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RAI Volume 3, Chapter 2.2.1.3.2, Fourth Set, Number 3: 

Demonstrate that appropriate variations in block size and shape have been 
considered in UDEC-Voronoi analyses of rockfall during seismic events in the 
Topopah Spring lower lithophysal tuff, such that potential drip shield static loads 
due to rubble are not under-estimated or that barrier and repository performance 
are not over-estimated. 

Basis: The UDEC-Voronoi model uses an average block diameter of 0.3m, with a 
roughly equant block shape.  Variations in block size appear to be restricted, 
relative to the mean size, with a ratio between the minimum and the maximum 
block size of approximately 2 (DOE, 2009).  DOE describes the Topopah Spring 
lower lithophysal tuff as having predominantly vertical fractures, with spacings 
on the order of several centimeters (BSC, 2004, section 7.3.2).  Such fracture 
spacings appear to support the formation of roughly tabular blocks, with average 
sizes on order of centimeters.  Analyses in, for example, BSC (2004, appendices 
P, V) indicate that calculated rubble load can be sensitive to assumptions in block 
size or shape.  DOE has not presented a reasoned basis to reconcile the in-situ 
characteristics of the lithophysal tuff with the expected size and shapes of rubble 
resulting from seismic events.  In addition, DOE has not demonstrated that 
expected variations in rubble size and shape would not affect the calculation of 
rubble load significantly. 

1. RESPONSE 

The Universal Distinct Element Code (UDEC)-Voronoi analyses of rockfall loads do not 
underestimate the static rockfall loads on the drip shield due to the following factors:  (1) The 
bulking factor from the UDEC calculations is in agreement with or underestimates the empirical 
data for bulking1 of rubble. The bulking factor is the most important parameter affecting the 
rubble load, and a smaller value for bulking factor increases the density of the rubble and  the 
associated static load.  (2) Experimental data show that an equant (circular) block shape, similar 
to that used for the blocks in UDEC, minimizes void fraction or bulking factor, thereby 
increasing static rockfall load.  (3) The effect on rubble pressure from a wider range of rubble 
block sizes was evaluated by increasing the range of Voronoi block sizes in the UDEC analysis. 
Increasing the block size ratio from a factor of 2 to a factor of 7 produced an insignificant 
increase in the average vertical rubble pressure on the drip shield compared to the uncertainty in 
the distribution of static rockfall loads for drip shield fragility analyses.  The impact of bulking 
factor, block shape, and block size distribution on static rubble load are discussed in Sections 
1.2, 1.3, and 1.4, respectively.  

                                                 
 
 
1 Bulking is a term to describe an overall increase in volume of a mass of broken rock compared to the volume of 
the same mass of intact rock in place. Bulking occurs because the broken blocks do not fit together as they did in the 
in situ rock mass (BSC 2004, Section 6.4.2.5.1) The bulking factor is a value, typically between 0.2 and 0.4, used to 
estimate the volume of broken rock and the associated load (BSC 2004, Section 6.4.2.5.2). 
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1.1 INTRODUCTION 

The static rockfall loads used in the drip shield load capacity analyses (SNL 2007a, 
Section 6.4.3.2.2.2) were determined from quasi-static calculations using a Voronoi block 
analysis with the UDEC code. Drift collapse in the quasi-static calculations is induced by gradual 
reduction of cohesion and tensile strength between the Voronoi blocks to zero. Sensitivity 
analyses evaluated the effects of block size (0.2 versus 0.3 m), representation of the drip shield 
(rigid versus deformable), and additional seismic shaking on the static rockfall load on the drip 
shield. The results show a reasonable range of the bulking factor, which is the main factor 
controlling the maximum volume of rockfall and static pressure of rubble on the drip shield. The 
bulking factors obtained from the UDEC calculations are below the lower bound of the range of 
bulking factors for sand cited in Section 1.3.1 and at the lower end of the ranges of bulking 
factors for geotechnical materials cited in Section 1.2.  Block shapes and block size distribution 
are two factors that affect the bulking factor and the static rubble loads. 

The Voronoi block model uses roughly equant blocks. The term used in geotechnical engineering 
to characterize the shape of grains or blocks is sphericity, which is the ratio of the radius of the 
largest inscribed sphere to the radius of the smallest circumscribed sphere. The equivalent term 
for the two-dimensional Voronoi blocks is circularity, and the ratio of circular radii is typically 
close to 1 for the Voronoi blocks. Section 1.3 shows, using published data, that the bulking factor 
of granular materials increases with decreases in circularity (sphericity). Thus, even if the block 
shapes in the rock rubble are more elongated or platy, the UDEC-Voronoi block model under-
predicts the bulking factor and over-predicts the rubble loads.  

