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Source: BSC 2004, Figure S-49. 

NOTE: A residual, rigid body translation of the model occurred because the dynamic simulation was stopped 
before the end of the ground motion was reached. 

Figure 4. Effect of Two Successive 10−4 Ground Motions in Category 2:  Contours of Displacement (m) 
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1.4 COMPARISON WITH CAVING DATA 

Empirical mining-industry data describing the potential for caving under in situ stress conditions 
related to rock mass quality, expressed in terms of Geological Strength Index (GSI) or Rock 
Mass Rating (RMR), and size of excavation, expressed in terms of hydraulic radius (equal to 
tunnel radius in the case of cylindrical excavations), are shown in Figure 5.  Two lines defining 
three regions are fit through the data.  The regions represent:  (1) stable excavations; 
(2) transitional excavations in which some instability may occur, but not caving or collapse of 
the excavation; and (3) excavations that cave.  As expected, the data indicate that with a 
reduction of rock mass quality, smaller spans (or radii) of excavations are required to ensure 
stable excavations.  The range of RMR for the lithophysal rock mass at Yucca Mountain, which 
is estimated to be approximately 50 to 60 (BSC 2004, Section 6.4.2.4.1.2), is indicated in 
Figure 5.  The radius of a cylindrical tunnel that would cave in lithophysal rock mass is between 
approximately 25 and 35 m.  A transitional zone between stable excavations and caving for the 
lithophysal rock RMR range is for hydraulic radii greater than 15 to 20 m.  

The emplacement drift radius in the initial configuration is 2.75 m.  After 10,000 years of 
heating, time-dependent strength degradation and 10−4 seismic ground motions, the maximum 
span increases to approximately 8.5 m (Figure 4).  The corresponding hydraulic radius of 4.25 m, 
although greater than the initial radius of 2.75 m, is still approximately 3.5 times smaller than the 
minimum hydraulic radius (15 m) for the transitional region when some instability under in situ 
conditions is expected to occur.  The drift degradation and associated increase in the hydraulic 
radius from 2.75 to 4.25 m result in an increase in the caving potential, but this increase is 
insufficient to result in instability or caving under in situ stress conditions.  The results of the 
numerical simulations are consistent with the empirical data.  The model does not predict 
instability of the excavation under in situ stress conditions either in the initial configuration or 
after an increase in the tunnel span to 8.5 m. 
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Source: BSC 2004, Figure 6-149. 

NOTE: Caving potential is expressed in terms of the modified rock mass rating and hydraulic radius.  Modified 
rock mass rating is equivalent to rock mass rating in the case of Yucca Mountain excavations.  Stable and 
caving regions are separated by a transition zone.  The yellow lines represent the lower and upper bounds 
(for the range or RMR between 50 and 60, respectively) of the hydraulic radius corresponding to the 
transition zone; the orange lines represent the lower and upper bounds (for the range or RMR between 50 
and 60, respectively) of the hydraulic radius corresponding to the caving zone. 

Figure 5. Excavation Dimensions Required for Caving Gained from Mining Experience 

1.5 CONCLUSION 

Seismic ground motions with 10−4 probability of annual exceedance (or the 0.4 m/s PGV level) 
cause rockfall in lithophysal rock mass Category 1 under in situ conditions.  This rockfall is 
mostly a result of the shaking down of already fractured rock mass in the drift walls under in situ 
stress conditions.  Any additional damage or fracturing of Category 1 rock is not directly a result 
of seismically induced transient stress changes or inertial forces, but a consequence of unraveling 
of previously fractured rock and loss of confinement.  These ground motions do not cause new 
damage or rockfall in lithophysal rock mass Categories 2 to 5 under in situ conditions. 
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Depending on the stress state and level of damage (fracturing) of the rock mass at the time of 
seismic events, multiple events may or may not cause additional rockfall.  The analyses show 
that in lithophysal rock mass Category 2, a second event after an initial event at 80 years causes 
additional rockfall, while after an initial event at 10,000 years additional rockfall after the second 
event does not occur.  The analysis of multiple events in Category 5 has not been carried out 
because single events after 80 years and 10,000 years cause minor rockfall. 

Results from numerical analysis of emplacement drifts are consistent with empirical data of 
underground excavation stability under in situ stresses as a function of hydraulic radius and rock 
mass quality rating.  The increased hydraulic radius (4.25 m) after a seismic event at 
10,000 years is still much smaller than the limit (15 m) when instability under in situ conditions 
is expected. 

2. COMMITMENTS TO NRC 

None. 

3. DESCRIPTION OF PROPOSED LA CHANGE 

None. 
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