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Draft

Introduction

The mass per volume relationship of rubble that may form as a result of the degradation of in-
situ rock along drifts in the potential high-level nuclear waste repository at Yucca Mountain,
Nevada is an important factor when assessing long-term stability and safety analyses of the
drifts and emplaced waste packages.  In addition, the rubble may affect the redistribution and
movement of heat and moisture in the near-field waste package environment.  To help gain a
better understanding of potential rubble characteristics of welded lithophysal rock types found at
Yucca Mountain, Nevada, a field examination was conducted by GED/CNWRA and NRC staff
on February 5—8, 2007.  Based on observations from previous trips to the Yucca Mountain
area, a rubble analog site was identified and sampled at the south end of Fran Ridge, which is
east of Yucca Mountain.  Physical analyses of talus and fractures at the analog site were
conducted to yield information concerning the size distribution and shapes of potential rubble
that may form in drifts at Yucca Mountain.  From the rubble analog site, four 55-gal drums of
rubble were shipped to CNWRA in San Antonio, Texas.  A trip report (AI 20.06002.01.262.706)
describing the analog site and the work conducted during the field exercise was transmitted to
NRC on April 9, 2007.

The purpose of the following work is to obtain a better understanding of the mass densities of in
situ (i.e., non-degraded) rock and rubble piles that may form during drift degradation.  The
information can be used to estimate the bulking factor associated with drifts at the potential
high-level nuclear waste repository at Yucca Mountain.  To obtain reasonable estimates, rubble
were used from the four 55-gal [0.24 m3] drums that were shipped to San Antonio, Texas from
the rubble analog site near Yucca Mountain.  

Approach

The mass densities of rubble packed into boxes with known dimensions will be measured and
the mass density of in-situ rock, comparable to that along the drifts at Yucca Mountain, will be
estimated from measured mass densities of rubble fragments and assumed fracture and
lithophysal porosities of the in-situ rock.  The bulking factor, which is a ratio relating the volume
of rubble that develops for a given rock mass to the volume of in situ (i.e., intact) rock for the
same rock mass, can be determined from the measured packed rubble mass density and the
estimated in-situ rock mass density.

Bulking Factor = mass density of in situ rock / mass density of packed rubble.

Mass Density of Packed Rubble 
 
Two boxes were constructed.  One box (container 1) was 61-cm high by 61-cm wide by 61-cm
long, which was cubic in shape.  The other box (container 2) was 61-cm high by 40.4-cm wide
by 91.5-cm long, which was rectangular in shape.  The different shaped boxes have dissimilar
surface area/volume ratios, which may affect packed rubble mass density. 

Rubble were packed into the boxes and the resulting mass was measured with a calibrated
balance.  The rubble used in the packings were from Plot 2, Subareas A and B (trip report: AI



20.06002.01.262.706).  The rubble from Plot 2 were obtained by removing fragments from an
intact, but fractured, rock outcrop.  The fracture characteristics were representative of welded,
lithophysal rocks at Yucca Mountain.  

Before packing the boxes, all rubble from Plot 2 were removed from the drums and placed on a
tarp according to size.  Later when packing the boxes, staff attempted to reproduce the size
distribution of rubble observed on the tarp in the packed the boxes.  In packing the boxes, two
approaches were used in order to obtain a range of mass densities.  In some packings, the
open spaces between large rubble fragments were not filled with smaller rubble fragments.  In
other packings, smaller rubble fragments were placed in the larger openings to obtain a denser
packing.  In all packings, staff attempted to minimize large open spaces between the box walls
and the rubble fragments by adjusting the orientation of the rubble fragments (i.e., wall effects
were minimized).  A total of seven packings were conducted using the two boxes.  Figure 2
shows one of the completed packings.

Figure 2.  One packing of the rubble fragments. 

The following is a listing of the measured mass densities in the packed boxes, which can be
used to estimate the bulk density of the rubble piles from drift degradation.  The volume of
container 1 is 226,981 cm3, and the volume of container 2 is 226,050.7 cm3.

