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RAI Volume 3, Chapter 2.2.1.2.1, Sixth Set, Number 6: 

Demonstrate how uncertainties in time-dependent failure for Topopah Spring 
lower lithophysal tuff have been considered in thermo-mechanical analyses for 
drift collapse, such that the potential for drift collapse has not been 
underestimated. 

Basis: DOE considered uncertainty in the potential effects of time-dependent 
failure by modeling the mechanical stability of a drift under ambient temperatures 
using static-fatigue data from granite and welded tuff (BSC, 2004, Appendix S).  
DOE concludes using a linear fit to the static-fatigue data adequately bounds the 
uncertainty in time-to-failure, because a straight line underpredicts time-to-failure 
for rocks with low values of driving stress (DOE, 2009, RAI-2).  DOE also 
concludes that the static-fatigue data for granite underestimate the time to failure, 
because calculated short failure times appear incompatible with relatively long-
term (i.e., 10 years) stability of ESF and ECRB drifts.  DOE conducted additional 
analyses for a heated drift using static-fatigue data for only the welded tuff (BSC, 
2004, Appendix S).  However, DOE did not provide a comparable thermo-
mechanical analysis using static-fatigue data for granite, and DOE did not 
describe how uncertainties in the available static fatigue data for tuff (e.g., BSC, 
2004, Figure 6-155) were considered in analyses for time-dependent failure of 
lithophysal rocks in heated drifts.   

1. RESPONSE 

1.1 SOURCES OF STATIC-FATIGUE DATA 

The effect of time-dependent strength degradation on drift stability in the lower lithophysal tuff 
was analyzed based on the static-fatigue (or time-to-failure) curves for tuff.  The curves provide 
the relationship between the time-to-failure and the driving-stress ratio, which is a load applied 
on rock divided by its short-term strength.  The static-fatigue curve, which is obtained by fitting 
experimental data, is typically represented as a straight line in a semi-logarithmic plot in which 
driving-stress ratio is on a linear scale and time is on a logarithmic scale.  The static fatigue 
curve for long-term thermo-mechanical drift stability analyses is based on this type of linear fit 
to experimental tuff data obtained in 1997, as shown by the red line in Figure 1.  

The most extensive data in the literature on time-dependent strength degradation are the Lac du 
Bonnet granite data (the black squares in Figure 1).  Granite results were included as a means of 
comparing the effects of rock type and for demonstrating the similarity in the general nature of 
the time-to-failure data for different rock types.  For that reason, drift stability under ambient 
conditions was also analyzed using the static fatigue line for Lac du Bonnet granite as a reference 
case.  While the Lac du Bonnet granite testing was similar to that done on cores of the middle 
nonlithophysal unit (Tptpmn), the analyses demonstrated that the Lac du Bonnet data resulted in 
predictions that are too conservative and inconsistent with behavior of the lithophysal tuff.  
These analyses are discussed in Section 1.3 of this response and documented in Drift 
Degradation Analysis (BSC 2004, Appendix S, Section S3.4.1). 
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Source:  BSC 2004, Figure 6-155.   

NOTE: Tests of Lac du Bonnet granite were conducted at 25°C.  The driving-stress ratio is defined as the ratio of 
applied constant test stress to the estimated unconfined compressive strength.  1997 tuff tests were 
conducted at 150°C; 2004 tuff tests were conducted at 125°C.  LdB = Lac du Bonnet.  Linear fits to 1997 
Lac du Bonnet only and 1997 and 2004 tuff tests are shown.   

Figure 1. Static-Fatigue Data for Unconfined and Triaxial Compression of Heated, Saturated Welded 
Tuff and Lac du Bonnet Granite 

Additional data on time-dependent strength degradation of tuff became available in 2004, after 
Drift Degradation Analysis (BSC 2004) was issued.  The linear fit (blue line in Figure 1) to all 
the tuff data from 1997 and 2004 shows insignificantly shorter time-to-failure compared to the 
static fatigue line (red line in Figure 1) used for the calculations of drift stability documented in 
Drift Degradation Analysis (BSC 2004, Section 6.4.2.4.2 and Appendix S).  The calculations 
documented in Drift Degradation Analysis (BSC 2004) are, therefore, considered applicable for 
both the 1997 and 2004 static fatigue data sets. 

