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Abstract  
 

A geological repository at Yucca Mountain with a legislative capacity of 70,000 MTHM has been 
proposed for the disposal of commercial spent nuclear fuel (CSNF) and other radioactive waste. 
Results of the Electric Power Research Institute (EPRI) independent evaluation of the technical 
(geological, excavation, operational, thermal management), rather than legislative, limits of CSNF that 
could be safely disposed at Yucca Mountain for a multi-tier repository concept are reported. 

 
1 Introduction 
 

The 1982 Nuclear Waste Policy Act mandated a 70,000 metric tons of heavy metal (MTHM) limit to 
nuclear waste that may be disposed of in the proposed Yucca Mountain repository.  This limit includes 
63,000 MTHM of commercial spent nuclear fuel (CSNF), the projected amount of CSNF that will be 
produced in the US by about 2014. Because of extended lifetimes of current US reactors, as well as 
anticipated expansion of new reactors, the Electric Power Research Institute (EPRI) has studied the 
feasibility of storing a larger amount of CSNF at the Yucca Mountain site.  The US Department of 
Energy (USDOE) may also consider possible expanded capacity for a Yucca Mountain repository. 

One possible option to accomplish an expanded disposal capacity (EPRI, 2006) would be to excavate 
one or two additional drifts above and/or below the original drift excavations, each ‘tier’ of drifts 
separated vertically by 30-m as illustrated in the Figure 1 (left-hand side). In plan view, each tier 
would essentially replicate the original layer some 30-m above and/or below the original layer. If 
feasible, this would essentially double or triple the capacity of the repository.  Another possible option 
to increase capacity would be to introduce one or more adjoining ‘satellite’ drifts at the same level as 
the original emplacement drifts. A variation of this option is shown on the right hand-side of Figure 1, 
in which addition of two ‘satellite’ drifts on either side of the original drift would increased capacity 
by a factor of three compared to the currently planned limit of 70,000 MTHM. 

This paper reports on three related aspects of excavating and operating a multi-tier design; 

• Ventilation requirements for increased thermal-loading density layout. 

• Feasibility of excavating drifts in close proximity to existing waste–filled drifts.  

• Thermal-mechanical limits. 

These analyses use the current reference layout for a repository at Yucca Mountain in order to avoid 
issues associated with re-baselining of the design.  It is clear based on recent thermal-hydrological 
modeling, however, that optimization of the current design (e.g., decreasing plan-view ‘foot-print’ of 
the repository by reducing pillar spacing between emplacement drifts) may be possible while still 
assuring robust safety. While technical implications for only the multi-tier option are reported here, 
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other reports have shown that there is broad applicability of the results from the multi-tier option to the 
‘satellite’ option (EPRI 2006,2007). 

 

Figure 1:   Illustration of the Conceptual Models Established (EPRI,2006) for Evaluation of 
Expanded, Multi-tier Capacity of Yucca Mountain Repository Maintaining the Current Reference 

Design (i.e., 81-m Drift Spacing) for Each Tier.  

 

2 Ventilation of a Multi-tier Repository 
 

The total air quantities entering from and returning to the surface for the period of active ventilation of 
a repository during emplacement operations, as currently designed at Yucca Mountain (BSC,2004) 
must increase in direct proportion to the repository capacity i.e. the total number of emplacement 
drifts. This is true for both the expanded capacity options shown in Figure 1. 