Total mass Mass Density

packing 1, container 1 232,467.2 g 1.02 g cm-3

packing 2, container 2 245,337.4 g 1.09 g cm-3

packing 3, container 1 246,712.8 g 1.09 g cm-3

packing 4, container 2 239,799.1 g 1.06 g cm-3

packing 5, container 1 284,343.7 g 1.25 g cm-3



packing 6, container 2 273,166.8 g 1.21 g cm-3

packing 7, container 1     276,323.5 g 1.22 g cm-3

In packings 1—4, there was no attempt to fill all larger openings between the rubble fragments
with smaller-sized rubble fragments.  However, the packings were conducted such that no
extraordinary large openings or void spaces existed in the packed rubble.  In packings 5—7,
smaller-sized rubble fragments were placed in larger openings/voids between the rubble
fragments.  There was no attempt to pack the boxes as tight/dense as possible.  There were still
openings/voids between the rubble fragments, but their size was not as large as may have
existed in packings 1—4.  The shape of the boxes did not appear to affect the measured
packed rubble mass density.
  
Figure 3 shows a top view of packing 7.  The mass densities of rubble in the boxes ranged from
1.02 g cm-3 to 1.25 g cm-3, which yielded a porosity of 56 and 46 percent, respectively.  Davinroy
(2000) measured porosities between 43 and 60 percent for talus slopes in Green Lakes Valley,
Colorado.  Based on these measurements and assumptions of talus porosities of 50 percent
used by others (Clow et al., 2003), the mass densities measured in the packing of the rubble
fragments are not unreasonable.
 

Figure 3.  Top view of Packing 7.

Mass Density of In-situ Rock

To estimate the mass density of in-situ rock that corresponds to the rubble used in determining
the mass density of packed rubble, the mass density of individual rubble fragments was
measured.  The average value obtained from several measurements was then adjusted to
account for fractures and lithophysal in the in-situ rock.  A range of fracture/lithophysal porosites
were assumed to obtain a range of in-situ rock mass density. 

A.  Mass Density of Rubble Fragments



The mass density of individual rubble fragments is determined by dividing the mass of the
rubble fragment by its volume.  The mass of the rubble fragments is measured using a
calibrated balance.  The volume of rubble fragments is determined from the volume of water
displaced by a rubble fragment when it is submersed in water.  The volume of water displaced is
determined by measuring the mass of the displaced water and the mass density of water.  The
description of the procedures used and measurements are contained in CNWRA Scientific
Notebook 779E.

The mass density of water was measured using the same water as that used for determining
rubble fragment volumes under the same conditions (e.g., temperature, composition, etc.).  Two
replicate measurements were conducted using different water subsamples.  The measurement
consisted of measuring the water mass contained in a 50 ml Gay-Lussac bottle with a calibrated
sensitive scale.

The water mass density for replicate 1 was 0.996 g cm-3.  The water mass density for replicate 2
was 0.996 g cm-3.

To determine the volume of a rubble fragment, the fragment was submersed gently in a
container filled to capacity with water.  Displaced water was captured in an underlying pan.  The
mass of the displaced water was measured and divided by the water mass density to obtain the
volume of the submersed rubble fragment.

Three rubble fragments were selected for the measurements.  Replicate measurements were
conducted on each fragment.  Constraints on the samples were (i) they must fit inside the
container used in the measurements and (ii) they did not have shapes that would entrap air
when they were submersed in water.  The samples were consolidated and negligible water
would enter the rock matrix.  Figure 1 shows one of the samples.

Figure 1.  One of the rubble fragments from which rubble
mass density was measured.



The volumes of the rubble fragments were:

rubble fragment 1, replicate 1 279.26 cm3   
rubble fragment 1, replicate 2 277.76 cm3   
rubble fragment 2, replicate 1 735.03 cm3   
rubble fragment 2, replicate 2  732.92 cm3 

rubble fragment 3, replicate 1 608.49 cm3 

rubble fragment 3, replicate 2 616.88 cm3 

 
The mass of the above rubble fragments were measured with a calibrated balance.  The mass
of the rubble fragments were:

rubble fragment 1 643.5 g      
rubble fragment 2 1701.3 g    

rubble fragment 3 1416.2 g

The mass density of the rubble fragments is determined by dividing the mass of the fragments
by its volume yielding:

rubble fragment 1, replicate 1 2.30 g cm-3   
rubble fragment 1, replicate 2 2.32 g cm-3   
rubble fragment 2, replicate 1 2.31 g cm-3   
rubble fragment 2, replicate 2  2.33 g cm-3 

rubble fragment 3, replicate 1 2.33 g cm-3 

rubble fragment 3, replicate 2 2.30 g cm-3 

The mass densities of the rubble fragments ranged from 2.30 g cm-3 to 2.33 g cm-3 with an
average value of 2.31 g cm-3 and a standard deviation of 0.012 g cm-3.

