < 14.0 m/s [45.92 fi/s] (see Figure 7-9). Case 13 from Table 7-1 was not
included in the calculation of the coefficients for Eq. (7-2) because no maximum deflection was
reached in the finite element analysis. Figure 7-7 clearly shows the drip shield was far from
reaching its maximum deflection when the simulation was terminated for this case. In fact, the
drip shield appears to be buckling for this particular rock block impact scenario. Figure 7-9 also
indicates the drip shield deflection required to cause impacts with some of the different waste
package types. A comparison between the abstraction calculation and the finite element data
shows that the greatest percentage error occurs in the regime of what can be characterized as
low-energy impacts. The magnitude of absolute error, however, shows an excellent correlation
to the analysis data. It needs to be emphasized that Eq. (7-2) is only valid within the prescribed
data ranges for the rock block mass and impact velocity. This restriction is required because
many abstractions use higher order polynomial terms, which will tend to dominate the
expression when applied outside the given range.

7.3.2 Drip Shield Displacement and Velocity Relationship Abstraction

The drip shield velocity-displacement relationship was needed to estimate the impact velocity of
the drip shield with different waste package sizes in the event the rock block impact scenario
was sufficient to cause this type of interaction. The results of Gute, et al. (2001) showed the
regions of plastic strain in the drip shield were relatively small, which indicated a limited amount
of rock block energy was absorbed by permanent deformation of the drip shield components.
This behavior was true for all cases except Case 13, which did not achieve maximum deflection
and appears to be buckling. The remaining cases indicated that at maximum drip shield
deflection (where velocity of the rock block was zero) the drip shield absorbed the rock block’s
kinetic and potential energy primarily through elastic deformation. Figures 7-3 through 7-7
support this observation because drip shield deflection versus time follows a generally
sinusoidal shape, which is analogous to a simple linear spring and mass system response
under similar loading conditions. Therefore, it is assumed that the drip shield and rock block
interaction is linear elastic through the point of maximum deflection.

The velocity of the rock block and drip shield crown when it impacts the waste package can be
approximated using Eq. (7-5). The data points in Figure 7-10 are normalized for each scenario
such that velocity and deflection have a range of zero to one. Equation (7-5) is also normalized
and plotted for comparison. This data abstraction provides a bounding solution to the
simulation data.

max

2 42
V = (Viaee +1)[1—(5C ] } (7-5)

7-13



vi-1L

Maximum Drip Shield Deflection

(m)

07 |

21-PWR Waste Package and Drip

Rock Block Impact

 Shield Clearance (0.592 m) Kinetic Energy
I X
06 | 12,250 Joules
A
—=24,500 Joules
05 | —— 49,000 Joules
M-BWB Wa.ste Package 21-m Rockfall -98,000 Joules
and Drip Shield Height Sy
. Clearance (0.559 m) 196,000 Joules
04 |
Maximum Drip Shield
Deflection Abstraction
Naval Waste Package
o 8 = (7.720%10° )M +(3.402x10° )"
0.3 and Drip Shield e i
o Clearance (0256w ~(3:544x10°)W° +(1041x 10" )M, ,

+(1443x10“‘)M v,

0.2

05 10

Normalized Error

& 5. LI (M,,vmv,)]z

max z[‘sm” ]2
=177x10°

2.1-m Rockfall Height

Corresponds to Initial Drip

\— 5 DHLW Waste Package and Drip Shield and Drit Ceiling

Shield Clearance (0.080 m) Clearance
T Finite Element Analvsi
15 20 25 30 35 40 45 50 55 60 65 70 7.5 80 pusposerma
Rock Block Mass
(tonne/m)

Figure 7-9. Maximum Drip Shield Deflection Abstraction for Rock Block Impacts



2 ¢ 8 |
_"o_’ 0.6 .+ e ;
| S - e
B 05
N
~ ©
A £
o s 04 - -
z Normalized Deflection Data
03 ¢ 7.0m/s ® 99m/s
' 14.0 m/s <« 7.0mls
X 9.9mls e 140m/s
0.2 + 7.0mls = 99m/ls
14.0 m/s 7.0 m/s
9.9 m/s 2475 mls )
0.1 1.75mls 2.475 mls %A
=®-Parabolic Formula A
0.0 2 4
0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 09 1.0

Normalized Deflection

Figure 7-10. Drip Shield Velocity as a Function of Displacement Caused by Rock Block Impacts

720



where

v — drip shield velocity when impacting the waste package (m/s)

Viek — initial rock block impact velocity (m/s)