1.2 REPRESENTATION OF UNCERTAINTY 

There is uncertainty in time-dependent strength degradation of the lithophysal tuff (BSC 2004, 
Section 6.4.2.4.2.2).  However, the uncertainty has not been represented in the 
thermo-mechanical calculations of drift stability because the static-fatigue curve based on the 
1997 tuff data (red line in Figure 1) bounds the drift degradation from this process based on the 
following observations that are discussed in more detail in Section 1.3: 
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• The Lac du Bonnet static-fatigue curve for granite, when applied to lithophysal tuff, 
underestimates the time-to-failure in comparison to the observed conditions in the 
Exploratory Studies Facility (ESF) and the Enhanced Characterization of the Repository 
Block (ECRB) Cross Drift over a 10-year period.  The Lac du Bonnet data are based on 
tests at 25°C, similar to the ambient temperature in the ESF and the ECRB Cross Drift 
(BSC 2004, Section 6.4.2.4.1.3 and Appendix S, Section S3.4.1). 

• The static-fatigue curve for tuff, based on the 1997 data set, predicts more rapid drift 
degradation than the observed conditions in the ESF and the ECRB Cross Drift.   

• The 1997 data set for tuff is based on tests at 150°C, but a temperature dependence for 
static-fatigue does not appear to be the cause of the underestimate in time-to-failure 
relative to observations at ambient temperature in the ESF and ECRB Cross Drift.  
Short-term strength data from testing of lithophysal cores between 22°C and 200°C 
(BSC 2004, Table E-9) indicate a strong dependence on lithophysal porosity (BSC 2004, 
Figure E-6), but no significant temperature dependence.  In addition, the 2004 data set for 
tuff, which is based on tests at 125°C rather than 150°C, results in slightly less time to 
failure for the combined 1997 and 2004 data sets rather than the 1997 tuff data set 
(alone), which is based on tests at 150°C.  This trend is opposite to the expected effect of 
temperature on time-to-failure by which reduction in temperature should result in longer 
time-to-failure.  Thus, the data indicate that temperatures in the range between ambient 
and 200°C have relatively small, if any, effect on the lithophysal tuff mechanical 
properties, including short-term strength and time-to-failure. 

• The combined 1997 and 2004 tuff data (blue line in Figure 1) indicate a slightly shorter 
time-to-failure than the line used in the analysis (red line in Figure 1).  Repetition of the 
UDEC calculations was not necessary because the model predictions based on the 1997 
tuff data are conservative compared to the behavior of the tunnels (BSC 2004, 
Appendix S, Section S3.4.2), and because the temperature dependence of lithophysal 
rock strength is not significant. 

Thus, the static-fatigue curve based on the 1997 data set for tuff bounds the variability and the 
uncertainty of the lithophysal time-dependent strength degradation, and the UDEC calculations 
with this curve do not underestimate the potential for drift collapse. 

The response of the excavated tunnels in the ESF and ECRB Cross Drift is the most relevant 
information regarding long-term strength of lithophysal tuff for the following reasons: 

• It is on the same length scale as the emplacement drift (the ESF has a diameter of 7.62 m 
and the ECRB Cross Drift has a diameter of 5 m compared to 5.5-m diameter of the 
emplacement drift). 

• It represents the longest time scale (the ESF and the ECRB Cross Drift have been open 
for more than 10 years, compared to the longest duration of laboratory experiments, 
roughly a month). 
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• The range of driving stress ratios between 0.58 and more than 1 (due to in situ stress 
concentration in the drift wall compared to varying strength of lithophysal rock mass as a 
function of porosity) represents the range of loading conditions expected during the 
thermal cycle. 

1.3 DISCUSSION 

Large segments of the ESF and the ECRB Cross Drift are excavated in both the lower and upper 
lithophysal rock mass.  The in situ stress along these tunnels varies mainly due to surface 
topography.  However, the average vertical stress is approximately 7 MPa, and the average 
horizontal stress, perpendicular to the drift axis, is 3.5 MPa (BSC 2004, Section 6.3.1.1).  A 
simple analysis, based on the linear theory of elasticity, shows that the average stress 
concentration (irrespective of the tunnel diameter) in the tunnel wall is 17.5 MPa (see response to 
RAI 3.2.2.1.2.1-003).  These in situ stress concentrations are permanent and sustained, more so 
than the thermally induced stresses, which will, after reaching a peak, gradually decrease over 
time.  

The only mechanism that could reduce stress concentrations in the drift wall is fracturing, which 
would cause stress redistribution that moves the regions with high stress concentrations deeper 
into the rock mass, away from the wall.  Knowing that the drift walls are not supported and that 
porosity (and, consequently, strength) of the lithophysal rock varies along the ESF and ECRB 
Cross Drift, the tunnels represent a large-scale test of time-dependent strength degradation in the 
lithophysal tuff.  The drifts were excavated more than 10 years ago.  

