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1 INTRODUCTION 

1.1 SCOPE AND OBJECTIVES 

The main task of the Structural Deformation and Seismicity (SDS) Key Technical Issue (KTI) 
is to analyze the probability and potential consequences of structural deformation and seismicity and 
related hazards to safe permanent storage of high-level nuclear waste at the candidate Yucca Mountain 
(YM), Nevada, repository. As a part of that task, SDS KTI is evaluating the potential consequences of 
repository disruption from faulting and seismicity. These potential consequences include rupture of waste 
package(s) (WP) directly from fault displacement or indirectly from roof collapse in unbackflled drifts 
due to seismic shaking. In essence, this evaluation tests the U.S. Department of Energy (DOE) Waste 
Isolation and Containment Strategy hypotheses regarding potential effects of seismicity and structural 
deformation on WP disruption. Those hypotheses include 

The amount of movement on faults through the repository horizon will be too small to bring 
waste to the surface and too small and infrequent to significantly impact containment during 
the next few thousand years (H13) 

The severity of ground motion expected in the repository horizon for tens of thousands of 
years will only slightly increase the amount of rockfall and drift collapse (H14) 

The present study examines the sensitivity of performance of the proposed repository to input 
parameters in two modules of the Nuclear Regulatory Commission total system performance assessment 
(TPA) code Version 3.1.1. FAULTO is designed to evaluate the consequence of direct faulting of WPs 
and SEISMO, the consequences of seismicity induced rockfall on WPs. The present analyses do not 
examine coupled processes, for example (i) simultaneous faulting, volcanism, and seismicity; (ii) 
enhanced WP degradation from seismicity or faulting; (iii) modifications of groundwater flow in the 
saturated and unsaturated zones from faulting or seismicity; (iv) modifications to the near-field 
environment from faulting and seismicity, or (v) degradation of WP strength with time due to corrosion 
followed by subsequent seismicity or faulting. 

Sensitivity of performance to input parameters of the FAULTO and SEISMO modules was 
determined by the effect on the number of WPs affected and peak dose to assumed critical groups located 
5 and 20 km from the proposed repository site. The SEISMO module was written specifically for the 
TPA Version 3.1.1. The FAULTO module was originally written as a stand-alone computer program 
called FAULTING Version 1.0 (Ghosh et al., 1997) but is now included with some modification in the 
TPA code. 
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2 SEISMICITY 

2.1 CONCEPTUAL MODEL (SEISMO) 

The SEISMO module and its adaption in the TPA Version 3.1.1 evaluates the potential for 
direct rupture of WPs due to rock falls induced by seismicity. The SEISMO code takes the weight of rock 
falls from the roof of the emplacement drifts on to the WP as input to perform impact analyses. The 
impact analyses involve calculation of potential loads from rock falls and assessment of the WPs ability 
to withstand such impact loads. 

The dynamic or impact loads determined in the SEISMO module are approximated based on 
the principle of conservation of energy using the weights of the freely falling rocks. The impact load 
calculation adopts the following equation (Popov, 1970): 

where 
P&" - impact load 
W 
h 

*sl 

kV 

- weight of the rock falling 
- falling distance of rocks to WPs 
- spring deformation, A, > o 
- stiffness of the WPs. 

In the SEISMO module, kwp is determined as unit deflection at the center of a simply supported beam 
when subjected to a static load at the center. 

Equation (2-1) assumes 

A WP can be considered as a spring with an equivalent spring constant k,. 

No energy dissipation occurs at the point of impact from local inelastic deformation of the 
WP material. 

The deformation of WPs is directly proportional to the magnitude of the dynamically applied 
force. 

The inertia of the W P  resisting an impact can be neglected. 

On obtaining the impact load, the equivalent static stress resulting from the impact can be calculated by 
adopting a simple concept of two spheres in contact. The concept assumes pressure is distributed over 
a small circle of contact and the sphere representing rock has an infinite radius (Timoshenko and Goodier, 
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1987). From this concept it follows that the total deformation, A~ (both rock and WP), can be estimated 
by 

where 

Rwp - radius of lower sphere or WP 

Kw - material constant for lower sphere or WP 
Kd - material constant for upper sphere or rock fall 

where 

Ewp - modulus of elasticity of lower sphere or W P  
p, - Poisson’s ratio of lower sphere or WP 
Ed - modulus of elasticity of upper sphere or rock fall 
pd - Poisson’s ratio of upper sphere or rock fall 

The impact stress, p can be obtained by 

Equation (2-5) is used in the SEISMO module to estimate impact stress on WPs. The impact stress is then 
compared with the ultimate material strength of the WPs to assess WP integrity. 

The supports for Wps are treated as flexible in the SEISMO module. In the current conceptual 
design, a WP will be sitting on four equally spaced v-shaped thin beams with one vertical cylindrical bar 
on either side of the v-shaped beam. In the SEISMO module, only the supports at both ends of a WP are 
considered. Originally, A~ in Eq. (2-1) was the static deflection of the object impacted. To account for 
the deformability of WP support, A~ is made to be equal to 

- W W As - -+ 

kWp N W p N P k p p o ~  

(2-5a) 
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where kwp is the stiffness of the WP, Nwp is 2 (the number of supports at the end of a WP), N ,  is the 
number of support points at one end, and ksqpns is the stiffness of the vertical bars. 

k and kswm can be calculated by 
WP 

and 

(2-5b) 

(2-5~) 

where A is the cross-sectional area and L, is the height of the vertical bar. 

Design of shape and dimension of the bar is currently not available. In the SEISMO module, 
the bar is assumed to be cylindrical in shape with a radius of 0.0508 m and a height of 0.3048 m. Eswm 
is the Young’s modulus of the vertical bar or WP (206,896.55 MPa), L,  is the length of the WP, and 
I is equal to 7rR:~ .  t is the thickness of WP (0.12m) and Rme is the average thickness of the outer and 
inner wall radius of the WP. 

2.1.1 SEISMO Parameters 

The input parameters used in SEISMO are contained in two data files: seismo.dat and tpainp. 
Data file seismo.dut includes information regarding the extent of rock fall (expressed in terms of thickness 
of yield zone in the rock) and the rest of parameters are included in tpa.inp file. 

Joint Spacing and Rock Categories in TSw2 Unit 

Not all rocks falling from the roof of the emplacement drifts will have an effect on WPs. The 
effective size of the fallen rock that may impact WPs is assumed to be controlled by joint spacing (JS). 
JSs in the TSw2 thermomechanical unit cover a range of JS distributions. They are represented by five 
distinct rock condition categories in SEISMO. The rock conditions are estimated using available JS 
information for the TSw2 unit (Brechtel et al., 1995). This JS information is used in the SEISMO module 
to determine the volume of rock fall that will impact WPs. JS information is presented in terms of rating 
of JS (Hoek and Brown, 1982). Three JS ratings are observed in the TSw2 Unit: 5, 8, and 10. JS-rating 
of 5 indicates a JS that is smaller than 0.06 m; 8 is for JS between 0.06 to 0.2 m; and 10 represents JS 
of 0.2 to 0.6 m. For the rock condition scheme used in SEISMO, condition 5 is assumed equivalent to 
rock with a JS rating of 5 ;  condition 4 is assumed equivalent to rocks with a JS rating of 8. Rocks related 
to JS rating of 10 are divided into three conditions: 1, 2, and 3. This subdivision is reasonable because 
(i) the range for JS rating of 10 between 0.2 to 0.6 m is large and (ii) larger JS will induce greater impact 
on WPs. 

To implement the rock conditions in the SEISMO module, representative JSs were selected by 
Center for Nuclear Waste Regulatory Analyses (CNWRA) staff so that the effective volume of falling 
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rock that will impact WPs can be directly calculated (table 2-1). These representative values are treated 
as average values for each rock category. 

Representative Joint 
Rock Condition spacing, m 

1 0.53 

2 0.40 

3 0.27 

4 0.13 

5 0.03 

Table 2-1. Representative joint spacing for rock condition 

Estimated Percent of 
Representative Joint Spacing in 

Repository* 

0.5 

0.5 

0.5 

62.9 

35.6 

*Estimated from Brechtel et al. (1995). 

Fractional Coverage of Rock Conditions 

Based on Brechtel et al. (1995) rock condition 4 appears to contain the largest portion of the 
repository horizon bedrock, the lithophysae-poor Topopah Spring Formation (TSw2). About 62.9 percent 
of the repository area can be characterized as rock condition 4. Rock condition 5 occupies roughly 
35.6 percent of the area. Rock conditions 1, 2, and 3 take up only 1.5 percent of the area in 
approximately equal proportions. 

Seismic Hazard Parameters 

SEISMO uses representative seismic hazard curves as input to estimate the level of 
groundshaking in the emplacement drifts. For a given seismic hazard curve, the return periods for four 
levels of ground motion (usually 0.2, 0.4, 0.6, and 0.8 g) are abstracted and used by the Iterative 
Performance Assessment Executive Sampler to generate a history of seismic events. Inherent in the 
seismic hazard curve abstraction are assumptions about the degree of attenuation of ground motion from 
the surface to the subsurface. In the present study, attenuation factors between 1.0 (no attenuation) and 
0.5 (50 percent attenuation) were used. An attenuation factor of 0.5 was applied for the base case runs. 

In the base case, the hazard curve, developed for the Exploratory Studies Facility (ESF) Design 
Study and summarized in Wong, et al. (1995, figure 5, page 59, derived from the U.S. Department of 
Energy, 1995), was used. For runs designed to test the sensitivity of the level of ground shaking, two 
additional seismic hazard curves (figure 2-la) were generated based on upper and lower bounds of 
faulting activity rates from the paleoseismic and geodetic records (U.S. Geologic Survey, 1996, 
table 4.2.1; Ferrill et al., pages 4-1 to 4-15, 1996). Details of those upper and lower bounding hazard 
curves will be forthcoming in an FY98 deliverable. Ground motion attenuation for these hazard curves 
is based on the functions of Abrahamson and Silva (1997) and Sadigh et al. (1997). The seismic 
recurrence sampling is handled by the SAMPLER utility module in the TPA Version 3.1.1 and the 
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~ ~~~ 

-1  0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Peak acceleration (g) 

+ Baseiine. 50% attenuation 
+ Higher bound. 50% annuation 
4 Lower bound. 50% attenuation 
t Higher bound. no atmuation + Lower bound. no attenuation 

Figure 2-1. Representative seismic hazard curves used in SEISMO sensitivity analyses. (a) Peak 
ground motion plotted as a function of return period for lower and upper bound hazard levels using 
two alternafive attenuation relationships. (b) Peak ground motion accelerations abstm&d from 
seismic hazard curves. Four values derived from each curve as input to the SEISMO module. 

sampling points (accelerations) are provided in the rpa.inp file. Four discrete sampling accelerations are 
selected for the SEISMO module. For the base case these accelerations are 0.1. 0.2, 0.3, and 0.4g 
(equivalent to 0.2, 0.4, 0.6, and 0.8 (figure 2-lb) on the seismic hazard curve assuming 50 percent 
reduction of acceleration in the subsurface). The recurrence time associated with each acceleration is 500, 
2,400, 8,000, and 20,000 yr. 

Imut Parameters for TSw2 Unit and Waste Packages 

The following parameters for TSw2 unit and WPs are used in the SEISMO module. Values 
associated with each parameter are estimated mean values. Most values for parameters related to WPs 
are assuxned based on the best judgment while those for TSw2 unit are estimated from Brechtel et al. 
(1995). 

WPStiffnessforSEISMO[Pa x m] = 1.2097 x lo9 
WPModulusofElasticityforSEISMO~a] = 2.069 x 10" 
WPPoissonRatioforSEISMO[unitless] = 0.2 
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RockModulusOfElasticityforSEISMO~a] = 3 .M828 X 10" 
RockPoissonRatioforSEISMO[unitless] = 0.2 
RockFallingDistanceforSEISMO[m] = 2.0 
WPFallingDistanceforSEISMO[m] = 0.3 
WPSupportStiffnessforSEISMOpa xm] = 5.5 X lo9 
WPNumberofSupportPairforSEISMO = 2 
WPUltimateStrength[N/m2] = 1.37931 x lo9 

2.1.2 SEISMO Assumptions and Abstractions 

The following assumptions are made to use the impact (dynamic) load calculation as outlined 
in Eq. (2-1): 

A WP is treated as a simply supported beam. 