C — clearance between the drip shield and waste package prior to the impact event
(m),C< 4

Opax — maximum néﬂ;ﬂection of the drip shield if allowed to deform freely (m)

7.3.3 Drip Shield Component Stress and Plastic Strain Abstractions

The abstractions for the maximum stresses and plastic strains for the drip shield plate and
bulkhead under dynamic rock block impact conditions were derived using the data summarized
in Table 7-3. No abstractions were developed for the support beam because its response to the
rock block impact loads was predominantly linear (i.e., the calculated stresses were well below
the yield stress threshold). This observation was not valid for Case 13, however, where the
dynamic rock block load was sufficient to cause buckling of the drip shield. This result
demonstrates that 8 tonne/m [5,378 Ib/ft] rock blocks can deflect the drip shield to the extent
that it will impact the waste package, regardless of the initial clearance between them. The
7-m/s [23.0-ft/s] rock block impact velocity corresponds to a rockfall of 2.1 m [6.89 ft], which is
the clearance between the drip shield crown and drift roof before any drift degradation occurs.
Equations (7-6) through (7-9) are the abstractions that can be used to estimate the maximum
stresses and plastic strains for the drip shield plate and bulkhead components in terms of the
rock block mass and impact velocity. It is important to recognize, however, that these
abstractions are only valid if the drip shield does not interact with the waste package.

Opae = (1371x10%) - (5.889 x 10°) M +(9.255 x 10° ) M v

7-6
+(8683x102)M V2, (7-6)
huineas = (6419 % 107)+(3.052 x 10°) M +(4.366 x 10°) M v
7-7
+(5.306 x 107" )M v2, (7-7)
Soaw = (5229 x1072) (8765 x10°) M+ (1338 x 102 MV 8
7-
+(1158 107 ) M v2, (7-8)
Eounneas = —(7:877x107)+(1195x10°) M+ (2447 x 10| M v,
7-9
+(2766 x10*) M vZ,, (7-9)
where
Optate —_ maximum von Mises stress for the drip shield plate (MPa)
Gouikhead — maximum von Mises stress for the drip shield bulkhead (MPa)
Entate — maximum equivalent plastic strain for the drip shield plate (m/m)
Soulkhead — maximum equivalent plastic strain for the drip shield bulkhead (m/m)
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Using the normalized error relationship defined in Eq. (7-3), the normalized error for the drip
shield component von Mises stress and equivalent plastic strain abstractions were determined
to be

Oae =216 %1072
O iheas = 410 x107°
£, =274 %107

£ g = 378 %107

The results from Cases 8, 9, 10, 11, and 13 were not included in the derivation of Egs. (7-6)
through (7-9). These cases were excluded because the maximum von Mises stress exceeded
the failure stress (i.e., ultimate tensile strength) for these particular scenarios. Once the failure
stress of a material has been exceeded, the material behaves as an elastic-perfectly plastic
material (i.e., the material loses the ability to carry any additional stress while accumulating
additional plastic strain). This change in material behavior introduced a severe discontinuity in
the calculated stress and strain values. The accuracy of the abstractions for those loading
conditions that did not cause the drip shield component materials to exceed the failure criteria
would be adversely affected if the results from Cases 8, 9, 10, 11, and 13 were included in the
derivation of Eqs. (7-6) through (7-9). Furthermore, attempting to capture post-failure stress
and strain behavior of the drip shield component materials does not serve any practical
engineering purpose.

Figures 7-11 through 7-14 illustrate how well the drip shield plate and bulkhead abstractions for
the maximum von Mises stress and plastic strain correlate with the results obtained from the
finite element models. These figures also convey the relationship of the abstracted results with
the component material yield stress and ultimate tensile strength.
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8 SEISMIC PERFORMANCE ANALYSES

It is expected that the proposed Yucca Mountain geologic repository will be subjected to
earthquakes of varying magnitudes throughout the entire 10,000-yr regulatory period. As a
result, an understanding of the response of the various components of the engineered barrier
subsystem components—including the drip shield, waste package, waste form, pallet, invert,
and drift—to these earthquake loads, as well as potential interactions between them, need to be
understood. This chapter documents the work accomplished thus far in achieving this goal.
Specifically, the methodology used to approximate the natural frequencies and mode shapes of
the drip shield are provided in Section 8.1.