Drift stability was analyzed using UDEC for a period of 10,000 years under ambient conditions 
with the static-fatigue curves for Lac du Bonnet granite and tuff (based on 1997 test data) for 
lithophysal rock mass Categories 1 through 5.  The results for the Lac du Bonnet curve are 
shown in Drift Degradation Analysis (BSC 2004, Figures S-33 through S-35) for rock strength 
Categories 1, 2, and 5.  At the end of 10 years, all three categories show rockfall.  For example, 
in Category 1, rockfall completely covers the drip shield; and in Category 2, rockfall fills the 
space between the drip shield legs and the drift wall almost up to the drip shield shoulders.  In 
contrast to these modeling results, rockfall or unraveling from drift walls in the lithophysal rock 
mass has been negligible in the more than 10 years since the ESF and the ECRB Cross Drift 
were excavated.  

To further demonstrate the underestimates of time-to-failure that result from the use of the Lac 
du Bonnet static fatigue curve when applied to tuff, the time-to-failure, tf, is estimated for rock 
strength Categories 3, 4, and 5 as a function of the in situ stress concentration in the wall.  The 
results of this analysis, which is performed independently of the UDEC model, are shown in 
Table 1.  Categories 1 and 2 are not considered here because unconfined compressive strength 
(UCS) for those two rock strength categories is less than the stress concentration of 17.5 MPa 
(BSC 2004, Table 6-41), resulting in failure immediately after excavation.  The Lac du Bonnet 
static-fatigue curve predicts failure for rock strength Categories 3 and 4 in less than a day after 
excavation.  Even for Category 5, in the case for which the driving stress ratio is 58%, failure is 
predicted in less than 5 days after excavation according to Lac du Bonnet static-fatigue curve.  
However, as noted above, observations underground indicate that negligible rockfall or 
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unraveling from the drift walls in lithophysal rock mass has been observed for a period of more 
than 10 years.   

The results in Table 1 and the UDEC thermo-mechanical calculations both confirm that the use 
of the Lac du Bonnet static-fatigue curve for tuff underestimates the time-to-failure in 
comparison to the observed conditions in the ESF and ECRB Cross Drift over a 10-year period.  
Although there is a large static-fatigue data set for Lac du Bonnet granite, it is not directly useful 
or relevant to predict thermo-mechanical drift degradation in lithophysal tuff using the 
static-fatigue curve for this granite. 

Table 1. Time-to-Failure for Stress Concentrations in the Drift Wall for Different Lithophysal Categories 
Using Lac du Bonnet Static-Fatigue Fit (log[tf(s)] = −13.541 σ / UCS + 13.503) 

Category 
UCS 

(MPa) σ / UCS log[tf(s)] tf(s) tf(day) 
3 20 0.875 1.6546 4.51E+01 5.22E-04 

4 25 0.700 4.0243 1.06E+04 1.23E-01 

5 30 0.583 5.6086 4.06E+05 4.70E+00 

Source: UCS data for rock mass categories taken from BSC 2004, Table 6-41. 
NOTE: Values for σ / UCS and the time-to-failure, tf, have been rounded to three 

significant figures and used in the calculations. 

Table 2 shows the calculated times-to-failure in the drift wall using the 1997 static-fatigue data 
for tuff.  The calculations indicate that the drift wall in Category 3 fails in less than a year, while 
Categories 4 and 5 fail in approximately 77 years and 349,000 years, respectively.  These 
calculation results are much more consistent with the observed behavior of the lithophysal tuff 
than the Luc du Bonnet granite data, particularly for rock strength Categories 4 and 5.  However, 
even the tuff static-fatigue data result in predictions of rapid failure in rock strength Categories 1, 
2, and 3.  That would mean roughly 40% (BSC 2004, Figure 6-115) of the tunnels in the 
lithophysal rock should show some damage evolution in the drift walls over a period of 10 years.  
However, negligible rockfall or unraveling from the drift walls has been observed in the 
lithophysal rock mass.  It follows that even using the 1997 static-fatigue data for tuff predicts 
more rapid drift degradation than has been observed in situ. 

Table 2. Time-to-Failure for Stress Concentrations in the Drift Wall for Different Lithophysal Categories 
Using Tuff Static-Fatigue Fit (log[tf(s)] = −31.277 σ / UCS + 31.277) 