No energy dissipation takes place at the point of impact owing to local inelastic deformation 
of the WP material. 

The deformation of WPs is directly proportional to the magnitude of the dynamically applied 
force. 

The inertia of the WP resisting an impact may be neglected. 

The WP is spherical in shape instead of cylindrical. 

The WP is disrupted once the ultimate material strength of the WP is reached. 

There is no link between seismicity and corrosion. 

All WPs under one rock condition are assumed to be disrupted at the same time if the impact 
stress of falling rock on WPs owing to a particular earthquake condition exceeds the ultimate 
material strength of the WPs. 

Falling rocks have infinite strength (i.e., all energy generated through dynamic impact is 
transferred to WP). 

The thickness of yield zone, estimated from numerical modeling results using the UDEC 
computer code, is assumed to be the height of rock that will contribute to impact stress 
calculation. The other dimensions are controlled by JS. 

The emplaced drifts are not backfilled. 

The WPs do not lose strength as they corrode. WP strength is assumed constant throughout 
the period of interest. 
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Most of these assumptions and abstractions are conservative owing to the following 

The dynamic load obtained from Eq. (2-1) is higher than expected given the problems under 
consideration because the ratio of MA, is large. When the ratio is high, Eq. (2-1) is only 
approximately true. 

The assumption that a WP can be treated in the calculations as a sphere gives a relatively 
higher impact stress than other more likely WP geometries because the contact area 
calculated using this assumption is smaller. 

The failure criterion used for assessing disruption of a WP does not account for plastic 
deformation. Metal objects like the WPs would probably sustain some level of plastic 
deformation without failure. 

All rocks under one rock condition are assumed to fall at the same time in response to a 
given level of ground shaking. If the calculated impact stress exceeds the ultimate strength 
of WPs, all the WPs beneath a drift roof with that rock condition are assumed to be 
disrupted. In reality, a fraction of the rock under that rock condition may fall owing to a 
seismic event because of the inherent variations in rock type characteristics. 

The effective stress on a WP from a falling rock will be less if the rock is allowed to break 
at impact. 

Backfilling of the emplacement drifts will mitigate the effects of seismicity. 

One nonconservative assumption is that WPs will not lose strength as they corrode. In reality, WPs 
should lose strength with time as corrosion takes place. 

2.2 PROCEDURES 

2.2.1 Parameters Considered in the Sensitivity Analyses 

Parameters investigated in the SEISMO module sensitivity analyses are provided in table 2-2. 
These parameters were originally coded as constants requiring that each parameter be changed one at a 
time in each sensitivity case (run). All runs were made using 20,000 yr period of interest with a critical 
group at 5 km. For most parameters, variations used in the sensitivity analyses were based on engineering 
judgment of the expected normal variations of these parameters. Parameter variations for seismicity were 
based on lower and upper bound seismic hazard curves described briefly in section 2.1.2. 
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Parameter Evaluated I 

Table 2-2. Parameters in SEISMO module studied for total performance assessment sensitivity 
analYSiS 

Mean Value Parameter iriation 

+20% of r .in value 1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Young's Modulus of TSw2 3 . 4 4 8 ~  10" Pa 

1.3793 1 x lo9 Pa 

0.2 

-20% ot Jean value 

+20% of mean value Ultimate Strength of Waste 
Packages -20% of mean value 

+25% of mean value 
Poisson's Ratio of TSw2 

-25% of mean value 

+20% of mean value 
1.2097 x 10" Pa*m Stiffness of Waste Packages 

-20% of mean value 

Higher bound 
0.6, 0.466, 0.333, 

0.2, 0.06 m 
Joint Spacing 0.53, 0.4, 0.27, 0.13, 0.03 m 

Lower bound 
0.466, 0.333, 0.2, 

0.06, 0.03 m 

+lo% of mean value Young's Modulus of Waste 
Package Material 2.069 x 10'' Pa 

-10% of mean value 

Poisson's Ratio of Waste 
Package Material 

+25% of mean value 

-25% of mean value 
0.2 

+20% of mean value 

-20% of mean value 
Stiffness of Supports to Waste 

Package 
5.5 x lo9 Pa*m 

Higher bound* 
0.2g 261yr 

0.4g 1,451yr 
0.6g 5,045yr 

0.8g 14,186yr 
0.2g 2,400yr 
0.3g 8,000yr 
0.4g 20,000yr 
0.5g 44.000yr 

(50% attenuation) 

Hazard Curve 
(No attenuation with depth) Lower bound* 

0.2g 1,196yr 
0.4g 7,273yr 
0.6g 23,223yr 
0.8g 5 9 , 3 1 2 ~  
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Case No. 

19 

20 

21 

22 

23 

w 

Parameter Evaluated 

Hazard Curve 
(50% attenuation) 

Higher bound* 
Corrosion On 

Higher bound* 
Localized Corrosion 

Off & 
No Backfill 

Hazard Curve 
(No attenuation with depth) 

Rock Condition 1 0.005 1 0.005 
Rock Condition 2 0.005 2 0.15 

3 0.15 Rock Condition 3 0.005 
Rock Condition 4 62.9 4 0.339 
Rock Condition 5 35.6 5 0.356 

Distribution of five Rock 
Conditions in TSw2 

Table 2-2. Parameters in SEISMO module studied for total performance assessment sensitivity 
analysis (cont’d) 

Mean Value Parameter Variation 

Higher bound* 
0.2g 1,451yr 
0.3g 5,045yr 
0.4g 14,186yr 
0.5g 35,184yr 

Lower bound* 
0.2g 7,273yr 
0.3g 23,223yr 
0.4g 59,312yr 
0.5g 135,208yr 

2.2.2 Analyses 

To test sensitivity of repository performance to SEISMO parameters, peak dose values from the 
gwpkd0s.re.s file were used to construct probability diagrams. In SEISMO, each parameter was coded as 
a constant (i.e., these parameters are not sampled) thereby requiring a parameter-by-parameter sensitivity 
study. Thus, the input parameters were not statistically ranked by either a multivariant linear or 
nonparametric rank correlation (as was done for the parameters in the FAULT0 study). Instead, 
parameter sensitivity was determined by the effect on peak dose for the lower, middle, and higher bound 
values. The number of WP failures was not examined because WP failures are simply discretized into 
three values (32, 64, or 4,086) depending on whether rock conditions 1, 2, and 4 failed. The underlying 
assumption is that once rocks of a given rock condition fail, all W s  housed in that rock condition are 
impacted. If the conditions of that fall are right for WP failure, all WPs housed in that rock condition 
will also fail. Rock condition 5 ,  under present model conditions, does not yield rockfalls capable of 
generating WP failure. 
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During the sensitivity analyses, peak doses (from the gwpkdos.res file) were examined. To 
simulate 20,000 yr time period, the seismic hazard curve input was modified to include a higher ground 
acceleration since the original input for seismic hazard proposed as mean values was for 10,000 yr. The 
height of yield zone in the rock was also adjusted to reflect such a modification since higher ground 
acceleration could induce higher yield zone. Except for rock condition 5, the height of the yield zone for 
some rock conditions was adjusted downward from the mean values to increase sensitivity. The heights 
of yield zones for each rock condition subjected to ground accelerations are given in table 2-3. 

Ground 
Acceleration, g 

0.2 

0.3 

0.4 

0.5 

Table 2-3. Height of yield zones for five rock conditions 

Height of Yield Zone, m 

Rock Condition 

1 2 3 4 5 

0.0 1.2 3.0 6.5 10.00 

0.0 1.4 4.0 7.5 11.33 

0.0 1.5 5 .O 8.5 12.66 

0.0 1.7 6.0 9.5 13.99 

Ground 
Acceleration, g 

For higher bound of hazard curve input, the height of yield zones for five rock conditions and 
associated ground accelerations are given in table 2-4. 

Height of Yield Zone, m 

Rock Condition 

1 I 2 3 4 I 5 

Table 2-4. Height of yield zones used in the sensitivity analysis under higher bound of seismic 
hazard curve 

0.2 

0.4 

0.6 

0.8 

0 1.2 3 .O 6.5 10.00 

0 1.5 5.0 8.5 12.66 

0.5 2.0 7.0 10.5 15.99 

1.2 3.3 10.0 14.0 22.0 
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Throughout the sensitivity study, the entire repository was treated as one subarea assuming 
uniform corrosion with the exception of one case where corrosion was included. Corrosion values were 
adjusted by setting the oxygen partial pressure value to low value (no localized corrosion) or at the 
recommended base case value. Uniform corrosion was omitted from most sensitivity analysis runs to 
allow efficient testing of the SEISMO input parameters. The relative importance of the two parameters 
can be examined in the TSPA production runs. 

2.3 RESULTS AND DISCUSSIONS OF SEISMO SENSITIVITY ANALYSES 

From the probability diagrams, three categories of parameter sensitivity were defined: highly 
sensitive, moderately sensitive, and not sensitive. The distinctions between the three categories are based 
on the overall change in peak dose resulting from the change in the parameter value. Highly sensitive 
parameters show a greater than tenfold increase in peak dose over the sampled parameter range. 
Moderately sensitive parameters show a two to ten-fold increase in peak doses over the sampled input 
parameter range. Not sensitive parameters showed no significant change in peak doses over the sampled 
input parameter range. 

2.3.1 Highly Sensitive Input Parameters 

Peak dose is highly sensitive to four SEISMO input parameters: Young’s Modulus of TSw2 
Lithology, Ultimate Strength of WPs, Joint Spacing of the TSw2 Lithology, and the degree of 
surface-to-subsurface attenuation of ground motions. Summary probability diagrams of peak dose for 
these input parameters are given in figure 2-2. 

2.3.2 Moderately Sensitive Input Parameters 

Peak dose is moderately sensitive to three SEISMO input parameters: Poisson’s Ratio of TSw2 
Lithology, Stiffness of WPs, and different estimates of the seismic hazard. Summary probability diagrams 
of peak dose for these input parameters are given in figure 2-3. 

2.3.3 Nonsensitive Input Parameters 

Peak dose is not sensitive to three SEISMO input parameters: Young’s Modulus of WPs, 
Poisson’s Ratio of WPs, and Stiffness of WPs Supports. Summary probability diagrams of peak dose for 
these input parameters are given in figure 2-4. 

2.4 RECOMMENDATIONS 

Given the ranking provided in the preceding section, the following parameters should be 
changed from constants to variables because they may have significant effects on ground water peak dose: 

Young’s Modulus of TSw2 

Ultimate Strength of WPs 

JS of TSw2 
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QD 
Young's Modulus of TSW2 

O h  0 
O A  0 
O A  0 -  

O A  0 -  

0.01 - O h  E 
I . , , . . .  ,I I , . . 1 1 1 1 1  1 h 

Ground Motion Attenuation 

A 
A 

0 0  
0 0  

A 00 t 
A C 

0.01 A 
I I , , , .,,,I , , , . * 1 1 1 1  I I 

0.01 0.1 1 10 
Peak TEDE (redyr) 

0 Lower bound with loOO? attenuation 
A Mean value with 50% attenuation 

Ultimate Strength of Waste Package 

c O A  

0 
0 
0 

0.0 1 O A  
I , , , , . , . , I  . . 1 1 . . 1 . 1  . 1 

0.01 0.1 1 10 
Peak TEDE ( d y r )  

0 80% of mean value 
A 100% of mean value 

O A  0 

0.01 0.1 1 10 
Peak TEDE(dyr) 

Lowerbound 
A Mean value 

Figure 2-2. Probability diagrams showing changes in peak dose for the four highly sensitive input 
parametws 
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Poisson's R a m T S w 2  

a 
0 

el 

0 
0 
0 

1 n 0 

0.01 n 0 

0.0 1 0.1 1 10 
I , , , , ,.,,I , , , , , . . .  I , 

Peak TEDE (rendyr) 

0 125% of mean value 
0 75% of mean value 

t 0 O i  
a 
0 

0 

0 

0.01 0 0 

0.01 0.1 1 10 
I , , . . .... I , . , , ,.,,I , , 

Peak TEDE (rcm/yr) 

0 120% of mean value 
0 80% of mean value 
A 100% of mean value 

Seismic hazard curve with 50% Attenuation 

t 0 0  

B 

0.1 1 10 0.0 1 
Peak TEDE (redyr) 

0 Higherbound 
0 Lowerbound 
A Mean value 

Figure 2-3. Probability diagrams showing chanpes in peak dose for the three moderately sensitive 
input parameters 
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Young's Modulus of Waste Packages 

0.01- 

0 
0 

0 
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0 
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0 
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0 
I , , , . . . , .  I , . . S I . . . I  . . - 0.01 

Poisson's Ratio of Waste Packages 

- 0 
I , I . , , , . ,  I . . . , . < a 1 1  1 . 