Natural frequencies and mode shapes of a structure provide insight as to how the structure will
behave when subjected to time-varying loading conditions. Although the discussion in this
chapter focuses on seismic ground motions, time varying impact loads are also of interest
[e.g., dynamic rock block impacts (see Chapter 7)]. Theoretically, impact loads will excite all the
natural frequencies of the impacted structure. In practice, however, the magnitude, orientation,
and duration of the impact load play significant roles in determining which of the natural
frequencies of the structure will govern its response. In the case of seismically generated
ground motions, only those natural frequencies below 33 Hz for a given structure, system, or
component are generally excited during an earthquake. The 33-Hz threshold was established
by analyzing seismic ground motion measurements of actual earthquakes from around the
world over several decades. These analyses demonstrated that earthquakes do not have any
appreciable energy content at frequencies above 33 Hz. In fact, the American Society of Civil
Engineers Standard ASCE 4-98 (American Society of Civil Engineers, 1999) indicates that the
base shear for cantilever models with uniform mass distribution may be determined using the
equivalent-static-load method. That is, if the fundamental natural frequency of the structure is
high enough, typically 33 Hz or above, such that dynamic amplification will not occur, the

zero period acceleration of the floor may be used to approximate the base shear of the
cantilever model.

8.1 Approximation of Drip Shield Natural Frequencies

The undamped natural frequencies and mode shapes of the drip shield are of interest for
various kinematic constraint conditions. Accumulated rockfall rubble on the top and sides of the
drip shield and its effects on the natural frequencies and mode shapes of the drip shield are
also scenarios that need to be investigated. The scope of the discussion presented here,
however, is limited to how the drip shield natural frequencies and mode shapes were
approximated using the finite element method without the effects of accumulated rockfall.

8.1.1 Drip Shield Finite Element Model Description

Sections 8.1.1.1-8.1.1.3 convey the rationale and technical bases for the various assumptions
and boundary conditions implemented in the construction of the finite element model used

to approximate the drip shield natural frequencies and mode shapes. Section 8.1.1.4
presents a summary of the results obtained from the drip shield natural frequency and mode
shape analyses.



8.1.11 Drip Shield Finite Element Model Geometry

Figure 8-1 represents the finite element model geometry used to approximate the drip shield
natural frequencies and mode shapes. The model was constructed using a mixture of plate and
solid elements. Plate elements were used for the Titanium Grade 7 panel sections; including
the drip shield crown, side plates, and inner and outer stiffening plates. Plate elements were
also used to represent the Alloy 22 base of the structure. Solid hexahedron elements were
used to represent the major structural support beam and bulkhead components. The total
geometry approximated a complete drip shield structure (CRWMS M&O, 2000a, Reference
Sketch Number SK-0148, Revision 05). To adequately approximate potential lateral and
twisting mode shapes and their concomitant natural frequencies, geometric symmetry was not
used to reduce the overall size of the drip shield finite element model. In addition, the effects of
nonsymmetric boundary conditions could be investigated when using a full-scale model.

Linear material behavior and small strains and displacements are assumed when approximating
the natural frequencies and mode shapes of a given structure. As a result, the use of plate
elements to represent thin structural members, such as the Titanium Grade 7 plate regions, was
justified. The ability to use plate elements in the construction of the drip shield finite element
model significantly reduced the memory requirements and computational times required to
perform the analyses relative to a model composed solely of solid elements.

All of the drip shield natural frequencies less than 50 Hz and their concomitant mode shapes
were calculated using the finite element method of approximation.

3.1.1.2 Drip Shield Finite Element Model Boundary Conditions
8.1.1.2.1 Loads

No external loads, including gravity loads, were applied to the drip shield because itis a
free-standing structure. The potential effects on the drip shield structural stiffness created by
gravity loads have minimal influence on the approximated natural frequencies and mode shapes
of the structure. Future analyses may be performed to assess the potential effects of
accumulated rockfall rubble on the drip shield natural frequencies and mode shapes.
Accumulated rockfall may affect both the effective mass and stiifness of the drip shield.

8.1.1.2.2 Kinematic Constraints

Three types of constraints were applied to the base of the drip shield to assess their effects on
the natural frequencies and mode shapes of the structure. These constraints were referred to
as free, lateral, and cantilever constraint conditions. The free constraint refers to the condition
where the drip shield is allowed to translate and rotate freely in all directions. This condition
provides insight into the combined eifects of structural stiffness and mass distribution on the
dynamic behavior of the drip shield structure. The free constraint condition represents the
conditions that will exist in the drift after the gantry crane rails have corroded to a state where
they no longer laterally constrain the transverse motion of the drip shield.