1.2 ALTERNATE METHODS FOR ESTIMATING STATIC RUBBLE LOADS 

The static rubble loads on the drip shield were estimated using three different types of methods 
(BSC 2004, Section 6.4.2.5):  (1) analytical, (2) numerical continuum, and (3) numerical 
discontinuum. The results of these methods are summarized in Figure 1. The three main factors 
affecting the rubble load on the drip shield after the emplacement drift collapses are: (1) the 
bulking factor, (2) the shape of the caved region, and (3) stress transfer through the rock rubble.  

The underlying assumption of the analytic solution is that rubble is frictionless and the entire 
height of the rubble above the drip shield acts as a dead weight on the drip shield. Any stress 
arching inside the rubble or between the rubble and stable rock is completely neglected, and the 
drift collapse is restricted to a narrow chimney or pipe above the drift. These assumptions 
overestimate the rubble pressure on the drip shield. The upper bound of the rubble load, as a 
function of the bulking factor (the blue line in Figure 1), is obtained from an analytic solution 
based on the piping failure mode, in which a failure propagates straight above the drift, and is 
limited laterally to the initial width of the drift (BSC 2004, Figure 6-164). A lower and more 
realistic estimate is obtained using an analytical approach based on the Terzaghi failure mode 
(red line in Figure 1) (BSC 2004, Figure 6-165).  

The numerical continuum approach (the black and yellow squares in Figure 1) accounts for the 
effect of friction in the rubble on transfer of stresses.  However, use of the approach is based on 
an assumption about the caved shape.  All of these solutions exhibit a decrease in the rubble load 
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pressure with an increase in the bulking factor. The main reason for this behavior is that the 
caving process is self-limiting in many situations. At a certain stage of caving, the volume of the 
caved rock completely fills the volume of the original excavation and the volume occupied by 
the collapsed rock before the onset of collapse.  When this occurs, the caved rock completely 
fills the opening and provides a backpressure which prevents further collapse of the rock mass 
(BSC 2004, Section 6.4.2.5.2). Rubble loads are therefore smaller for larger values of the bulking 
factor because the caved rock volume and height are less for larger values of the bulking factor 
and because the density of the caved rock (i.e., of the blocks plus surrounding void space) is less 
for larger values of the bulking factor.     

 
Source: BSC 2004, Figure 6-179. 

NOTE: Two different sizes of the randomly shaped blocks used in the discontinuum analyses were used to 
produce a range of bulking factors. 

Figure 1. Summary of Vertical Load on the Drip Shield as a Function of Bulking Factor 

The advantage of the discontinuum method over the analytical and continuum methods is that it 
does not require assumptions about the shape of the caved region, the potential for stress arching 
in the rubble, or the bulking factor of the rubble. The shape of the caved region, the potential for 
rubble to bear part of its own weight, and the bulking factor are parts of the numerical solution 
for the discontinuum approach, and not independent factors that are specified as an input 
parameter for the analysis.  

The discontinuum analyses in Drift Degradation Analysis (BSC 2004, Section 6.4.2.5.3) were 
conducted using UDEC for average block sizes of 0.2 and 0.3 m, with a ratio of 2 between the 
maximum and the minimum block size. The model represented the failed rock mass with roughly 
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equant block shapes with relatively uniform size.  This representation of rubble was not intended 
to reflect actual block geometry, but is used in the numerical simulations to predict drift 
degradation response for the purposes of calculating realistic to conservative rubble pressures 
and cavity size.  The rubble pressures calculated from the numerical discontinuum analyses are 
shown as squares in Figure 1, which includes the results for different representations of the drip 
shield (rigid versus deformable), different block sizes (0.2 and 0.3 m), and for quasi-static drift 
degradation with and without additional shaking of a collapsed drift from seismic ground 
motions with different probabilities of annual exceedence. 