1 

75% of mean value 
A Meanvalue 

.- P 

% 
& 
3 0.1 

Support Stiffness of Waste Packages 

80% of mean value 

0 ~ 

0 
0 

0 

0 

0.0 1 0 
I I , . . , . , ,  I , , 1 * 1 1 . 1 1  c ,  

0.01 0.1 1 10 
Peak TEDE (redyr) 

Figure 24. Probability diagrams showing changes in peak dose for the three nonsensitive input 
parameters 
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Poisson’s Ratio of TSw2 

Fraction coverage of each rock condition in TSw2 

Attenuation factor of peak ground motions from the surface in the subsurface 

Changing these parameters to variables will allow better evaluation of sensitivity in the total 
system sensitivity analysis. To make fractional coverage of each rock condition in TSw2 parameter a 
variable, some modifications in SEISMO module will be necessary. The extent of the modifications, 
however, should be minimal. It is possible these modifications can be accomplished in time for the 
production runs of the total system performance. To make “surface/depth attenuation” parameter a 
variable will require some modifications in the utility modules related to the generation of time and 
magnitude of seismic events. The level of effort required for such modification is not known. For the 
total system sensitivity analysis to be performed at this time, the “surfaceldepth attenuation“ parameter 
may be treated as a constant and sensitivity studied by varying the value of the parameter with each run. 
Barring that possibility, an attenuation factor of 0.5 is recommended for the base case runs and a factor 
of 1 .O for bounding analyses. 

As discussed earlier, the current SEISMO module assumes that rock under one rock condition 
will fall at the same time when responding to a particular earthquake. This assumption leads to a 
conservative estimate of peak dose for those earthquakes. The level of conservatism can be reduced by 
treating the amount of rock fall as probability density functions (PDFs). Defining that PDF requires 
additional analyses of available joint and fracture data. 

The height of yield zones for the five rock conditions under various ground accelerations were 
assumed based on the results of three limited case studies for stability of emplacement drifts under heated 
and seismic conditions using UDEC computer code. The reasonableness of these assumptions need to be 
verified by additional numerical and field-based investigations. 

The SEISMO code should also be modified to allow peak ground motions from the seismic 
hazard curves to be sampled as PDFs. This modification would allow a more complete sampling of 
variations in the seismic hazards at YM. 

The current conceptual model implemented in the SEISMO code, in general, is very 
conservative. New conceptual model or abstraction may be developed in two ways. The first approach 
is to develop an empirical expression for definition of WP failure using numerical modeling technique. 
In this approach, energy consumption due to W P  and rock deformation can be factored into the model. 
The second approach is to modify the current conceptual model to include potential energy loss as a result 
of plastic deformation of WPs and rock breaking upon impact. 

For the production run, the changes shown in table 2-5 are recommended. 

Based on these results, the SEISMO input parameters recommended for the production runs of 
the code are given in table 2-6. Details about the bounding values and distributions are given in the notes 
following the table. 
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Table 2-5. Recommended changes to SEISMO input parameters 

Parameter 
RockModulusOfElasticityfor 

It I Current Values I Recommendedchan s 7  

2.75' 
Distribution Value Distribution 

Constant 3.448D 10 Normal 
SEISMOPA] 

RockPoissonRatiofor 
SEISMOU 

4.13 310 
Constant 0.2DO Normal 0.15.7.DO 

0.250DO I Constant I 0.53DO I Normal 1 SEISMOJointSpacing 1 [m] 

SEISMOJointSpacing2[m] 

SEISMOJointSpacing3 [m] 

SEISMOJointSpacing4[m] 

J 

Constant 0.40DO Normal 

constant 0.27DO Normal 

Constant 0.13DO Normal 

0.466D0 
0.600DO 

SEISMOJointSpacingS[rn] 

WUltimateStrength[N/m2] 

0.333D0 
0.466D0 
0.200DO 
0.333D0 
0.060DO 
0.200DO 

constant 0.03DO Normal 0.030DO 
0.060DO 

Constant 1.3793 1D09 Normal 1.103448D09 
1.655172DW 

2-16 



Parameter 
TYP Input Parameter 

~~ 

I I 1 I 

Reference Comment Range 

hazardcurve I SeismicHazardCurveforSElSMO Minimum peak acceleration for bins, return 4 
period (yr); number of magnitudes for recurrence 0.1 500.0 
of seismic events, 0.2 2400.0 
magnitude, and recurrence time 0.3 8000.0 

I Wong et al. (1995). figure 5 ,  

0.4 20000.0 

I .o Not used 

constant I WPStiffnessforSElSMOlPa+m]’ 

constant 

WP stiffness used for rockfall impact calculation 1.2097DIO I CNWRA staff best estimate I IPa-ml I 

WeightPercentageOfRockFallThatHitsWPforSElSMO’ Weight percentage of rock fall that hits WP 

constant Not used WeightOfWPforSEISMO[]* Weight of WP used in impact calculation during 1.27D05 
free fall (N) 

constant 

normal 

WPModulusOfElasticity forSElSMOpa]‘ 

RockModulus0fElasticityforSElSM0[Pa]’ 

WP modulus of elasticity (Pa) 

Rock modulus of elasticity (Pa) 

2.069Dl I 

2.7584D10 
4. I376DlO 

0 . 2 m  

0.1SDO 
0.2SDO 

Popov (1970) 

Brechtel et al. (1995). table 2 4  

Popov ( I  970) 

Brechtel, et al. (1995), table 2-4 

constant 

normal 

WPPoiss~nRatioforSElSMO[]~ WP Poisson Ratio 

RockPoissonRatioforSEISMO[]7 Rock Poisson Ratio 

constant 

constant 

constant 

constant 

constant 

constant 

constant 

constant 

constant 

Rock falling distance gap between top of WP and 
drift crown (m) 

2.ODO CNWRA staff best estimate RockFallingDistanceforSElSMO[m]8 

WPFallingDi~tanceforSEISMO[m]~ WP falling distance for freefall calculations (m) 0.3W Not used 

WPNumberotSupportPairforSEISMO’o Number of support pairs on WP pedestal 2 CNWRA staff best estimate 

WPSupportStifhessforSEISMO[pa*m]” Stiffness of pedestal 5.5D09 CNWRA staff best estimate 

DistributionJointSpacing 1 forSEISMO” Fractional areal coverage for rock condition 1 5.OD-03 CNWRA staff best estimate 

DistributionJointSpacing2forSEISMO” Fractional areal coverage for rock condition 2 5.OD-03 CNWRA staff best estimate 

DistributionJointSpacing3forSEISMO” Fractional areal coverage for rock condition 3 5.OD-03 CNWRA staff best estimate 

0.629DO CNWRA staff best estimate DistributionJointSpacing4forSEISMO” 

DistributionJointSpacingSforSEISMO~* Fractional areal coverage for rock condition 5 0.356D0 CNWRA staff best estimate 

Fractional areal coverage for rock condition 4 



Table 2-6. SEISMO input parameters for base case (cont’d) 

