ENCLOSURE 1
Response Tracking Number: 00595-00-00

RAI: 3.2.2.1.3.2-3-007

RAI Volume 3, Chapter 2.2.1.3.2, Third Set, Number 7:
For the development of the drip shield framework abstractions, justify the
exclusion of Case 13 (4.07 m/s in SAR Table 2.3.4-42) that estimates lower
values for drip shield capacity than those calculated using quasi-static analyses.
Basis: DOE compared the drip shield capacity results of the three-dimensional
quasi-static evaluation and the two-dimensional dynamic analyses, concluding
that the limit loads determined from the quasi-static fragility analyses
underestimate the framework capacity. However, the results from dynamic
analyses for Case 13 at 4.07 m/s (i.e., SAR Table 2.3.4-42) calculate an
equivalent drip shield capacity of less than 947 kPa for a drip shield with no
uniform corrosion. This capacity is less than that indicated from the results of
quasi-static analyses (i.e., SAR Figure 2.3.4-83).
Information in SAR
Section 2.3.4.5 does not explain the rationale for disregarding this information,
given that a limited number of cases were compared, and that quasi-static
analyses cannot account for dynamic effects such as intercomponent variability,
duration and frequency content of vibratory ground motions.
1. RESPONSE
This response explains that the differences between the plastic load capacity from the quasi-static
and dynamic analyses for Case 13 are relatively small and can be attributed to the design of the
two-dimensional model of the drip shield, which matches or underestimates the stiffnesses and
bending moments of framework components relative to the three-dimensional structure. In
addition, the potential uncertainties from Case 13 are indirectly represented in the ultimate
plastic load capacity for the framework fragility curves by using the maximum value of the
standard deviation. The resulting probability distribution provides a wide range of plastic load
capacities around the median response, indirectly encompassing the plastic load capacity
associated with Case 13. This approach increases the probability of framework failure at lower
rockfall loads than those predicted by the results from the three-dimensional quasi-static
calculations, and the method therefore provides a suitable basis for the framework abstractions.
1.1

INTRODUCTION

The fragility curves for buckling of the drip shield framework are based, in part, on threedimensional quasi-static analyses for the ultimate plastic load capacity of the drip shield
framework (SAR Section 2.3.4.5.3.3.2 and SNL 2007a, Section 6.4.3.2). The quasi-static
approach was validated by comparison with the results of two-dimensional, fully dynamic
analyses of the interaction between the drip shield and surrounding rubble during seismic ground
motions (SNL 2007a, Section 6.4.4). The comparison of quasi-static and dynamic results
(SNL 2007a, Table 6-146) shows that the quasi-static approach generally provides a good
approximation or underestimates failure loads. In only two of 24 cases (both for ground motion
Case 13 at 4.07 m/s) does the dynamic analysis estimate lower values for the drip shield
framework load-bearing capacity than those predicted by quasi-static analysis.
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QUASI-STATIC ANALYSIS OF THE DRIP SHIELD FRAMEWORK

The ultimate plastic load capacity of the drip shield framework has been determined by quasistatic simulations using a three-dimensional representation of a segment of the drip shield subject
to rubble load (SNL 2007a, Section 6.4.3.2). The analyses were carried out for three drip shield
configurations: the initial as-installed configuration, a configuration with 5-mm reduction in all
component thicknesses, and a configuration with 10-mm reduction in all component thicknesses.
Two initial rubble load distributions were analyzed (SNL 2007a, Section 6.4.3.2.2.2, p. 6-165):
(1) the average of six rubble load realizations, and (2) load realization 3, which has the maximum
vertical load on the drip shield crown.
Although drift degradation involves some failure accompanied by raveling of the drift walls,
most of the caved rock accumulates above the drip shield. Thus, the predominant active rubble
loading is the vertical loading on the drip shield crown. In the quasi-static analysis for drip
shield fragility, the vertical load on the drip shield crown is gradually and proportionally
increased (proportionally because the rock load is not uniform in the cross section perpendicular
to the drip shield axis) until the strain at any point within the drip shield reaches the rupture
strain of Titanium Grade 7 or Titanium Grade 24. (These calculations use Titanium Grade 24 as
a proxy for Titanium Grade 29, which is the current design material for the drip shield
framework. See SNL 2007a Section 4.1.5 for a comparison of material properties between
Titanium Grade 24 and Titanium Grade 29.) Once the strain reaches the rupture strain, the drip
shield is considered to fail or collapse.
The lateral loads on the sides (legs) of the drip shield were not increased proportionally to the
increase in the vertical load for the quasi-static analyses. However, the loads on the sides did
change as a result of the lateral deflection of the drip shield legs into the surrounding rubble,
which is represented in the calculations by elastic springs whose stiffness is equivalent to the
stiffness of the rubble accumulated between the drip shield legs and the drift walls (SNL 2007a,
Section 6.4.3.2.2.3).
The maximum vertical rubble load, pult , is correlated to vertical peak ground acceleration (PGA)
and the initial static rockfall pressure, p, in a fully collapsed drift using the following relation
(SNL 2007a, Equation 6-1):