Six cases for 0.2-m block size and quasi-static loading on a deformable drip shield are shown as 
light purple squares in Figure 1. These six cases have bulking factors in the range between 0.19 
and 0.25 (BSC 2004, Table P-9). On the other hand, the lower bound of the bulking factor for 
caved rock can be assigned a range between 0.2 and 0.4 (BSC 2004, Section 6.4.2.5.2). 
Similarly, geotechnical data cited in (SNL 2007b, Assumption 5.2) indicate a lower bound for 
the bulking factor of 0.16 for fine fragmentation of rubble to an upper bound of 0.56 for graded 
rock fill for dams. The bulking factors observed in the UDEC calculations are at the lower end or 
below the observed ranges. Because the UDEC discontinuum method underestimates the 
observed bulking factors, it overestimates the rubble load pressures on the drip shield without 
making any assumptions about the shape of the caved region or the potential load bearing 
capacity of the rubble.  

1.3 EFFECT OF BLOCK SHAPE 

1.3.1 Experimental Data for Bulking Factor as a Function of Block Shape 

Cho et al. (2006) investigated the effect of particle shape on packing of natural and crushed 
sands. Although the investigation was carried out for sands, the conclusions are applicable to any 
granular material, including rubble resulting from rockfall. The only difference is in the scale of 
the particles being considered.  

The Cho et al. (2006) results are presented in terms of void ratio, which is equal to the bulking 
factor.  If the volume of rubble is V  and the volume of rock mass before collapse is VS , the 
bulking factor, B , is defined as: 

 V B (1 )VS  (Eq. 1)

Because V V S VV , where VV  is the volume of void spaces created by unraveling of rock mass, 
Equation 1 can be rewritten as: 

V
 B  V . (Eq. 2)

VS

The right-hand side of Equation 2 is the definition of the void ratio, e , so it follows that the 
bulking factor and the void ratio are equal.  
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Cho et al. (2006) cited a number of other authors who have observed that the maximum void 
ratio, emax , and minimum void ratio, emin , increase as sphericity (or circularity in two-
dimensional space) of grains decrease (shown in Figure 2). The maximum and minimum void 
ratios correspond to the loosest and the densest states of the sand, respectively.  

 
Source: Cho et al. 2006, Figure 5b. 

Figure 2. Effect of Particle Shape on Extreme Void Ratios 

The conclusion from the results presented by Cho et al. (2006) is that the bulking factor increases 
with decreasing sphericity (or circularity) of the sand grains. The explanation for this behavior is 
that platy particles (or platy blocks) bridge the gaps between grains (blocks) and create large 
open voids. The experimental results shown in Figure 2 also indicate that the void ratios (or 
bulking factors) are greater than 0.4 while, the bulking factors predicted from UDEC calculations 
are less than 0.25. Although the experimental data in Figure 2 are obtained for sand-sized 
materials with relatively uniform grain size, which tend to have a greater void ratio, the 
comparison shows that the results from the UDEC calculations do not overestimate the bulking 
factor of granular materials. 
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1.3.2 Influence of in situ Fractures on Block Shape 

The lithophysal rock mass is an intensely fractured rock mass with up to 35% lithophysal 
porosity (BSC 2004, Table E-10). The lithophysal voids vary in size from a few centimeters to 
decimeters. Fracturing of the lower lithophysal rock mass is predominantly vertical, with fracture 
spacing on the order of centimeters (BSC 2004, Section 7.3.2). In the detailed line survey, 
fracture data were collected for fractures with trace lengths of one meter or longer.  Additional 
fracture data were also collected for fractures with trace lengths less than one meter (i.e., small-
scale fractures) and spacing on the order of centimeters.  These small-scale fractures are less 
continuous than the detailed line survey fractures and are mechanically stronger than the larger 
fractures (response to RAI 3.2.2.1.2.1-6-001). For example, Drift Degradation Analysis 
(BSC 2004, Figure 7-1) shows that intact samples of a 12-inch-diameter core taken out of the 
lithophysal rock mass contain a number of small-scale fractures that have not affected the 
integrity of the rock sample. The photographs of the lower lithophysal rock mass 
(e.g., BSC 2004, Figures 6-10b and 6-11) show details about the fracture and lithophysae 
characteristics.  

For modeling purposes, the rock is treated as a homogenous, predominantly isotropic rock fabric 
(BSC 2004, Section 7.3.2) with typical block size of the order of tens of centimeters. This 
representation of the stress and yield characteristics of the host rock around drifts is confirmed 
by the validation of the drift-scale modeling of lithophysal rock with the UDEC program 
(BSC 2004, Section 7.6).  The equant rubble shape used in the UDEC simulations is used to 
predict realistic to conservative rubble pressures and cavity size.   The UDEC validation is based 
on comparison of UDEC results with: 

1. Observations of failure mechanisms in the laboratory 

2. Field observations of tunnel response in the ECRB Cross Drift 

3. Thermally induced fracture development in the Drift Scale Test within the Topopah 
Spring Tuff, middle nonlithophysal (Tptpmn) unit 

4. Literature data from related field experiments in which blast-induced yielding of a jointed 
rock mass and large deformations of a scaled, lined tunnel are induced 

5. Comparison of the output predictions of rock mass stress and yield around emplacement 
drifts using the UDEC discontinuum model of lithophysal rock to alternative 
continuum-based representations of the mechanical response of lithophysal rock. 