Parameter 
Type Input Parameter Comment R8nge Reference 

normal I SEISMOJointSpacingl [m]” 

~~~~~ 

normal WPUltimateStrength[]l‘ 

constant GrainDensityforTS~2SEISMO[g/cm~]’~ 

Joint spacing for rock condition I I 

~ ~ 

Ultimate strength of WP I. I03448DO9 
1.655172D09 

Popov (1 970) Assumed based on 
the strength of SS carbon steel 
(3.5% Ni and 0.4% C) 

Grain density for TSw2 2.55 Brechtel et al. (1995) 

0.466DO I 0.600W I Brechtel et al. (1995) 

normal I SEISM0JointSpa~ingZ[mJ’~ Joint spacing for rock condition 2 I Brechtel et al. (1995) I I 0.33DO 
0.466W 

normal I SEISMOJointSpa~ing3[m]~’ Brechtel et al. (1995) I Joint spacing for rock condition 3 0.20DO I I 0.333W 
normal I SEISMOJointSpa~ing4[m]’~ Joint spacing for rock condition 4 0.06DO I I 0.20DO I Brechtel et al. (1995) 

normal I SEISMOJointSpacingS[m]” Joint spacing for rock condition 5 0.03W I I 0.06DO I Brechtel et al. (1995) 

Notes: 

’ W e i g h t P e r c e n t a g ~ ~ u c ~ a ~ a ~ i ~ W P f o r S ~ ~ S M ~  
This parameter is not currently used in WP failure calculation 

Weigh tOfWPforSEISMOINI 
This parameter is not currently used in WP failure calculation 

hWPStiffnasforSEISMO[Pa*m~ 
”his parameter assuming a simple supported beam with load applied at the center of the beam and its value is estimated based on the following equation: 

48 EI 
L’ 

K,,, = - 

where Kwp - stiffness ofthe WPS 
3 - X R-t,  R,, is the average of inner and outer radius of the WPS and t is the thickness of the WPs 



Table 2-6. SEISMO input parameters for base case (cont'd) 

E - Young's modulus of the WPs 
L - length of the WPs. 

R,, - (0.9 + 0.78) / 2 = 0.84 m 

t - 0.12 m 

L - 5.682 m 

(Note: t and L are obtained from the Reference Data Set) 

'PModulusOlElnsticityyforSElSMO[Ps~ 
The value of this parameter is extracted directly from the Appendix Table 1, p. 423, Popov (1970). 

'RockModulusOfElnsticity CorSEISMOIPnl 
The mean value for the parameter is obtained from table 2-4, p. 2-12, SANDIA report, Geotechnical Characterization of the North Ramp of the Exploratory Studies Facility, Volume I 

of I1 Data Summary, SAND95-0488/1 (Brechtel et al., 1995). The 20% variation for the assumed normal distribution of this parameter is adopted from table 5.1, p. 5-19, DOE Site Characterization 
Plan. 

'W PPoissoaRatioforSElSMO[] 
The value of this parameter is obtained directly from p. 36, Popov (1970). 

Y 'RockPoissonRs tioforSElSMOl] 5; The mean value for the parameter is obtained from table 2 4 ,  p. 2-12, SANDIA report, Geotechnical Characterization of the North Ramp of the Exploratory Studies Facility, Volume I 
of I I  Data Summary, SAND95-0488/1 (Brechtel, et al., 1995). The 25% variation for the assumed normal distribution of this parameter is adopted from table 5.1, p. 5-19, DOE Site Characterization 
Plan. 

'RoekFsllingDistrnceforSEISMO~m] 
This parameter is estimated as follows 

RockFallingDistanceforSEISMO(m1 = 
diameter of emplacement drift (currently 5 m) - diameter of the WPs (about 1.8 m) - height of pedestal (assumed to be 1.2 m with no reference basis) 

~PFsllingDistsnccforSElSMO[ ml 
This parameter is not currently used in WP failure calculation; this parameter cannot be removed 

'%'PNumbcroBupportPsirforSEISMO 
The conceptual SEISMO module is based on an assumption that WPs are simply support beams. Consequently, two support beams are assumed. 



Table 2-6. SEISMO input parameters for base case (cont'd) 

"WPSupportStiITncssforSElSMO[pa*ml 
The support stiffness can be obtained using the following equation 

where KwPe - support stiffness 

A - cross-sectional area of the support (cumntly assuming radius of the cross section is 0.0508 m with no reference basis) 
- Young's Modulus of the support assuming to be equal to the that of WPs E w P n  

L, - height of support (assumed to be 0.3048 m). 

'?SEISMOJointSpacing1 [mi 
'2SEISMOJoinBpacing2[ m] 
'zSE1SMOJoin~paeing3g31mJ 
'1SEISMOJolntSpacing4~m~ 
'zSEISMOJointS~cingS~m] 

Not all rocks falling h m  the roof of the emplacement drifts will impact WPs. The effective sizc of the rock that impacts WPs will be controlled by JS. For abstraction into the TPA code, 
the TSw2 thermomechanical unit was subdivided into five distinct rock conditions. The rock conditions are estimated using available JS (Brechtel et al., 1995) information for the TSw2 provided in 
a SANDIA report (Brechtel et al., 1995) that summarizes data collected from NRG holes. In the report, the JS information is presented in terms ofrating of JS (Hoek and Brown, 1982). Three JS ratings 
are observed in the TSw2 Unit: 5,  8, and 10. Rating of 5 indicates a JS that is smaller than 0.06 m; 8 is for JS between 0.06 to 0.2 m; 10 represents JS of 0.2 to 0.6 m. For the rock condition scheme 
used in the SElSMO module, condition 5 is assumed to be equivalent to the rocks with JS rating of 5;  condition 4 is assumed to be the rocks with JS rating of 8; and rocks related to JS rating of 10 
arc further subdivided into thm conditions: I ,  2, and 3. This subdivision is considered reasonable because (i) the range for JS rating of 10 between 0.2 to 0.6 m is large and (ii) larger JS will induce 
greater impact on WPs. 

0 

A normal distribution of JS is assumed in each rock condition category because no additional information about the distributions of JSs was compiled when the SEISMO module was coded. 
Future work will examine the validity of this assumption. 

"DistributionJdn(SpacinglforSEISM0 
"Dlstri butionJdatSprcing2forSEISMO 
''Distributio11JointSp~cing3fo1SE1SM0 
"Distri butioalointSpaci~g4forSEISMO 
IJDistri butionJoIntSprcingSforSEISM0 

Based on the SANDlA report (Brechtel et al., 1995), rock condition 4 appears to contain a dispropoltionally larger volume of the TSw2 unit. About 62.9% of the repository can be 
characterized as rock condition 4. Rock condition 5 occupies roughly 35.6% of the repository. Rock conditions 1, 2, and 3 take up only 1.5% ofthe area and are equally subdivided into 0.5 % of the 
repository. 

"WPUltima tcStrcngth[N/mA2) 

of the authors. 

"GrrinDcnsltyfo~w2SEISMO[~ 

Data Summary, SAND95-0488/1. 

The mean value of this parameter is obtained from the appendix table I ,  p. 423, Popov (1970). The 20% variation for the assumed normal distribution is b a .  the expert judgment 

l'k value for the parameter is obtained from table 2 4 ,  p. 2-12, SANDIA report, Geotechnical Characterization of the North Ramp of the Exploratory Studies Facility, Volume 1 of I1 
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3 FAULTING 

3.1 CONCEPTUAL MODEL (FAULTO) 

17 
4 v  

The stand-alone faulting module FAULTING and its adaptation in the TPA Version 3.1.1 
FAULTO evaluates the potential for direct WP rupture due to fault displacement. Details about code 
behavior and how a faulting event is simulated are provided in Ghosh et al. (1997). Essentially the code 
generates a new fault randomly within the area of interest. Geometric characteristics of the fault (e.g., 
length, width, orientation, and displacement) as well as overall fault recurrence intervals are samples from 
a series of probability distribution functions derived from geological observations of faults at YM (e.g., 
U.S. Geologic Survey, 1996). 

In the stand-alone version, the area of interest or the simulation region extends well beyond the 
repository footprint, thereby allowing faulting recurrence rates derived from geological observations to 
be used directly. For those faults that intersect the repository, the percent area affected (fault width times 
the fault trace length within the footprint of the proposed repository), fault displacement, and threshold 
displacement assumed to cause WP failure determine the number of W s  disrupted. Faulting recurrence 
in the stand-alone code is based on a two-tiered sampling. The recurrence rate is first sampled from a 
uniform distribution of recurrence rates. The sampled recurrence rate is then used to determine the time 
of the faulting event based on an exponential distribution. Although this scheme is more realistic in 
simulating actual faulting events than the module in the TPA Version 3.1.1, the low recurrence rate of 
faulting at YM requires numerous iterations in a Monte Car10 analysis (of the order of 1@-106) to obtain 
enough actual hits to allow statistically significant assessment of potential consequences. 

In the modified version of FAULTING code used in the TPA Version 3.1.1 parameters must 
be sampled independently (i.e., no hierarchical or conditional sampling) prior to execution of the module. 
Moreover, the code runtime is too long to allow more than about 250 realizations within a reasonable 
time period. Therefore, in this version (FAULTO module) the recurrence interval was sampled from a 
single exponential distribution. As the number of realizations was low (100 realizations in all cases, 
except one), it is essential that the simulated faults intersect the proposed repository footprint in every 
realization. This is necessary to obtain statistically meaningful estimates of the consequence of faulting. 
As a result, the area of interest was reduced to the actual repository footprint and the recurrence interval 
was adjusted (as explained below) to yield an effective recurrence rate for faulting directly in the 
repository. 

Calculating the effective recurrence interval within the repository boundary is not 
straightforward because, unlike point-source events, faults are planes that have orientation and length. 
Moreover, both orientation and fault length have their own distributions. Recurrence rate, therefore, does 
not scale directly with change in simulation area. There is a critical size of the simulation region below 
which the recurrence interval does not increase in proportion to the reduction in simulation area. If the 
simulation region is smaller than the critical area, a fault could still initiate outside the area and have the 
necessary length and orientation to intersect the repository. To overcome this problem, an empirical 
solution using the stand-alone code was used. This approach is described in the following paragraphs. 

The paleoseismic data summarized in U.S. Geologic Survey (1996) were used as a technical 
basis for estimating the base recurrence interval. These data indicate at least 23 earthquakes (with 
displacements between about 0.1 and 1.5 m) occurred in the YM Region (YMR) in the last 150,000 yr. 
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This equates to an average recurrence interval of 6,522 yr. The paleoseismic investigations cover 
approximately 15 by 15 km square area. Because this recurrence interval is for all faulting (both 
recognized faults from which appropriate set-backs will be made for WP emplacement as well as new or 
under appreciated faults), we arbitrarily selected a recurrence interval for new CV -:z'derzppreciated faults 
at 13,000 yr (half the total recurrence rate for all faulting). This value is considered conservative because 
most geological evidence suggests that faulting in the next 10,000 yr at YM will mostly (greater than 
90 percent) occur on existing faults (e.g., Morris et al., 1996) which once recognized will be set-back- 
from by design. 

The &tical size of the simulation area for faulting around the repository was developed taking 
into account the range of fault orientations and length of faults. In the current set of parameters (Weldy 
et al., 1997), 98 percent of the faults have lengths of 30 km or shorter or half lengths of 15 lan or 
shorter. In addition, fault orientations range between N55' W (azimuth 305') and N25' E (azimuth 25'). 
Given these constraints, the size of the critical area is approximately 15.2 km X 32.8 lan. The ratio of 
the critical area to the area used to estimate faulting recurrence from paleoseismic studies is 2.2 (498.6 
divided by 225.0). Thus, the recurrence of the critical area is 5,909 yr (13,000 divided by 2.2) yielding 
a effective probability of 1.69 x 10-4/yr. 

This recurrence interval and the FAULTING module were used to estimate what percentage of 
faults generated in the critical area would actually intersect the repository. Based on a number of different 
realizations between 500 and 1,OOO,OOO, it appears that about three percent of the faults intersect the 
repository. Thus, the recurrence for faults within the repository itself is (5,909 divided by 0.03) 196,967 
(-200,OOO) yr or an annual probability (absolute probability) of 5.0 x This number represents a 
conservative estimate for faulting and is the best estimate for recurrence for the base case input file. 

3.1.1 FAULTO Parameters 

The input parameters for the FAULTO module are summarized in table 3-1. Data given in this 
table represent a subset of the parameters in the original stand-alone version of FAULTING. In addition 
to the changes between the stand-alone an;: .'PA module described in the previous section, fault dip angle, 
number of slip surfaces, partition of fault slip among different slip surfaces, cumulative displacement rate, 
and cumulative displacement rate partitioned among slip surfaces were not sampled in FAULTO. These 
parameters were excluded for the following reasons: 

Fault dip angle is not important because the WPs are assumed to be emplaced within a single 
almost horizontal horizon. Fault dips at the surface at YM are rarely less than 45". 
Therefore, the problem essentially reduces to twodimensions. Variations in fault dip angle 
over the vertical thickness of the emplacement drifts will not affect consequence. 

Number of slip surfaces of a fault does not affect performance because the area affected is 
constant. The fault slip is either divided among the slip surfaces or allowed on one surface. 
Because the WPs are assumed to be uniformly distributed, the area affected (fault width 
times the trace length of the fault within the footprint of the proposed repository), not the 
exact location of the slip surface(s), is important. 

Cumulative displacement rates for faults at YM (see table 2-4 of Ghosh et al., 1997) are too 
small to significantly affect performance of the proposeu Icpository given a 10,OOO or even 
20,OOO yr period of concern. 
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Table 3-1. Parameter values for the faulting events module of iterative performance assessment 
Phase 3 

Discrete 

Parameter 

0.1, 0.2, 0.3, 0.4 Assumed based on Stirewalt 
et al. (1995; 1996) 

Recurrence interval 
(Y r) 

Uniform 

Threshold 
displacement 

547400.0 
548600.0 

X location of fault 

Uniform Y location of fault 4076200.0 
4079040.0 

Fault orientations Uniform 

Strike orientation 
(degrees) 

NW = 05% 
NE = 95% 

Trace length (m) 

Normal 

Log-normal 

Fault zone 
width (m) 

90% probability NW 
10% NE 

min = 1200 DOE Probabilistic Seismic 
max = 50,000 

Day et al. (1997) 

Hazard Analysis (unpublished) 

Largest credible 
displacement (m) 

Beta 

Cumulative 
displacement rate 
t d y r )  

a =1.25 ESF data (unpublished) 
/3 = 15 
NW (min, max) = 0.5, 275 
NE (min, max) = 0.5, 365 

Distribution I Value I Source 

Log-normal 

constant 

IDOE PSHA 
min = 0.05 
max = 1.10 

200,000 

Uniform 

Abstraction of regional rate 
from USGS (1996) 
paleoseismic results 

NW min = 0.0 
NW max = 5.0e-5 
NE min = 0.0 
NE max = 5.0e-5 

Within repository 

Within repository 

ESF data (Day et al., 1997) 

Electric Power Research 
Institute (1993); Stirewalt et al. 
(1995); USGS (1996) 

3.1.2 FAULT0 Assumptions and Abstractions 

There are a number of critical assumptions and simplifications inherent in the abstraction of the 
geological process of faulting into the numerical paradigm of the TPA code. In most cases, these 
assumptions and simplifications are conservative, in the sense that they probably overestimate the release. 
In some cases, the opposite is true. The consequence may be underestimated mainly owing to lack of 
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knowledge of the exact mechanisms involved. In some cases, the consequence of these assumptions and 
simplifications are not presently known and should be investigated further. 

Fifty percent of faulting is assumed to occur on new faults or faults not set back from 
repository design. This assumption is conservative because most geological observations 
assume that at YM large faulting events will occur on known and mapped . a h .  For 
example, paleoseismic studies show that nearly all the large faults at YM pro+ .c evidence 
for repeated earthquake ruptures (e.g., U.S. Geologic Survey, 1996). 

There is no link between faulting, seismicity, and volcanism in the TPA Version 3.1.1. In 
nature, volcanic eruptions are always accompanied by numerous pre- and syn-eruption 
earthquakes (Luhr and Simkin, 1993; Fedotov and Markhinin, 1983). Likewise, all faulting 
events that would affect the repository would be accompanied by significant seismicity. 
These earthquakes would have a high frequency component and strong ground motion 
component because the earthquakes will be centered close to the repository. In both cases, 
the assumptions are nonconservative. 

The orientation of the emplacement drifts are not considered, yet, faults are oriented roughly 
north-south. If the actual emplacement drifts are subparallel to the fault trend then a much 
greater number of WPs will be affected by each faulting event than currently estimated in 
the code. In contrast, if the emplacement drifts are mostly east-west, then the code is 
overestimating the effects of faulting on WP disruption. 

The TPA Version 3.1.1 limits the number of faulting events per realization to one, 
irrespective of the recurrence interval selected. This simplification is acceptable so long as 
our estimate of recurrence intervals on the order of l@ yr is correct and the time period of 
interest is 10,OOO to 20,000 yr. Otherwise, this limitation reduces the potential consequence 
of faulting and is, therefore, nonconservative. 

For simplicity, fault length, fault zone width, fault orientation, and displacement were 
sampled independent of each other (i.e., no specified correlations in the sampler). In nature, 
longer faults have undergone larger displacements. Observations of fault zone widths in 
YMR are less constrained. Fault zone widths seem to be large for incipient faults and narrow 
as the fault zone matures. As the fundamental premise of this code is that faulting will occur 
on new faults, fault-zone widths are assumed to be wider than those observed along mature 
fault systems in YMR. To compensate, fault zone widths are sampled from a broad range, 
including the chance for a few wide (greater than 100 m) fault zones. In future versions of 
the code, correlations in sample parameters of fault characteristics should be considered, 
which will improve the realism of the performance assessment. 

The current code does not link faulting and corrosion. In reality, corrosion over time could 
weaken WPs and make them more susceptible to failure by faulting. Conversely, faulting 
could weaken WPs and make them more susceptible to corrosion over time. In the current 
sensitivity studies a small threshold displacement for WP failure was used to ensure 
conservatism on this point. 
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For WP failure from faulting, it was simply assumed that once a minimum threshold 
displacement was exceeded, the WPs would fail. WP failure in the faulting modules was not 
linked to a WP failure mechanism. This assumption is conservative. 

In both the stand-alone and TPA module versions, all WPs intersected by the fault zone are 
considered failed. This conservative assumption is necessary at present because the forces 
WPs could encounter in fault zones are poorly understood. 

No standoff distance from the fault boundaries is assumed in the FAULTO code. 