The lateral constraint limits translation at the base of the drip shield to axial and vertical
motion only. In other words, the two sides of the drip shield base are not allowed to translate
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side-to-side, neither closer together nor further apart, but are only free to translate within parallel
planes. Moreover, no rotational restrictions are applied at the base of the drip shield for the
lateral constraint condition. The lateral constraint condition physically represents the restricted
motion of the drip shield base created by the presence of the gantry crane rails on the exterior
of the drip shield and the waste package on its interior. The lateral constraint condition best
represents the current engineered barrier subsystem and subsurface facility design. Figure 8-2
shows the base of the drip shield was constrained in the lateral x-direction.

The cantilevered constraint condition represents a completely constrained drip shield base.

This constraint is similar to the base being bolted or clamped to the floor. Figure 8-3 shows the
bottom edges of the drip shield are constrained in all six degrees of freedom (i.e., the three
translational and three rotational degrees of freedom). The cantilevered constraint was included
in the investigation to address the possibility of the U.S. Department of Energy anchoring the
drip shield to the invert.

Because each drip shield unit is loosely connected to the next by way of a post and slot
configuration (CRWMS M&O, 2000a), the two ends of the drip shield did not have any
constraints applied to them.

8.1.1.3 Drip Shield Finite Element Model Material Properties

The material properties used for the different drip shield components are documented in
Section 5.1.3.

8.1.14 Summary of Drip Shield Natural Frequencies and Mode Shapes

Tables 8-1 through 8-3 summarize the drip shield natural frequencies and their corresponding
mode shapes and modal participation factors for each of the three kinematic constraint
conditions described earlier (i.e., free, lateral, and cantilevered). The Mode number indicates
the order sorted by frequency. The data, however, are sorted by shape to facilitate the
comparison of similar modes between the different constraint conditions.

Modal participation factors Px, Py, and Pz provide a relative measure of the directional
response of a structure that is subjected to an excitation which has a frequency at, or near, the
natural frequency of the corresponding mode. For example, a large Py, relative to Px and Pz for
the given mode, indicates that an excitation with a frequency near the mode’s natural frequency
oriented in the y-direction will likely cause significant deformations of the structure. Conversely,
the same excitation oriented in the x- or z-direction will cause structural deformations that are
much smaller than those created in the y-direction. Modal participation factors can also be
compared between different mode shapes because modal participation factors are related to
the amount of structural mass participating in the motion. The ease with which two different
modes can be excited is generally proportional to the magnitude of each mode’s directional
participation factor. This way Px can be compared for one mode shape with Pz in another. As
an example, an excitation of the same energy (i.e., a hammer strike) would more easily excite
the x-direction of Lateral Wall Zero (Px) with a lateral constraint than the z-direction of Lateral
Wall One (Pz) with a cantilever constraint. Note that the participation factors presented in
Tables 8-1 through 8-3 are not normalized to unity.
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Table 8-1. Mode Shapes, Natural Frequencies, and Modal Participation Factors of the
Drip Shield for Free Constraint Conditions

Modal! Participation Factors
Mode Shape Mode | Frequency,

Designation Number Hz Px Py Pz

Free Rigid Body Modes 1-6 0 —_ —_ —_
Walking 7 25 47x10"° | 84x10" 3.3x10

Walk with Twist One — — —_ —_ —_—

Vertical Up/Down — — — —_ —_—
Flapping Zero 8 5.9 -16x10°%}| 47x10"2 | -45x10™"
Flapping One 9 7.2 -1.3x10?| 6.2x 10" 5.8 x 10712
Flapping Two 10 15.4 -1.7x10"°] 89x10"2 | -29x10™"
Flapping Three 14 23.1 -19x10"| 1.7x10" | 4.0x10"
Flapping Four 18 34.5 -20x10"]-12x10"?] 3.0x 10"

Lateral Wall Zero - — —_ — —

Lateral Wall One —_ —_ _ —_ -
Lateral Wall Two—Mid 11 14.6 -14x10"| 57 x 107" 7.0x 10"
Lateral Wall Two—Mid 12 16.2 -23x10"°| 3.7x10"2 | -23x10™"
Lateral Wall Two—End 13 16.6 36x10" |-4.3x10"?| -3.5x 10"
Lateral Wall Three 15 235 56x10"2|41x10% | 12x10"
Lateral Wall Four—Mid 17 33.9 51x10" | 66x10" | -43x10"
Lateral Wall Five—Mid 20 451 -1.6x10"?| 3.5x 10" 53x10"
Pinch Crown Zero 16 31.6 -6.4x10"-1.9x10"| 57x 10"
Pinch Crown One 19 3438 93x10"2| 39x10" | 1.7x10"
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Table 8-2. Mode Shapes, Natural Frequencies, and Modal Participation Factors of the
Drip Shield for Lateral Constraint Conditions