Items 1 to 3 and 5 are directly relevant to the site-specific conditions at Yucca Mountain.  
Comparisons for items 1 to 3 confirm that the isotropic model in UDEC provides a reasonable 
representation of the response of the lower lithophysal (Tptpll) rock at drift scale. 

One example of the lower lithophysal rock mass response to an overstressed condition, as 
manifested by stress-induced fracture spacing and block size, is shown in Drift Degradation 
Analysis (BSC 2004, Figure 7-25). The figure shows that fracture spacing and the sizes of rock 
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blocks that can potentially become unstable are on the order of tens of centimeters. The vertical 
orientation of fractures observed in the drift wall is primarily a consequence of stress orientation 
and redistribution associated with creation of the opening (BSC 2004, Figures 7-26 and 7-27), 
and not induced by vertical small-scale fracturing. 

Predominantly vertical small-scale fracturing does not result in anisotropy of strength or stiffness 
in the lower lithophysal rock mass at drift scale.  The close spacing and short trace lengths create 
a rock texture that limits the potential block size in this zone to be on the order of the spacing 
between preexisting fractures and lithophysae (response to RAI 3.2.2.1.2.1-6-001, Section 1.5). 
However, even if the subvertical small-scale fracturing does affect rock mass strength, formation 
of platy blocks from unraveling of the rock mass is unlikely (response to RAI 3.2.2.1.2.1-6-001, 
Section 1.3). Although drift degradation is not likely in the form of a piping mechanism in which 
rock unravels only from the crown, much of the potential rockfall due to seismic ground shaking 
or thermally induced stresses would come from the roof of the drift. Compressive stress 
concentrations in the drift roof that might eventually cause fracturing and rockfall are horizontal 
and thus are perpendicular to the subvertical small-scale fracturing (response to RAI 3.2.2.1.2.1-
6-001). Such a stress state would not propagate vertical fractures. The stress-induced fractures in 
the roof of the drift would be horizontal or at some angle relative to the subvertical fracturing. 
Thus, even if the subvertical small-scale fracturing has an effect on the mechanical properties of 
the rock mass, platy, elongated blocks unraveling from the drift crown would not result because 
subvertical fractures in the drift crown would be closed by compressive stresses, and the size and 
the shape of the loose blocks would be controlled by stresses and spacing of non-vertical 
fractures. 

1.3.3 Summary of Information Related to Block Shape 

The conclusion from the results presented by Cho et al. (2006) is that the bulking factor is 
smallest for equant sand grains, resulting in the highest rockfall loads. The equant rubble shape 
used in the UDEC simulations predicts realistic to conservative rubble pressures and cavity size.  
In addition, the bulking factors from the UDEC simulations, between 0.19 and 0.25 (SNL 2004, 
Table P-9), are significantly less than the minimum bulking factor (void ratio) of 0.4 for 
spherical grains of sand (Cho et al. 2006).  

Although small-scale subvertical fractures can exist in the host rock surrounding a drift, these 
fractures are mechanically stronger than fractures with trace lengths greater than 1 meter and the 
rock is treated as a homogenous, predominantly isotropic rock fabric (BSC 2004, Section 7.3.2) 
with typical block size of the order of tens of centimeters. This representation of the stress and 
yield characteristics of the host rock around drifts is confirmed by the validation of the drift-scale 
modeling of lithophysal rock with the UDEC program (BSC 2004, Section 7.6). Predominantly 
vertical small-scale fracturing does not result in anisotropy of strength or stiffness in the lower 
lithophysal rock mass at drift scale and would not result in platy, elongated blocks unraveling 
from the drift crown because subvertical fractures in the drift crown would be closed by stresses, 
and the size and the shape of the loose blocks would be controlled by stresses and spacing of 
non-vertical fractures.  
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1.4 BLOCK SIZE DISTRIBUTION 

The drift stability analyses and calculations of the rubble load pressures on a drip shield were 
carried out for a Voronoi block assembly with relatively uniform block sizes. The ratio between 
the maximum and the minimum block sizes was always 2, irrespective of the average block size 
(0.2 or 0.3 m) and other assumptions in the model. Granular materials with relatively uniform 
grain or block size tend to have larger void ratios, or equivalently, rubble with a constant block 
size is expected to have a larger bulking factor than rubble with a variable block size distribution. 