Consequently, the code assumes that the damage zone due to slip along a fault will be totally 
restricted within the fault zone boundaries. This is a nonconservative assumption. Although 
it is expected that appropriate set-back distances will be kept from known and characterized 
faults, this will not be true for uncharacterized or new faults. 

The current code does not take into account the effects of slip on a new or an 
uncharacterized fault due to co-seismic rupture on all existing faults in the repository region. 
A new fault or an uncharacterized fault is generated by the module without considering the 
faults and fractures that already exist. Any slip on the generated faults does not affect the 
other faults and fractures. In reality, a slip on a generated fault may have the potential to 
cause sympathetic slips on existing faults and fractures in YMR. As a result, the number of 
WPs disrupted by the faulting event may be significantly more than that predicted by the 
FAULTO module. Therefore, this assumption is nonconservative. 

3.2 PROCEDURES 

3.2.1 Sensitivity Runs 

Sensitivity analyses with different parameters of the FAULTO module in the TPA code were 
conducted to estimate the effects of variation of these parameters on the potential performance of the 
proposed repository. Different combinations of disruptive scenarios were examined (e.g., all three 
disruptive scenarios-faulting, seismic, and volcano-on or only faulting on) together with either localized 
or uniform corrosion and different recurrence intervals of faulting (table 3-2). Changes in corrosion were 
accomplished by changing the oxygen partial pressure value to a low value (2 X for cases with no 
localized corrosion and at the base case value for runs with localized corrosion. As discussed before, 
location of the assumed critical group was taken either at 5 or 20 km from the proposed repository. 

The repository response was measured in terms of Peak Total Equivalent Dose Estimate (Peak 
TEDE) (redyr),  Total U.S. Environmental Protection Agency Release (normalized), and number of WPs 
disrupted. Peak TEDE for each realization was obtained from the output file gwpkdos.res (column 2). 
Column 4 of the output file refgwgs.res provided the Total EPA Release for each realization. Number 
of WPs failed owing to different disruptive events was obtained from the output file WpsfuiLres. The 
sampled values of different parameters of the FAULTO module along with other sampled parameters 
necessary for simulation were obtained from the respective columns of the output file sumpZpur.res. 

All TPA Version 3.1.1 runs retained all parameters except those in the FAULTO module and 
the groundwater variables at their respective mean values. Only parameters belonging to the FAULTO 
required module were sampled from their respective population distributions. The threshold displacement 
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Table 3.2. FAULT0 sensitivity runs 

level for Wp disruption was kept at 0.05 m, the minimum value of the fault slip distribution, so that any 
displacement along the faults would cause WP failure. In this way, systematic bias introduced by the 
threshold displacement on number of WPs disrupted and subsequent dose calculation can be eliminated. 

Additionally, complimentary cumulative distribution function plots were made for Peak TEDE 
values obtained in each case. The probability of exceedence of Peak TEDE values was compared with 
base case results for different combinations of disruptive scenarios and corrosion assuming again the 
critical groups at 5 and 20 km from the proposed repository. In all runs, all seven subareas were used 
in calculations of dose. 

Number of realizations for each run of the TPA Version 3.1.1 was kept usually at 100, as the 
runtime for 250 realizations was extremely long. As discussed before, the simulation region was taken 
as coinciding with the repository footprint to ensure that all simulated faults intersected the repository. 
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3.2.2 Statistical Analysis 

Two different approaches were adopted to estimate the correlation between each of the 
parameters of the FAULTO module (independent variable, x) with the three response variables (dependent 
variable, y): 

Linear least-square regression with correlation coefficient as the measure of dependency 

Nonparametric or rank correlation with Spearman rank-order correlation coefficient as the 
measure of dependency 

Application of linear regression method to estimate dependency between x and y requires several 
inherent assumptions about the population distribution of x, y, and the error about the true mean 
(Scheaffer and McClave, 1982). For example, both x and y should be normally distributed. The error 
component of the model (i.e., the part of the variation observed in the dependent variable not explained 
by the variation of the independent variable) should also be normally distributed. Mean of this error 
component should be zero with constant variance for all values of the independent variable. Moreover, 
the errors associated with different observations of the independent variable should be independent. 

One of the fundamental problems of using linear regression is that the probability distribution 
functions for the independent and dependent variables are not necessarily known. In this case of the 
FAULTO module, several parameters are known to have probability distributions different from n o d  
distributions. This fact can be observed in the histogram plots given in appendix A and table 3-1. For 
example, width of faults trending northwest has a beta distribution with a = 1.25 and = 15, a 
distribution highly skewed toward left, that is, toward small values of fault width. An alternative 
technique is nonparametric or rank correlation (Scheaffer and McClave, 1982; Press et al., 1986). If we 
replace the value of each x by the value of its rank among all x’s in the sample of size N (equal to 100 
in this analysis), then resulting list of numbers will be drawn from a uniform distribution between 1 and 
N. If some of the x’s have identical values, it is conventional to assign to all these ties the mean of the 
ranks that they would have had if their values had been slightly different. Exactly the same is done for 
y’s. If a correlation is demonstrated to be present nonparametrically, then it is really there. Nonparametric 
correlation is more robust than linear correlation and more resistant to outliers in the data. The 
methodology is given in Scheaffer and McClave (1982) and Press et al. (1986). Press et al. (1986) have 
provided necessary subroutines that are well-tested for calculating the Spearman Rank Correlation 
Coefficient. These subroutines were used in this study. 

3.3 RESULTS AND DISCUSSION OF FAULTO SENSITMTY ANALYSES 

3.3.1 Sensitive Input Parameters 

Results for the sensitivity runs are summarized in appendixes B-M. Results for each run are 
given in terms of Peak TEDE (redyr),  EPA release, and number of WPs disrupted. Plots show the 
frequency distribution, cumulative frequency, stepwise reduction (showing the range of important 
parameters), correlation coefficients parameter, and the linear regressions for each input parameter tested. 
In all runs, the only faulting parameter that showed a significant correlation with dose or WPs disrupted 
is fault zone width. Otherwise, factors that control groundwater flow were the only parameters that 
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showed significant correlation with dose. On the basis of these results, we recommend that all parameters 
except fault zone width be set as constants for the total system performance investigations. 

3.3.2 Five and 20 Kilometers 

Comparison of runs in which all parameters were held constant, except for the distanc . the 
critical group, are shown in figure 3-1. Results are provided for cases in which the recurrence i ,  xvals 
were varied between 500 and 50,000 yr. Results show approximately a 3.5 orders of magnitud :hinge 
in dose between 5 and 20 km. Doses are of up to one r edyr  for the 5 km distance and 1.0 x '0-4 and 
5 x r edyr  for 20 Ian distance. 

3.3.3 Backfiied and Unbackfiied Drifts 

Comparison of runs in which the drifts were backfilled 100 yr after closure and those that 
assumed no backfill are shown in figure 3-2. Backfill is not assumed to affect WP failure owing to 
faulting, only the associated hydrological and thermal calculations. Results show that whether the drifts 
are backfilled or not does not influence dose response. 

3.3.4 Localized Corrosion and Uniform Corrosion 

W P  corrosion is a critical factor in whether or not faulting can affect WPs. Once the WPs are 
disrupted by corrosion, they are assumed to have failed. Faulting can no longer affect repository 
performance. Comparison of runs in which corrosion is assured to occur and one in which localized 
corrosion was mitigated by changing the partial pressure of oxygen to 2.5 x shows a nearly order 
of magnitude difference in dose (figure 3-3). These results confirm that faulting is only important to 
performance if WPs do not fail by localized corrosion is first. 

3.3.5 Effect of Fault Length 

The length of the northeast trending faults ranges from 1.2 to 50 km. Therefore, the number 
of WPs failed only weakly correlated with the length of.' Lults only at the low values of fault length. The 
longest dimension in the present repository footprint is about 4 km. At higher values of fault length, the 
correlation between number of WPs failed and fault length becomes insignificant as the part of the fault 
within the repository boundaries will be a very small fraction of the actual fault length, as shown in 
figure 3 4 a  and 34b. 

3.3.6 Effect of Fault Orientation 

The northeast trending faults have strikes ranging from N5"W to N25"E. Figure 3-5 shows 
schematically the effects of fault orientation on number of WP disruptions. As discussed before, the 
orientation of the fault is linked with the estimated recurrence interval of the simulation region, but the 
correlation is quite weak. Figure 3-5 shows that the area of the repository disrupted by fault movement 
does not vary significantly with the fault orientation. Therefore, fault orientation has negligible impact 
on number of WPs disrupted and, consequently, on the peak doses. This result depends on the earlier 
stated assumption that the orientation of the emplacement drifts is not specified (i.e., assumed random) 
in the current TPA (Version 3.1.1) model. 
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Figure 3-4a. Effect of fault zone length on waste package disruption: fault len& significantly longer 
than proposed repository 
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Figure 3-4b. Effect of fault zone length on waste package disruption: fault length comparable to 
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3.3.7 Effect of Fault Slip and Threshold Displacement 

Magnitude of fault slip does not correlated with the number of WPs disrupted as the WPs failure 
criterion is based on fault displacement. In all runs of the TPA Version 3.1.1, the threshold displacement 
of WPs disruption was fixed at 0.05 m, the minimum amount of fault slip. Consequently, every generated 
fault had a finite number of WP disruptions and magnitude of fault slip was not the parameter influencing 
the outcome of the simulation run. 

3.3.8 Cumulative Fault Displacement Rate 

The cumulative fault displacement rate for the faults in the YMR is low and it is unlikely that 
major disruption of the proposed repository can take place within the 10,OOO yr regulatory compliance 
period. Therefore, this factor was not taken into consideration for sensitivity analyses. 

3.3.9 Fault Zone Width 

The width of the simulated fault zone is directly related to the area of the proposed repository 
or emplacement area disrupted by the faulting event. As the WPs are assumed to be uniformly distributed 
over the entire emplacement area in the TPA code, the number of WPs disrupted is directly proportional 
to the width of the fault zone (illustrated schematically in figure 3-6). 

3.3.10 Recurrence Interval 

The recurrence interval essentially controls the time when faulting occurs. Recurrence interval 
has little effect on the number of WPs impacted and thus, on dose (figure 3-7) because faulting is limited 
to one event within the period of interest. It will, however, have some influence on radionuclide 
transport. As the disruption of WPs takes place earlier, the radionuclides will have longer time to travel. 
Consequently, the probability of exceedence of a specific value of Peak TEDE experience by a critical 
group located at a given distance from the proposed repository will be higher. 

3.4 RECOMMENDATIONS 

3.4.1 Recommendations for Current TPA FAULTO Module 

Assuming no enhanced localized corrosion of the WPs, fault zone width is the most sensitive 
parameter to peak dose in the FAULTO module. There is only a mild sensitivity to the timing of the 
faulting event (in these analyses controlled by the recurrence interval). If the WPs fail prior to faulting, 
then faulting is not a factor in the overall system performance. Dose values from faulting are not 
significant compared to the order of magnitude larger doses of the other processes like WP failure and 
seismicity. 
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Figure 3-6. Effect of fault zone width on waste package disruption 
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Given these results, 
module for the TPA 

Fix the 

the following changes are recommended to the input parameters in the FAULTO 
Version 3.1.1 production runs: 

recurrence rate at 200,000 yr. 

Use a threshold displacement value of 0.20 m consistent with the recommended mean . ,Iue 
of fault offset given below. 

Use the mean values for fault orientation. 

Set the fault length to 8.0 m, twice the largest dimension of the repository footprint. The 2x 
value is needed because faults are generated from the midpoint and any fault smaller than 
8.0 km initiated on the repository boundary may not transect the repository. 

Keep the fault zone width PDFs as before, pending ongoing SDS investigations. 

Set the fault displacement values at their means (0.5 m). 

Set the cumulative displacement values at 0.00005 m/yr. These are not significant to 
performance, but small values are required as placeholders for the variables in the code. 

Details of the FAULTO input parameters are summarized in table 3-3. 

3.4.2 Recommendations for Future Conceptual Model and Abstractions 

As discussed in the previous sections, the current version of FAULTO is based on a very 
simplified conceptualization of faulting. For the most part, this conceptualization and associated 
abstractions are conservative, at least in the sense that the effects of faulting on repository performance 
are greater than anticipated if a more realistic model of faulting were implemented. For example, the 
current code assumes that half of the faulting in the next 10,OOO to 20,000 yr will occur on faults not set 
back from in repository design (new, blind, or otherwise underappreciated faults). The consensus among 
geological literature (e.g., Morris et al., 1996) is that most faulting and perhaps all faulting in the next 
10,000 to 20,000 yr will occur on existing faults, those that will be accounted for in repository design. 
A second example is that there is no correlation between fault characteristics sampled by the code (e.g., 
width, length, displacement), contrary to what is generally observed in nature. Larger faults typically 
have larger displacements. In the current version of the code, even small faults have the potential to affect 
a relatively large portion of the repository. 

Future versions of the code could add realism to the total system performance assessment by 
adopting a different approach to the way in which faulting is modeled. Because faulting over the next 
10,OOO to 20,OOO yr will likely occur on existing faults that will be set back from in repository design, 
the real question is whether secondary deformation associated with faulting will cause significant damage 
to the WPs. Secondary damage includes co-seismic ruptures on secondary faults and fracturing of bedrock 
in both the hangingwall and footwall of the maste- 'iult. In this conceWv!ization, each of the block- 
bounding faults, like the Bow Ridge or Solitario Ca, m would be c o m i U ~ i ~  dependently. Recurrence 
for each of these faults would be derived directly from the available paleoseismic and geological data 
(e.g., USGS, 1996). Probability distribution functions (PDFs) that describe the amount and style of 
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deformation in the hangingwall and footwall of these master faults could be derived from detailed 
mapping of the Exploratory Studies Facility or numerical models of normal faulting deformation (e.g., 
Stamatakos et al., 1997). The PDFs could be scaled so that larger displacement events on the block- 
bounding faults produces relatively greater co-seismic deformation in the hangingwall and footwall 
regions. The code could even be adapted to account for possible segmented faulting, in which several 
faults that are unconnected, at least at the surface, rupture simultaneously. Fault segmentation appears 
to be a common characteristic of normal faulting in the Basin and Range (e.g., Willemse, 1997). 
Moreover, this approach would allow the effects of faulting on fracture flow to be assessed within the 
faulting module. 
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Table 3-3. FAULT0 input parameters for base case 

Parameter Type 

finiteexponential' 

x 
0 

Input Parameter Comment Range Reference 

TimeOtNextFaultingEventinRegionOff nterest[yr] Recurrence rate 100.0, 10000.0, Based on PSHA data, USGS 
2.0 105 (1996) 

userdistribution ThresholdDisplacementforFaultDismptionOtWP[m] Threshold fault displacement for disruption 4 
(4 0.1 
Data input order: number of fault 0.2 
displacement values to be provided followed 0.3 
by equiprobable displacement values 0.4 

CNWRA staff best estimate 

uniform XLocationOfFaultingEventInRegionOflnterest[m] X location of faulting event in region of 547400.0, Within repository 
interest (m) 548600.0 

uniform I 
Based on map of Scott and Bonk I 11984) 

11 constant I ProbabilityForNWOrientationOfFaults I Probability for NW orientation of faults 

YLocationOfFaultingEventlnRegionOfl nterest[m) Y location of faulting event in region of 4076200.0, Within repository 
interest (m) 4079040.0 

uniform 

constant 

constant 

constant 

constant 

beta 

beta 

constant 

RNtoDetermineFaultentation 0.0, 1.0 

NWFaultStrikeOrientationMeasuredfromNorthCloc NW strike orientation measured from N -32.5 Based on map of Scott and Bonk 
kwise[degrees] clockwise (degrees) (1 984) 

NEFaultStrikeOrientationMeasuredfromNorthClock NE strike orientation measured from N 10 Based on map of Scott and Bonk 
wise[ degrees] clockwise (degrees) (1984) 

NWFaultTraceLength[m] NW fault trace length (m) 4,000 Based on map of Scott and Bonk 
(1984); Simonds et al. (1995) 

NEFaultTraceLength[m] NE fault trace length (m) 4,000 Based on map of Scott and Bonk 
(1984); Simonds et al (1995) 

JNWFaultZoneWidth[m] NW fault zone width (m) 0.5, 275.0, 1.25, Based on observational data from 
15.0 ESF, Ghosh et al (1997); 

Stirewalt et al. (1995) 

JNEFaultZoneWidth[rn] NE fault zone width (m) 0.5, 365.0, 1.25, Based on bu ~ 1 1  data from 
15.0 ESF, Ghosh et ai. ., 

Stirewalt et al. (199,) 

'NWAmountOtLargestCredibleDisplacement[m] NW largest credible displacement (m) 0.5 USGS (1996) 



Table 3-3. FAULT0 input parameters for base case (cont'd) 