B.  Estimated In-Situ Rock Mass Density

To estimate in-situ rock mass density from measured mass densities of rubble fragments, an
adjustment is necessary to account for void spaces in fractures and lithophysal.  If in a given
rock mass, the fracture and lithophysal porosity is ‘X’ percent, then the corresponding mass
density of the in situ rock can be determined from

in situ mass density = [1-(X/100)] (mass density of rock with no fractures or lithophysal)

In the mass density measurements of the individual rubble fragments, there was no void space
in fractures and no lithophysal was observed.  Using the average mass density of the rubble
fragments for the mass density of rock with no fractures or lithophysal, the estimated in-situ rock
mass density for fracture and lithophysal porosities of 1, 5, and 10 percent, respectively, are    

Fracture/Lithophysal Porosity In situ Rock Mass Density

1 percent 2.29 g cm-3

5 percent 2.19 g cm-3

10 percent 2.08 g cm-3 



Estimated Bulking Factor

Utilizing the above in situ rock mass density estimates and the measured packed rubble mass
densities, an estimate of the bulking factor can be calculated by dividing the in situ rock mass
density estimate by the measured packed rubble mass density.

Using low and high values for the packed rubble mass densities, estimates for bulking factors
are

Fracture/Lithophysal Porosity Packed Rubble Mass Density     Bulking Factor

1 percent 1.02 g cm-3 2.25
1 percent 1.25 g cm-3 1.83

5 percent 1.02 g cm-3 2.15
5 percent 1.25 g cm-3 1.75

10 percent 1.02 g cm-3 2.04
10 percent 1.25 g cm-3 1.66

The estimated bulking factors are consistent with other reported values.  A bulking factor of 1.72
is listed for granite, 1.60 for porous sandstone, 1.63 for limestone, and 1.64 for basalt
(Department of Transport, Manual of Contract Documents for Highway Works, Vol. 1,
Specification of Highway Works, Series 600 - Earthworks, 1993).  In a building catalogue
(http://www.orequalonline.com/BCWebsite/infotables/Densities.html) listing densities of
materials found in building and construction, the difference between solid and loose rubble
granite yields a bulking factor of 1.77, the difference between solid and rubble limestone yields
a bulking factor of 2.0, and the difference between solid and rubble shale yields a bulking factor
of 1.55.  Additionally, the measured porosities of talus rubble in Colorado (Rocky Mountains)
suggest that the bulking factor may vary from 1.75 to 2.5.

Summary and Conclusions

Mass densities of individual rubble fragments and packed rubble were conducted.  The rubble
used were collected from an analog site that reflected welded lithophysal tuffs at Yucca
Mountain, Nevada.  The rubble were shipped from the analog site to CNWRA in San Antonio,
Texas, where the mass density measurements were conducted.

Based on the average mass density of individual rubble fragments and assumptions concerning
fracture and lithophysal porosity in the in situ rock bordering drifts at Yucca Mountain, the mass
density of in situ rock was estimated.  The bulking factor, which is an important parameter for
long-term stability and safety analyses of the drifts and potential nuclear waste packages
emplaced in the drifts, was estimated from the in situ rock mass density estimates and the
measured packed rubble mass densities.  The bulking factors ranged from 1.66 to 2.25,
depending on the estimated in situ rock mass density and the packed rubble mass density.  The
range in bulk factors are supported by other documents.  However, the work did not explicitly
account for any shaking of the rubble fragments or breakage of rubble due to overburden that
may result in higher mass densities of degraded drift rubble, which may reduce the value of the



above bulking factors.  The work was an initial attempt to make measurements from which
bulking factors can be estimated and have relevance to Yucca Mountain instead of relying
solely on published data from the mining sector.       
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