pult= (1 + PGA) p

(Eq. 1)

where PGA is expressed as a multiple of the acceleration of gravity.
The response to RAI 3.2.2.1.3.2-001 provides additional information demonstrating that the
vertical load is the primary load on the drip shield and explains why the quasi-static approach is
generally expected to underestimate the dynamic response of the system.
The quasi-static analysis is designed to represent the main aspects of the drip shield–rubble
interaction during strong seismic ground motions. The quasi-static analysis is expected to
underestimate the load-bearing capacity of the drip shield during strong seismic ground motion
because the peak value of the ground acceleration during a seismic ground motion occurs during
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a very brief time interval, while the equivalent quasi-static simulation applies a constant vertical
load that is correlated with the peak (maximum) ground acceleration through Equation 1. In
effect, the quasi-static simulation uses the maximum ground acceleration as a constant load on
the drip shield.
1.3

DYNAMIC ANALYSIS OF THE DRIP SHIELD FRAMEWORK

To confirm that the quasi-static analysis generally underestimates the plastic load-bearing
capacity of the drip shield, predictions from the quasi-static analysis were compared with the
results of 24 dynamic simulations for the 2.44 m/s and 4.07 m/s peak ground velocity (PGV)
levels, and for three drip shield configurations representing different levels of general corrosion
(SNL 2007a, Section 6.4.4.5). The four strongest sets of ground-motion time histories from the
17 sets available at each PGV level, time histories 3, 7, 9, and 13, were chosen for the dynamic
analyses. The selection of the two highest PGV levels and four strongest sets of ground motions
was intended to maximize the dynamic rubble loads on the drip shield and the associated
structural response. The dynamic simulations were two-dimensional and carried out by applying
the vertical component and one horizontal component of each ground-motion set to a twodimensional cross section of a fully collapsed drift. This approach automatically generates the
dynamic, transient vertical and lateral rockfall loads on the drip shield.
1.4

VALIDATION OF THE QUASI-STATIC APPROACH

The comparison of the results of the quasi-static and dynamic simulations (shown in SNL 2007a,
Table 6-146) indicates that, in 22 out of 24 cases, the quasi-static analyses yield the same loadbearing capacity or underpredict load-bearing capacity compared to the dynamic analyses. In
only two cases, both for ground-motion set number 13 at the 4.07 m/s PGV, do the quasi-static
analyses predict greater drip shield load-bearing capacity for the as-installed and 5-mm-thinned
configurations. For these two cases, the quasi-static analysis predicts stable (SNL 2007a,
p. 6-185) drip shield response while the dynamic analysis predicts failure. The stability of the
quasi-static response is determined by comparing the maximum vertical rubble load with the
calculated load capacity. The maximum vertical rubble load for ground-motion set number 13 at
the 4.07 m/s PGV level, calculated from the vertical PGA for that ground-motion set using
Equation 1, is 947 kPa (SNL 2007a, Table 6-146). Because the drip shield failure load, as
calculated from the quasi-static analysis for the initial configuration, is 1698 kPa (SNL 2007a,
Table 6-146), the conclusion from the quasi-static analysis is that the drip shield is stable.
The dynamic analysis for ground-motion set number 13 shows a final tensile effective plastic
strain of 0.16 (Figure 1). Figure 1 also shows an effective plastic strain of 0.21 on the inside of
the sidewall, but this strain is compressive and would not cause rupture. The dynamic analysis
therefore predicts failure of the drip shield because the ultimate tensile strain of 0.152 is
exceeded by the maximum effective tensile plastic strain, 0.16. The ultimate tensile strain limit
is therefore exceeded by approximately 5%.
The two-dimensional representations of the drip shield were designed in such as way that the
flexural stiffness and bending moment versus curvature of the two-dimensional cross section
matched or underestimated those of the three-dimensional cross section (SNL 2007,
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Section 6.4.4.3 and Appendix B). Figure 2 demonstrates that the plastic load capacity of the twodimensional representation consistently underpredicts the capacity of the three-dimensional
representation for two rockfall load realizations. In the case of the initial configuration
(as-installed with a 15-mm plate thickness), the two-dimensional representation underestimates
plastic load capacity by about 10% for load realization 3 and by about 20% for the mean load
from six rockfall realizations (values estimated from Figure 2). In this case, the fact that the
maximum effective plastic strain exceeds the rupture strain by about 5% is attributed to the twodimensional representation of the drip shield, which underestimates the plastic load capacity of
the drip shield strength.