~~~ ~ ~ ~~ 

Parameter Type Input Parameter 

constant 'NEAmountOflargestCredibleDisplacement[m] 

constant NWCumulativeDisplacementRate[mm/yr] 

~~ ~~ ~ 

Comment Range Reference 

NE largest credible displacement (m) 0 5  USGS (1 996) 

NW cumulative displacement rate ( d y r )  0 00005 Assumed based on Electric 
Power Research Institute (1993) 

constant NECurnulativeDisplacernentRate[mm/yr] I Assumed based on Electric I Power Research Institute (1993) 
0.00005 I NE cumulative displacement rate ( d y r )  I 

Notes: 

'See detailed discussion in section 3-1 of this report. 

'No direct analyses of WP stability in fault zones exists. The 0.2 m value is the mean value of the original distribution and is consistent with the proposed fault zone displacement. 

'Subject of ongoing SDS investigation. 

'Median value of measured paleoseismic NP~UKS summarized in USGS (1996) 
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APPENDIX A 

W 

SUMMARY OF RESULTS OF SENSITIVITY ANALYSES 
USING FAULT0 MODULE 



Table A-1. Correlation of FAULT0 module parameters with response variables 

FLTO-Run2 

FLTO-Run3 

NE Fault 
R U  Variables I Sr ike  I Displacement 

Threshold 
Displacement 

Peak TEDE -0.1904 NA -0.1406 
EPASUM -0.2863 NA -0.1673 
No. of WP -0.0508 NA -0.0523 

Peak TEDE NA NA NA 
EPASUM NA NA NA 
No. of WP NA NA NA 

FLTO-Run1 

FLTO-Run4 

EPASUM 
No. of WP 

Peak TEDE 
EPASUM 
No. of WP 

-0.2462 
-0.2918 
-0.0394 

FLTO-Run5 

FLTO-Run6 

FLTO-Run7 

NA 
NA 
NA 

Peak TEDE -0.0894 N A  -0.0953 0.1100 
EPASUM -0.0779 NA -0.1144 0.1250 
No. of WP -0.0352 NA -0.0822 0.0470 

Peak TEDE 0.1423 NA -0.0098 -0.0017 

No. of WP -0.3005 NA -0.2027 0.0355 

Peak TEDE 0.0638 NA -0.0088 -0.0091 
EPASUM 0.0372 NA -0.0002 -0.0300 
No. of WP -0.3354 NA -0.1354 0.0253 

EPASUM 0. I142 NA -0.0020 -0.030 1 

-0.1037 
-0.0921 
-0.0822 

0.553210.4495 
0.529810.3697 
0.890410.8718 

-0.038510.0548 
-0.000110.0621 
0.458 110.5434 

-0.056210.0445 
-0.008810.0573 
0.437310.4615 

-0.0024 
-0.0228 
-0.0470 

-0.0523 
-0.056 1 
-0.0859 

-0.0810 
-0.0831 
0.0756 

-0.0790 
-0 0817 
-0 0715 

0.369510.3559 
0.217510.2079 
0.914210.9134 

FLTO-Run9 

FLTO-Run10 

FLTO-Run1 1 

-0.0289 
-0.0595 
0.0523 

Peak TEDE -0.0984 NA -0.1344 0.0386 0.507810.2634 -0.0025 

No. of WP O.Oo90 NA -0.2045 -0.0030 0.933210.9494 0.0928 

Peak TEDE -0.1302 NA -0.1299 0.1348 0.534510.4201 -0.0331 
EPASUM -0.1976 NA -0.1333 0.1348 0.481510.2955 -0.0132 
No. of WP -0.0394 NA -0.0822 0.0470 0.8904/0.8718 -0.0859 

Peak TEDE -0.2 102 NA -0.0228 0.1509 0.3198lO. 1871 -0.0689 
EPASUM -0.2316 NA -0.1228 -0.0268 0.378210.2137 -0.0648 
No. of WP 0.0020 NA -0.2045 -0.0030 0.933210.9494 0.0928 

EPASUM -0.0905 NA -0.1258 -0.0663 0.475 110.3 167 -0.0295 

0.1392 
0.1692 
0.0479 

NA 
N A  
N A  

0.506010.3341 -0.03 1 7 
0.352710.2359 0.0556 
0.890410.8718 -0.0860 

NA N A  

-0.1415 
-0.2043 
-0.0394 

~~ ~ 

NA 
NA 
NA 

-0.1302 
-0.1418 
-0.0822 

I 0.1306 
0.1443 
0.0470 

0.536910.4119 
0.468510.2889 
0.890410.87 18 

-0.0297 
-0.0070 
-0.0860 

~~ 

FLTO-Run8 
EPASUM 
No. of WP 

-0.1989 
-0.2201 
0.0020 

~ 

NA 
NA 
NA 

-0.01 19 
-0.1196 
-0.2045 

0.1656 
-0.0165 
-0.0030 

~ 

0.298310.1733 
0.354810. 1968 
0.933210.9494 

-0.0716 
-0.0682 
0.0928 



Table A-2. Correlation of FAULT0 module parameters with response variables 

0.1563/0.1616 
~ 0.181510.2810 

-0.025 1 10.06 I 8 
I 

0.168410. 1406 
, 0.2200/0.3260 ' NA 

Rf%ponsc Mean Annual Average 
VarlnMts I ~ r p U o I J  Precipitation 

Average 
Temperature 

Increase Flow Factor h u l t  Factor 

FLTO-Run2 

FLTO-Run3 

No. of WP 

Peak TEDE 
EPASUM 
No. of WP 

Peak TEDE 
EPASUM 
No. of WP 

~ ~~~ 

0.3293 
0.4121 
0.0893 

FLTC-Run5 

FLTO-Run6 

FLTO-Run7 

FLTO-Run8 

FLTO-RUn9 

Peak TEDE 
EPASUM 
No. of WP 

Peak TEDE 
EPASUM 
No. of WP 

Peak TEDE 
EPASUM 
No. of WP 

Peak TEDE 
EPASUM 
No. of WP 

Peak TEDE 
EPASUM 
No. of WP 

0.1102 
0.0194 
0.0524 

-0.0810 
-0.0586 
-0.0963 

-0.0772 
-0.0293 
0.0565 

-0.0579 
-0.0975 
0. I078 

0.3173/0.5053 
0.269710.4733 
0.1520l0.0682 

0,286910.3864 0.361 110.3693 
0.303510.3853 0.439410. 3802 
0.0307/0.0772 -0.1011/0.0182 