Modal Participation Factors
Mode Shape Mode |Frequency,
Designation Number Hz Px Py Pz
Free Rigid Body Modes 1-4 0 — - —
Walking 5 1.5 7.7%x10% |-91x10"| 6.8x101"
Walk with Twist One 7 9.1 1.3x10" |-44x10"?]| -33x10™"
Vertical Up/Down 6 8.7 51x10" [-23x10"| 28x10™"
Flapping Zero — — —_ — —
Flapping One — —_ —_ — —_
Flapping Two — — — — —
Flapping Three — — — — —_
Flapping Four — — — — —_
Lateral Wall Zero — — — — —
Lateral Wall One 10 377 66x10" | 1.2x10"2 | -3.3x 10"
Lateral Wall Two—Mid 11 39.0 76x102% |-3.0x10™| -25x10"
Lateral Wall Two—Mid 12 394 1.5%x10° |-14x10"]| -27x10"
Lateral Wall Two—End 13 40.0 55%x10" |-71x10"| -6.9x10"
Lateral Wall Three 14 454 -22x107 | 88x10" | -24x10"
Lateral Wall Four—Mid —_ —_— —_ —_ —_
Lateral Wall Five—Mid —_ —_ —_ — —_
Pinch Crown Zero 8 21.9 -23x10*]| 15%x10"' | -59x 10"
Pinch Crown One 9 23.8 -3.7%x10"%| 72x10"% | -1.7x10™"




Table 8-3. Mode Shapes, Natural Frequencies, and Modal Participation Factors of the
Drip Shield for Cantilever Constraint Conditions

Mode Shape
Designation

Mode
Number

Frequency,
Hz

Modal Participation Factors

Px

Py

Pz

Free Rigid Body Modes

0

0

Walking

Walk with Twist One

Vertica! Up/Down

Flapping Zero

Flapping One

Flapping Two

Flapping Three

Flapping Four

Lateral Wall Zero

73

1.0x 10

-5.0x 10°"

-3.7x 10"

Lateral Wall One

46.7

8.9x 10"

1.5x 107

29x107

Lateral Wall Two—Mid

Lateral Wall Two—Mid

Lateral Wall Two—End

Lateral Wall Three

Lateral Wall Four—Mid

Lateral Wall Five—Mid

Pinch Crown Zero

26.7

-4.0x 10"

-1.6x 10’

-1.1x 10"

Pinch Crown One

28.6

-1.1x10®

-7.4x10°®

1.7x10®




Figures 8-4 through 8-7 illustrate the various mode shapes listed in Tables 8-1 through 8-3.
There are no mode shapes associated with rigid body modes. The free rigid body modes, as
the name implies, are motions along unconstrained directions. Therefore, the free constraint
condition has six rigid body modes because the structure is free to translate along the x-, y-,

and z-axes as well as rotate about the x-, y-, and z-axes. Similarly, the lateral constraint has the
effect of preventing x-axis translation and y-axis rotation. As a result, the lateral constraint
condition has four rigid body modes. Finally, the cantilever constraint prevents any rigid body
motions (i.e., no rigid body modes).

Walking mode shapes (see Figure 8-4) are characterized by the left and right sides of the drip
shield moving forward on the right and aft on the left or vice versa. The visual effect is that the
drip shield appears to be walking.

Before describing the remaining mode shape types, it is necessary to discuss what is meant by
the order of these modes. Orders are included in the shape name starting at zero and
increasing incrementally. Each order is an indication of the number of bends in the shape. For
example, a zero order mode has no bends and represents a generally flat shape. An order of
one indicates a simple arc shape while an order of two indicates an s-shape and so on.
Specific features of each mode shape are described below and illustrated in Figures 8-5
through 8-7.

Flapping modes (see Figure 8-5) and lateral wall modes (see Figure 8-6) are very similar. They
are both characterized by motion of the side walls but contrast in the deflection of the opposing
wall. Flapping modes, as the name implies, have the appearance of the side walls flapping
(i.e., the opposing wall motions are moving 180 degree out of phase with each other). In other
words, the side walls deflect away or toward each other at the same moment. The lateral wall
mode shapes, on the other hand, are dominated by motions wherein the opposing walls move in
unis<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>