Category 
UCS 

(MPa) σ / UCS log[tf(s)] tf(s) tf(year) 
3 20 0.875 3.9096 8.12E+03 2.57E-04 

4 25 0.700 9.3831 2.42E+09 7.67E+01 

5 30 0.583 13.043 1.10E+13 3.49E+05 

Source: UCS data for rock mass categories taken from BSC 2004, Table 6-41.  
NOTES: Values for σ / UCS and the time-to-failure, tf, have been rounded to three 

significant figures and used in the calculations.  Conversion to years 
based on 365.24 days per year. 
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The results of UDEC numerical analyses with the static-fatigue curve based on the 1997 data for 
tuff indicate no damage in the drift walls immediately after excavation in lithophysal rock 
strength Categories 3, 4, and 5 because the UCS for these categories is greater than the maximum 
stress of 17.5 MPa.  The damage in the drift walls after drift excavation in Category 2 lithophysal 
rock mass is relatively minor, as shown in Figure 2.  Consistent with the simple analysis shown 
in Table 2, simulation of time-dependent strength degradation for 10 years shows increases in 
damage in both Categories 2 and 3, as shown in Figures 3 and 4, respectively.  (Failure due to 
time-dependent strength degradation in Category 3 over a period of 10 years, shown in Figure 4, 
also is relatively minor but clearly present, such that if it had occurred, damage should have been 
apparent underground.)  Furthermore, there are breakouts and unraveling from the drift walls in 
Category 2.  These modeling results confirm that time-dependent UDEC calculations based on a 
static-fatigue curve for the 1997 data, which was used in Drift Degradation Analysis 
(BSC 2004), overpredict damage due to time-dependent strength degradation. 

 

NOTE: Distance scales are in meters.  Black lines are broken contacts that represent cracks. 

Figure 2. UDEC Voronoi Block Model Prediction of Rock Mass Failure after Excavation of the Drift in 
Category 2 Lithophysal Rock 
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NOTE: Distance scales are in meters.  Black lines are broken contacts that represent cracks. 

Figure 3. UDEC Voronoi Block Model Prediction of Rock Mass Failure 10 Years after Excavation of the 
Drift in Category 2 Lithophysal Rock under Ambient Temperature Conditions 
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NOTE: Distance scales are in meters.  Black lines are broken contacts that represent cracks. 

Figure 4. UDEC Voronoi Block Model Prediction of Rock Mass Failure 10 Years after Excavation of the 
Drift in Category 3 Lithophysal Rock under Ambient Temperature Conditions 

The 1997 data set for tuff is based on tests at 150°C, and a temperature dependence for static 
fatigue could be the cause of the underestimate in time-to-failure relative to observations at 
ambient temperature in the ESF and ECRB Cross Drift.  Short-term strength data from testing of 
lithophysal cores (BSC 2004, Table E-9) show that the strength data at 195°C and 200°C are 
generally greater than strength data for cores tested at room temperature.  In fact, the strength 
data are represented as a function of lithophysal void fraction (i.e., porosity), rather than 
temperature (BSC 2004, Figure E-6).  An additional observation is that the 2004 static-fatigue 
data set for tuff is based on tests at 125°C, rather than 150°C, but results in slightly less time to 
failure for the combined 1997 and 2004 data sets rather than the 1997 tuff data set (alone) 
(compare the blue and red lines in Figure 1).  These observations indicate that a temperature 
dependence for static fatigue is unlikely to reduce the time to failure with increasing temperature. 
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1.4 CONCLUSION 

There is uncertainty in time-dependent strength degradation of the lithophysal tuff (BSC 2004, 
Section 6.4.2.4.2.2).  However, the uncertainty in time-dependent degradation of the lithophysal 
tuff has not been represented in the thermo-mechanical calculations of drift stability because the 
static-fatigue curve based on the 1997 tuff data bounds the drift degradation process from this 
mechanism.  The bounding response is based on the following observations: 

• The static-fatigue curve for tuff, based on the 1997 data set, predicts more rapid drift 
degradation than the observed conditions in the ESF and the ECRB Cross Drift.   

• The 1997 data set for tuff is based on tests at 150°C, as opposed to the conditions in the 
ESF and ECRB Cross Drift at ambient temperature.  The available evidence from 
short-term strength testing of tuff and from the 1997 and 2004 static-fatigue data sets 
from tuff indicate no significant temperature dependence of the strength data.  In fact, 
both data sets indicate greater strength values at temperatures up to 200°C. 

Thus, the use of the static-fatigue curve based on the 1997 tuff data set in the UDEC model 
bounds the variability and the uncertainty of the lithophysal time-dependent strength 
degradation, and does not underestimate the potential for drift collapse.  

The Lac du Bonnet granite data reflect rock properties that are significantly different than the 
lithophysal tuff.  Although the static-fatigue data for Lac du Bonnet are the most extensive set of 
static-fatigue data available in the literature, the analyses for ambient conditions have clearly 
shown that Lac du Bonnet granite data result in prediction of drift degradation that is inconsistent 
with observed behavior in the ESF and ECRB Cross Drift.  Thus, the Lac du Bonnet data were 
not used in the thermo-mechanical analysis of the drift stability, but only to demonstrate model 
sensitivity to different strength degradation rates. 
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None. 
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