0.323 1/0.5033 
0.273710.4767 
-0.0617/0.012 I 

0.2872/0.3908 0.355810.3691 
0.3039/0.3853 0.437010.3776 
0.02021-0.0079 0.0620/0.05 I 7 

0.1480/0.3666 
0.1465/0.3495 
-0.0174/0.0367 

0.3230/0.37 10 
0.391510.3657 
0.058 110.01 76 

FLTC-Run10 Peak TEDE 
EPASUM 
No. of WP 

0.1192 
0.0596 
0.0524 

-0.0697 
-0.0455 
0.0565 

0.012710.0249 
0.0177/-0.0125 
O.OoO7/0.O86 1 

0.0872/0.4427 
0.062510.4279 
-0.1076/-0.0103 

-0.122310.1379 
0.1510/0.289O 

0.0223/0.0467 
0.0106/0.0415 
0.0077/0.0018 

7 3248/0.3687 

O.,,ur ... UI .u 

0.1496/0.3640 I -  0.1450/0.3499 
-0 .O 17410.0367 

Subarea Wet 
Fraction 

~ ~~ 

0.3143 
0.3327 
-0.o090 

0.1505 
0.0874 
0.0265 

-0.0385 
-0.0478 I -0.0190 

0.382610.5296 
0.3755/0.4955 
-0.004410.0029 

Peak TEDE I EPASUM 
FLTO-Run1 0.1971/0.2022 

0.1965/0.3 I63 
0.0220-0.0068 

0.139010.2338 
0.3777/0.3081 
-0.04251-0.0368 

-~ 

0.3982 
0.3468 
0.0987 

0.1496 
0.0916 
0.0524 

-0.0739 
-0.0856 I -0.0565 

0.4202/0.64 18 
0.3422/0.5850 
0.057110.0093 

0.2583/0.1956 
0.286710.2573 
0.022810.0269 

0.3 12210.2238 
0.37 14/0.2841 I NA 0.6072l0.7406 

0.52540.61 53 I NA 

0.2074 -0.2043 
0.0172 
NA 

0.5575 

0.4172 
0.4251 

No. of WP I 0.0987 

-0.0758 
-0.0521 I -0.0565 

0.1238 
0.0616 
0.0524 

0.445310.6362 
0.407910.5737 
0.0571 10.0093 

FLTO-Run4 0.1 16510. 1224 0.2841/0.1876 
' 0.1568/0.2815 0.2914/0.2503 

0.1217/0.09O2 0.2474/0.1483 
0.135010.2777 0.261510.2328 
-0.025 I N.0618 0.0228/0.0269 

0.4363 
0.4657 
0.0987 

0.4763/0.6409 
0.4520l0.5618 
0.0571/0.00~~3 

0.4381 
0.4978 
-0.0303 

-0.0798 
-0.0583 
0.0712 

-0.061 1 
-0.0970 I -0.0064 0.4335 

0.4957 
0.0518 

~~ 

0.3659 
0.4296 
0.0893 

-0.0731 
-0.0921 
-0.0351 

0.0935/0.4449 
0.072 110.4348 
-0.10761-0.0103 

0.0209 
-0.0426 
0.03 18 

-0.1087 
-0.1238 
-0.0351 

0.0547/0.4323 
0.0708/0.4034 
-0.1076/-0.0103 

0.289110.3643 
0.3666/0.3637 I -0.01 7410.0367 I 0.058110.0176 

0.1 137/0.3643 
0.1870/0.3655 

0.0416 
-0.0366 
0.0318 

0.4 I59 
0.4369 
0.0987 

0.3659 
0.4265 
0.0893 

-0.0757 
-0.0927 
-0.0351 

0.0171 
-0.0424 I 0.0318 

Peak TEDE 
EPASUM 
No. of WP 
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APPENDIX B 

Run: F'LTO - Run1 

Distance to Critical Group = 5 km 
Recurrence Interval = 200,000 yr 

Only FAULTO, Uniform Corrosion, Backfd 



5 km Scenario 
Summary Plots for Number of Waste Packages 
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5 km Scenario 
Summary Plots for Total Release (EPASUM) 

Frequency Distribution 
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5 km Scenario 
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APPENDIX C 

Distance to Critical Group = 5 km 
Recurrence Interval = 50,000 yr 

Only FAULTO, Uniform Corrosion, Backfill 



5 km Scenario 
Summary Plots for Number of Waste Packages Disrupted 
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5 km Scenario 
Summary Plots for Number of Waste Packages Disrupted 
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5 km Scenario 
Summary Plots for Peak TEDE (remlyear) 
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Summary Plots for Peak TEDE (remlyear) 
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5 km Scenario 
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APPENDIX D 

Run: F'LTO - Run3 

Distance to Critical Group = 5 km 
Only SEISMO, Uniform Corrosion, Backfii 
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5 km Scenario 
Summary Plots for Total Release (EPASUM) 

Frequency Distribution 
9 

0 

Cumulative Frequency 

0.0 0.01 0.03 0.05 0.0 0.01 0.02 0.03 0.04 0.05 0.06 

Toral (EPASUM) 

Parameter No. 1 

Rwession W. - 0 OM7 

Illtlenep( - 4.003 
0 

8 
0 

F 

9 
0 

2 4 8 8 1 0  

~ e a n  AMWI Inl- Al Start lmnJyrl 

T W  Release (EPASUM) 

Parameter No. 14 

r - 0.3714 

Regresson GoeH. - 0.1791 

1ntercq-l- o OM6 

. .  

. .  
.* .. . 

.. . * ' ::*;.$<... . '. 
0.05 0.10 0.15 

F mull Factor 

Stepwise Reduction in Error 

1.0 1.5 2.0 2.5 3 0  3.5 4.0 

size 

14 

13 

0.0 0.5 1.0 1.5 

Flow Factor 

15 

Parameter No. 13 

1-022 

R ~ ~ ~ M S W X I  COeH. - 0.0101 

lnlercept -'o CUH 

. .  

Correlation Coefficients 
Parameter - Total Release (EPASUM) 

. .  . .  

2 4 6 8 10 12 14 

Parameler No. 

Parameter No. 15 

r - 0 :  4 * 

Regresson CI - 0 0226 

lnlercepl I OW3 . 

0 0  0.2 0.4 0 6  0.8 1.0 

SubArea We1 Fraclmn 



Parameter No. 2 Parameter No. 3 Parameter No. 4 Parameter No. 5 

r-0.0172 

w m  Cod. - 0.0007 

Irlmapl-0.0101 

~~ 

r - 0.0154 r - 0.005t 

I n 1 M  - 0.0121 

.. 
.. . *  

. *  .. 
* . . * .  .. 

. .  ' ... .: . 0. . -  . : .- * 
.*. ' % . *  . 8.C.. . a ... *. 

. .  . .: . . 

. . .  ' .  . .  .#. . .. 
. . . .  

.. . C '  

. .  . .  
. ,  -: 

*. . . . . .  
: . - . . . . .  . .  ......... . . a  .. * e. ............. 8 .... 

. . . . . . .  
. . .  - .  .. . . .  -.:. . .  

* .  . . - -  ... , .  ... -': %,. - .  . .:. . .  . -  
..a. . .  ........... 

1.8 1.8 2.0 22  2.4 -10 8 4 -7 4 -5 0 5Ooo loo00 15Ooo 20000 4 5  40  -35 -30 -25 

Tune 01 Faulting Eventm 

Parameter No. 8 

NW Fadl Slnke l d q r e e s l  

Parameter No. 9 Parameter No. 6 Parameter No. 7 

Is 

8 

0 

0 

. .  
. .  

. .  
. .  
. 5 * 

0 . .  . .  . .  .. ' . .  

.. 
. . .  . - :' 

...... 
. * . *  '. . .' 0 '  . .  

. .  .. 
-. . .. . . . . .  . .  . .  

- 8 . :  : .. - 

- .' . . .  
* ' :* 

5.- .. ' 
' L  ;;. ... t .  

,$: .- * . 
r i  ......... : . .  

6 
0 ,;; * .  . 

,..;'... . .  .*% .- . .  - -  
Q.-...t*.. ..... 

. .  ... : . . .  
* .  ..... . #: .* .: * 

.. - - ;. '..i . * . .. ei:-:. .... .. * - 
8 

-10 0 10 20 30 
NE FaUn Strike Ldegreesl 

1oooo2000030000JOOOO 0 5000 15000 25000 

NW Fault Trace L w q h  [ml NE Fault Trace Length [rnl 
0 20 40 60 8 0 1 0 0  

NW Fa& Zone wdth [nil 



Parameter No. 10 

~ e J s i o n c O e n . - O  

.. 
. 

. *  . '.. 

.. . .  .>* . 
:s=.. . *. 
c,?::.. - 

.. 

D 50 100 160 

NE Fa& Zone Wdh [mJ 

Parameter No. 11 

r - Or0407 

Rwessbn COeH. - 0.0037 - 0.0107 

. .  

0.2 0.4 0.8 0.8 

NW Faul Dispbcemenuml 

Parameter No. 12 

. . .* - .. -.. . . 



U 

APPENDIX E 

Run: F'LTO - Run4 

Distance to Critical Group = 5 km 
Recurrence Interval = 5,000 yr 

Only FAULTO, Uniform Corrosion, Backfill 
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APPENDIX F 

Run: FLTO - R d  

Distance to Critical Group = 5 km 
Recurrence Interval = 500 yr 

Only FAULTO, Uniform Corrosion, Backfill 
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APPENDIX G 

Run: FIT0 - Run6 

Distance to Critical Group = 20 km 
Recurrence Interval = 5,000 yr 

Only FAULTO, Localized Corrosion, Backfill 
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20 km Scenario 
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APPENDIX H 

Run: F'LTO - Run7 

Distance to Critical Group = 20 km 
Recurrence Interval = 200,000 yr 

Only FAULTO, Localized Corrosion, Backfill 



0 

c 

20 km Scenario 
Summary Plots for Peak TEDE (remlyear) 

1 -  
Frequency Distribution 

9 
c 

c 

0.0 0.OoM 0 . m  0.- 

Pedc TED€ (remlyear) 

0 

Parameter No. 1 

.- / .- - . . . .  .. 
. -  - .......... 0 .  . . . . .  

2 4 6 8 1 0  

Cumulative Frequency 

0.0 o.Ooo2 o m 4  O M 0 6  
Peak TED€ (redyear) 

Parameter No. 2 

. r -40798 

Regression Cwll - 4 
Intercept - 0 OM2 

. . .  
. . .  
: . . -. - - .  

.-. . .  * 4 .  
.. . .  . . . . . .  

1-.- ...... .. ... 
1 6  1 8  2 0  2 2  2 4  

Stepwise Reduction in Error 

14 

15 
2 

1 2 3 4 5 6  

sue 

Parameter No. 3 
~ _ _ _  

. a  r - 4 061 1 

Regression Cmll - -0 

Intercept - 0 000 I - 

. .  - * .  “;7;--T-- * .  . .- .. - . 
* r  * . . . .  . % *  . ... .. ..... :-. i ... .. ... * a -  . a .  

I0 -9 8 7 6 -5 

Mcdn Annual InlillralKn A l  Stan lmmlyrj Average Pie~ipldlton MiiIII1Jlar A1 Gkia l  M a x m  4verage Ternpetaltire t n c r e d w  At Gldadt Maximum ldegc 

Correlation Coefficient: 
Parameter - Peak TEDE her 

. .  

2 4 6 8 10 12 I 4  

Pararneler No 

Parameter No. 4 

r - 00638 
Rt!!essloll COCll - 0 

lnlercepi 0 0001 . 

. .  
. .  

*- . . *  . .... . . - *  - .  
.. :2.‘ ..... - ... .L .-** 

. .  - .  . . . . .  . . .  :. . 