Source:

SNL 2007a, Figure 6-60.

NOTE:

The maximum effective plastic strains (obtained by multiplying the plastic shear strains by
indicated where large distortion occurred.

Figure 1.

4 / 3 ) are

Deformed Drip Shield Geometry and Contours of Plastic Shear Strain for the Initial Drip
Shield Configuration for Ground Motion Case 13 at 4.07 m/s PGV Level
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Source:

SNL 2007a, Figure B-11.

NOTE:

The failure loads are calculated for three drip shield configurations: (1) the initial configuration (with plate
thickness of 15 mm), (2) the configuration with components thinned by 5 mm (with plate thickness of
10 mm), and (3) the configuration with components thinned by 10 mm (with plate thickness of 5 mm).
Different configurations are represented in the figure by the plate thickness.

Figure 2.

Comparison of Drip Shield Framework Limit Loads from Quasi-Static Calculations Obtained
Using Two- and Three-Dimensional Representations

A similar explanation is applicable to the load-bearing capacity from the dynamic analysis for
ground-motion set number 13 at the 4.07 m/s PGV level for the drip shield configuration with
5-mm-thinned components. The maximum vertical rubble load of 947 kPa, corresponding to the
vertical PGA for ground-motion set number 13 at the 4.07 m/s PGV level, is approximately 87%
of the limit load of 1,094 kPa (SNL 2007a, Table 6-146) for the drip shield configuration with
5-mm-thinned components (10-mm thick plates). Although the quasi-static result is stable, the
rockfall load is quite close to the quasi-static failure limit. With 5-mm thinned components, the
two-dimensional representation underestimates plastic load capacity by about 8% for load
realization 3 and by more than 20% for the mean load from six rockfall realizations (values
estimated from Figure 2). The differences between the quasi-static and dynamic analyses for this
case are again within the underestimate of drip shield strength for the two-dimensional model
versus the three-dimensional representation.
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UNCERTAINTY IN LOAD-BEARING CAPACITY

The fragility curves for the drip shield framework abstraction are based, in part, on the results of
the plastic load capacities from the quasi-static analyses; the fragility curves do not explicitly
include any results from the dynamic analyses. However, the uncertainty in the plastic load
capacity has been maximized to indirectly encompass the two out of 24 cases that are
underpredicted by the quasi-static analyses. In the fragility analysis, the plastic load capacity is
represented (SNL 2007b, Section 6.8.3.2) as a log-normal probability distribution with a log
mean (i.e., for the 0.50 nonexceedance probability curve in physical space) determined by a
least-square fit to the plastic load capacity for the mean of six rockfall realizations as a function
of component thinning (solid orange line in Figure 2). More importantly, the uncertainty in
plastic load capacity for all drip shield states (i.e., for all degrees of thinning from general
corrosion) is based on the maximum value of the standard deviation, which occurs for 10-mm
thinning. The resulting probability distribution, illustrated in Figure 3, provides a wide range of
load capacities around the median response, particularly for the as-installed configuration and for
the 5-mm thickness reduction. Thus, the representation of plastic load capacity for framework
fragility includes drip shield framework failures for rubble loads that are significantly smaller
than the median load-bearing capacities determined by the quasi-static analysis of the drip shield.
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Source:

SNL 2007b, Figure 6-73.

NOTE:

Squares for realization 3 load pattern, diamonds for average load pattern. The 0.841 and 0.159
percentiles represent ±1 standard deviation.

Figure 3.

1.6

Comparison of Percentiles on the Log-Normal Distributions with Load-Bearing Capacity of the
Drip Shield Framework

CONCLUSION

The comparison between the results of the quasi-static and dynamic analyses demonstrates that
the quasi-static approach provides a good approximation of the plastic load-bearing capacity for
drip shield fragility. In only two of 24 analyzed cases does the dynamic analysis predict lower
load-bearing capacity of the drip shield compared to that predicted by the quasi-static analysis.
Even in those two cases, the underprediction is relatively small and can be attributed to the
underestimate of drip shield strength in the two-dimensional representation used in the dynamic
analysis. The quasi-static results for these two cases are indirectly included in the development
of the fragility curves for the drip shield framework through the treatment of uncertainty. The
uncertainty in the drip shield load-bearing capacity is represented as a log-normal probability
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distribution whose standard deviation has been maximized to encompass a much broader range
of load bearing capacities than have been calculated with the quasi-static approach, particularly
for the as-installed and the 5-mm thinned configurations of the drip shield (see Figure 3 for the
15-mm and 10-mm plate thicknesses).
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