To address the uncertainty in rubble pressure created by a wider range of block size distribution 
within the rubble, additional sensitivity analyses were carried out in which the ratio between the 
maximum and the minimum block size was 7, and the average block size in these sensitivity 
calculations was 0.2 m. Thus, the block size ranged from about 0.05 to about 0.35 m and the size 
distribution was uniform between these extremes.  Four simulations were carried out for different 
realizations of the block geometry. The block geometry in one of the simulations is shown in 
Figure 3. 

 
Figure 3. Typical Geometry of the Voronoi Block Assembly Used in Sensitivity Simulations, Shown in 

Two Different Scales 

The results of the sensitivity simulations, listing bulking factors and rubble pressures on the drip 
shield, are shown in Table 1. The bulking factors from the sensitivity calculations (shown in 
Table 1) are in good agreement with bulking factors calculated from six simulations for 0.2-m 
block size used for assessment of rubble pressure on the drip shield (six light purple squares in 
Figure 1). These sensitivity calculations show bulking factors between 0.22 and 0.24, which are 
within the range of the bulking factors in the original six realizations (0.19 to 0.25; SNL 2004, 
Table P-9). If the rubble pressures from Table 1 are compared with the original six load 
realizations, which are used in drip shield load capacity analyses (SNL 2007a, Table 6-136), the 
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average vertical pressure from four sensitivity calculations (Table 1) is 138.65 kPa compared to 
127.86 kPa calculated from the original six load realizations for a more uniform block size 
distribution. The increase in the average vertical rubble pressure as a result of changing the block 
size distribution is about 11 kPa and is relatively small compared to the standard deviation of the 
six original load realizations, 19.41 kPa.  It follows that the increase in average vertical load 
from a wider distribution in block sizes is small relative to the uncertainty in the distribution for 
static rockfall load included in the fragility curves for the drip shield (SNL 2007b, 
Section 6.8.1.2).  

Table 1. Bulking Factors and Rubble Pressures on the Drip Shield Obtained from Sensitivity 
Simulations 

Realization Bulking Factor 

Average Pressure (kPa) 

Left1 Top1 Right1 

1 0.22 97.69 138.53 59.25 

2 0.23 15.52 168.54 35.06 

3 0.24 92.64 149.45 69.87 

4 0.22 72.77 98.09 96.69 

NOTE: 1The headers, Left, Top, and Right for the average pressure columns refer to positions relative 
to drip shield.  This is analogous to evaluations presented in SNL 2007a, Table 6-136. 

1.5 CONCLUSION 

The quasi-static loads on the drip shields were calculated from six load realizations in which 
block size was 0.2 m. The main factors affecting the rubble load on the drip shield are the 
bulking factor and the rubble height above the drip shield. Because the model predicts realistic 
bulking factors, or even underestimates them based on comparison with the empirical data, the 
quasi-static rubble loads used in estimation of the drip shield fragility are not underestimated.  

The approximately equant block shape is a good representation of blocks in the rubble due to 
potential disintegration of the drifts in lower lithophysal rock mass. In addition, the 
approximately equant block shape underestimates the bulking factors compared to the case of 
elongated or platy block shapes, based on the published data by Cho et al. (2006). Thus, even if 
the block shapes in the rock rubble are more elongated or platy, the UDEC-Voronoi block model 
under-predicts the bulking factor and over-predicts the rubble loads. Although the analyses of the 
drip shield loads were conducted using a ratio of the maximum to minimum block sizes of 2 
(i.e., relatively uniform block sizes), the sensitivity analyses demonstrate that a ratio as large as 7 
does not significantly affect the rubble loads.  

Variations in block size and shape that have been considered in UDEC-Voronoi analyses are 
such that potential drip shield static loads due to rubble created by rockfall from vibratory 
ground motions in the Topopah Spring lower lithophysal tuff are not underestimated, and the 
drip shield static load performance is not overestimated. 
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2. COMMITMENTS TO NRC 

None. 

3. DESCRIPTION OF PROPOSED LA CHANGE 

None. 
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