Parameter No. 5 

.. . .  . . '  : 
.* *-. 0.. .... - 

. .  -.G:&"* . . . . . . . . . .  .... .# . . . .  

Parameter No. 9 

6 - 4.4391 

Regresswn coell. - 4 
Ilmeccep-O.Om1 

. .  
r .  ..... . 

o 20 40 w m o m  
NW Fadl Zone W d h  Iml 

fl 
0 

!h 
P 

0 

8 

Parameter No. 6 

. .  ... * . .  ....... .. 
'. .\-- . '  - ... :.. .2-.:.4:-:(. . . .  

-10 0 10 2O 30 
NE Fault SlrJte (6egr-l 

Parameler No. 10 

. . 1-4.0562 

Regression Coell - -0 

' Intercept = 0 0001 

. .  
.... . .  .. 

* .  
:;:G ..... *.A?'. : . . . . .  

_. 

Parameler No. 7 

. r - 4 0 6 4 3  

Repression Coell - 4 
' Iniercepl - 0 0001 

. .  

.. - , . . .'. .* .. .. 
,A. ......... 
> .. * * 

5000 lwoo 15000 20000 25000 

NW Fadl Trace 1 englh Iml 

Parameter No. 11 

. .  
. . .  

* .  . . .  ...... * ' :. *. . .. .. *: . , *. . -* L. ... .: . .  
0.2 0 4  0.6 0 8  

NW Faun Dlq Amrnealw 

Parameter No. 8 

. .1-40091 

Regresslon Coell - -0 
lntercepl - 0 0001 

. . .  .... 

. *.*. ......... --. .4 .*=.  : ... :.;-A:-- ..... 
5WO I0000 15000 20000 
NE Fadl Trace LeiMJlh Iml 

Parameter No. 12 

- . r-4079 
Rqression Coetl - 0 DO01 

tnlerdepl = 0 ooO1 

0 2  0 4  0 6  0 8  

NE Fadl Displacenientlrnl 



20 km Scenario 
Summary Plots for Peak TEDE (rem/year) 

Frequency Distribution Cumulative Frequency Stepwise Reduction in Error 
Par; 

Correlation Coefficient: 
ieter - Peak TEDE (rer 

0 
0 

0 
0 

0 
N 

2 

m o  

14 

15 
2 

. .  

2 4 6 8 10 12 14 

Pararneler No 

t . 
0 0  o.Ooo2 0.- o.oO08 

Pedc TED€ (renJyear) 

u 
0.0 o.oO02 0.MOI 0 . m  

Pedc TED€ (redyear) 

1 2 3 4 5 6  

S I l U  

Parameter No. 13 Parameler No. 14 Parameter No. 15 

a .  r-0.3231 

Regresswn M. - o.oO02 

IIllercpp( - 0 . m 1  

.r - 0 28 

Rw&resslon C o d  

Intercept 

t- 

/ . .  ... : . . -  
.. ,,=......*-....;*. -_ . . . 1 

n o  0.5 1 .o 1.5 

Fbw FWor 

002 006 010 0 1 4  

F mull f dclor 

0 0  0 2  0 4  0 6  0 8  10  

SuMreJ Wcl I idclion 



Frequency Distribution 

Parameter No. 1 

1 - 0.4957 

Regfesswn c a n .  - 0 003 
IMerCept - -0 0037 

. .  

.. 

.. r// . *. .. .. 

'* :.. .. : - .. 'L.. ......... 

20 km Scenario 
Summary Plots for Total Release (EPASUM) 

2 4 6 8 1 0  

Cumulative Frequency 

0.0 0.01 0.03 0.05 

Ta(al Release (EPASUM) 

Parameter No. 2 

b . r--00583 

Regressoil b e l l  - -0 M32 

Intercept - 0 019 

. . *  

.. * 

.* . .  
.. .C . . . . . .  ; r':. ,-:- ............ 

1.6 1.8 2 0  2 2  2.4 

Stepwise Reduction in Error 

13 

14 

15 

2 3 4 5  

5128 

Parameter No. 3 

.. 1 - 4 0 9 7  

R ~ ~ ~ S ~ O O  a e i i  - -0 mi I 
Inlercepl - 0 0048 

. .  

. I  

. .  .. . .  - 

Correlation Coefficients 
Parameter - Total Release (EPASUM) 

--I_- 

. .  

2 4 6 8 10 12 14 

Paramcler No 

Parameter No. 4 
___.__ ~- 

r - 0 031.) 

Regcession CIA I1 - 0 
lntercepl - 0 0 I I 7  

. .  

.. . .  .. 
. .  . . . . .  

:. - .  ..... . - .. : ... - ..... - ... .f *d 



Parameter No. 5 Parameter No. 6 Parameter No. 7 Parameter No. 8 

- .  r - 4.0299 
Regressan Coull - -0 

Intercept - 0 0136 

. .  
. '  

... 
c .. . 
. - .  . .  

9 Y o  
4 5  -40 -35 -30 -25 

ul 

NW Fadl sink. weesl 

Parameter No. 9 

. .  
. .  

. .  - .  .. . . . .  
'+. 

o 20 40 t 1 0 8 0 1 r n  

NW F a d  Zone Wdlh Irn] 

.. 

... 
. .  

1 . .-.-: . .. . . . . .  . ', * .# ...... ...*..-* A .  . . . . .  
-10 0 10 20 30 

NE F a d  Slnke Idegreesl 

Parameter No. 10 
~ 

r - 4 0 0 9  

Regreswn Coell - -0 

lntercepi 0 0129 

. . _  

. .  . 
- .  
.. .. 

8.. - . 
........ 

- .. 
\ .  . .  . -.r: *--. . I . .  ' . . 

- r-4.0154 

fl€lpSslon coell - 4 
lnlercepl - 00131 

. . .  

. .  

. *  . .  . . . .  . .  ..... . -  . 
p * c -.* : . -  .... . .  - .  LA.- -  . . 

NW Fadl Trace Length Iml 

Parameler No. 11 

.- r-00136 

A ~ ~ ~ S S K M I  COCII - 0 0015 

Intercepi - 0 0123 

\. 

. .  . .  .. .. . .  
: ,. . . .- . 
:: : . . - *  

% ,CL.' . . -. . . . . . .  
02 0 4  0 6  0 8  

NW FduU DiyJldtxriienl(m) 

. .  

. .  .. . .  .., . . . .  
. C  % ...... :. . 

.a:..>*. .-.. . 
5000 1 0 ~  15ooo 20000 
NE Faull Trace Length lin) 

Parameter No. 12 

* - r-40816 
Regresston h e l l  = 4 0092 

Inlercql 4 0 0 I52 
. . .  

. .  

. .  . . .  . .  

. .  
.. 

@ - . - . .  . 
.As.* ..... .C. . .  

. 
~~ - 

02 0 4  0 6  0 8  

NE Fatill Dlspldcanierillin) 



Parameter No. 13 

. r-02737 

R e g r m  coell. - 0.018 

lnrercepl - 0.m 
'. 

.. 

Parameler No. 14 

.. 

/ *  * . -.a. . .. . .  - ..;... .. 
.&*& ... . . . * ci 

0 

0 0  0.5 1 .o 1.5 002 006 010 0.14 
P n 

Fmult Factor Fbw FadW 

Parameter No. 15 

r - 0 437 . .  
RwSW C d l  - 0 0237 

lntercepl = 0 0009 
. . *  

. .  

. .  
. .  J J -  

L I Z  . . : .C'. - . . . - : 
0 0  0 2  04 0 6  0 8  10  

SuMrea Wat Frdclion 

I 



20 km Scenario 
Summary Plots for Number of Waste Packages Disrupted 

Frequency Distribution Cumulative Frequency StepwisecReduction in Error Correlation Coefficients 
Parameter - Number of WP Disrupted 

0" 

~ ~. 
o 2 m 4 o o g o o  

Number 01 Waste Packages Disnpted 

2 4 6 8 10 12 14 

Parameter No. 

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 8 0 0  

Number of Waste Packages Disrupted 

1.0 1.2 1.4 1.6 1.8 2.0 

size 

Parameter No. 3 Parameter No. 1 Parameter No. 2 Parameter No. 4 

r - 0.05)8 

Regression c ~ e t f .  - 2.0612 I r - 0.0712 

Regression Coett = 25.4856 

lnlercepl = 8.609 

r - -0.0064 
Regression Coell. = -0.4551 

Intercept = 56.1676 

- r--0.3354 

Regression Coelf = -0.006 

Inlercyl = 1 18.5077 

. -  
* .  

* . *  
. .'. . . .  

I ,  -- 
1.6 1.8 2.0 2.2 2.4 0 5000 I0000 15000 20000 \ \'' 2 4 6 8 1 0  

Mean Annual Inliltration A l  Slart [mm/yrl 

-10 -9 -a -7 6 -5 

9verage Temperature Increase A l  Glacial Maximum (degC Time 01 Faulting Eventin [yr] Y+.. h Average Preaptabon Mulliplier At Glacial Maximum 
'i 



Parameter No. 5 

r - 4.0078 

R q r a d ~  MI. - -2.2319 

llllercep( - -1?.9649 

45 4 0  -35 -30 -25 
NW FauH W ldepr-1 

Parameter No. 9 

* r - 4.0081 

Reg~eoJon MI. - -0.0343 
Inlercep( - 60.327 

. *  

9. * . .  Go.:. . 

Parameter No. 6 

-10 0 10 20 30 
NE F a d  Stnke ldegreesl 

Parameter No. 10 

* I - 0.4373 

Regressloll Coell - 1.795 

Intercept = 7 1105 

Parameter No. 7 

5000 loo00 15000 20000 25000 

NW Fault Trace Length Im] 

Parameter No. 11 

- r - 4  1473 

Regression Coull - - 1  10 257 

Intercqt - 88 8038 

*. . . . .  

Parameter No. 8 

It 0 0253 

RegIasSlon coen - 0 O M 7  

Intercept = 54 6978 

Parameter No. 12 

1-40418 

Rgresslon Coctl A -35 6% 
Intercept = 69 0428 



c 
(Q 

Parameter No. 13 

.. 
' . * 

0.0 0.5 1 .o 1.5 

Fbw F ~ C ~ C U  

Parameter No. 14 

a .  

J 

0.02 0.06 0.10 0.14 

Fmull Factor 

Parameter No. 15 

r-0062 

RegrasstonCoen -22.2096 

Inlecfepl = 40.4098 

c 

0.0 0 2  0 4  0 6  0.8 10  

SubArea Wal Fractlon 



APPENDIX I 

Run: F'LTO - Run8 

Distance to Critical Group = 20 km 
Recurrence Interval = 5,000 yr 

Only FAULTO, Uniform Corrosion, Backfill 
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20 km Scenario 
Summary Plots for Number of Waste Packages Disrupted 

Frequency Distribution Cumulative Frequency Stepcfroise Reduction in Error Correlation Coefficients 
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APPENDIX 3 

Distance to Critical Group = 20 km 
Recurrence Interval = 500 yr 

Only FAULTO, Uniform Corrosion, Backfill 
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20 km Scenario 
Summary Plots for Total Release (EPASUM) 

Frequency Distribution 
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20 km Scenario 
Summary Plots for Number of Waste Packaaes 
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APPENDIX K 

Run: FLTO - Run10 

Distance to Critical Group = 5 km 
Recurrence Interval = 5,000 yr 

Only FAULTO, Uniform Corrosion, No Backfd 
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5 km Scenario 

Frequency Dislribulion 
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5 km Scenario 
Summary Plots for Total Release (EPASUM) 

Frequency Distribulion Cumulative Frequency Slepwise Reduclion in Error Correlalion Coelficienls 
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5 km Scenario 

Frequency Dislribulion 

.m 

Summary Plots for Total Release (EPASUM) 
Cumulative Frequency Slepwise Reduclion in Error 
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APPENDIX L 

Run: FLTO - Run11 

Distance to Critical Group = 20 km 
Recurrence Interval = 5,000 yr 

Only FAULTO, Uniform Corrosion, No Backfill 
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20 km Scenario 
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20 km Scenario 
Summary Plots for Number of Waste Packages Disrupted 

Frequency Distribution Cumulative Frequency Step%se Reduction in Error Correlation Coefficients. 
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