Thus the main intake and exhaust air flows for a two-tier system must be doubled, or tripled in the 
case of a three-tier system. If the decision to construct a multi-level repository is made before 
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repository construction begins, then it would be possible to increase the size of the shafts and raises as 
currently proposed to allow the total airflow to be doubled or tripled, as needed.  Doubling of airflow 
in a circular shaft or raise can be achieved without increasing the pressure drop in the shaft/raise by 
increasing the shaft/raise diameter by a factor of ~1.4  (i.e. from the present 8-m (or 5-m for a raise) to 
11.2-m (or 7-m for a raise). Similarly, tripling of the airflow would require a 73% increase in shaft and 
raise diameters, (8-m to 15-m, and 5-m to 8.5-m respectively). The fan horsepower would need to be 
doubled or tripled, correspondingly. The shafts and raises would also need to be deepened to reach the 
lowest tier of the repository. Although feasible, these larger diameter excavations are somewhat 
beyond the usual values for shafts and raises. Raises up to 7-m diameter and shafts up to 10.5-m 
diameter have been excavated. The 300-m to 330-m depth of the repository is relatively shallow 
compared to many shaft depths in mines, and so depth should not present any special problems.     

Some combination of increased shaft and raise size and increased number of shafts and raises could 
also be considered. Increasing the number of air intake and exhaust locations could improve the 
efficiency of emplacement drift ventilation by reducing the pressure losses between the primary 
ventilation arteries and the emplacement drifts. It would also be possible to increase the flow velocity 
in the existing shafts and raises, but the pressure losses increase as the square of the air velocity, so 
that this is not likely to be a desirable solution. With the present system, the shaft air velocities are in 
the range of 8m/s (e.g. Intake Shaft); air flow 868,980 cfm (410 m3/s), area 50 m2; air velocity 8.2m/s. 
This is well below the industry recommended maximum velocity of 15~20 m/s in shafts, so that some 
increase in this manner would be possible. As seen in Figure 2, it would also be possible to install 
additional shafts and raises along the outer East and West extremities of the main intake and exhaust 
roadways linking the emplacement drifts.   

Assuming that the repository becomes operational as currently proposed, the following design is 
offered as one example of how to accomplish a doubling of air flow to a double capacity repository. It 
is assumed that construction and emplacement will continue to be accomplished using the same three 
ramps (albeit deepened by spiral declines, as needed) as in the current design.  

Each 8-m diameter intake shaft would be assumed to have a capacity of 850,000 cfm (essentially as 
shown in Figure 2). A total air intake of 3,541,130 cfm. could be provided by 4 shafts (one fan 
capacity increased slightly to assure total requirements are met). If the 8-m shafts are replaced by 11.3 
m diameter shafts (i.e. doubling the cross-sectional area of each shaft) the air required to double the 
repository capacity could be achieved with just two additional intake shafts, and two exhaust shafts. 
Tripling the capacity would require a total of 4 x 11.3-m diameter intake shafts and 4 x 11.3-m 
diameter exhaust shafts. Since the additional shafts will be used almost exclusively for ventilation, 
their location is reasonably flexible. Intake shafts will, of course, connect to a main intake artery 
(shown in blue in Figure 2), and exhaust shafts to a main exhaust artery. The location of the shaft 
would be chosen such that the intake air is distributed appropriately down each artery with a minimum 
of control by air regulators. Each emplacement drift would have an adjustable regulator at the drift 
entrance to ensure that 15 m3/s flows to each emplacement drift and returns to an exhaust shaft. 

The spacing (i.e. pillar width) between emplacement drifts in the current reference repository design is 
81-m, so it is possible also to locate additional shafts or raises between emplacement drifts. Since the 
repository design includes ramp access for both emplacement drift construction and waste 
emplacement operations, it is expected that most, if not all, shafts (and raises) will not be used for 
transport of personnel or equipment. Certainly, there will be no transport in the exhaust shafts or 
raises, and no human access to the exhaust shafts while exhaust air from the emplacement drifts is 
flowing in these shafts or raises. 

The current design is arranged such that all waste packages are transported from the surface to the 
repository horizon by rail at a 2% down gradient. If a decision is made to add a second tier some 30-m 
below the initial repository during the period of active ventilation, (the most probable conjecture), this 
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transport railway will be open as an airway. It should be possible to extend the railway to reach the 
lower level. Thus, a 1.6 km long, 2% grade, spiral decline on a 305-m radius of curvature (specified as 
the required minimum radius for the ramps, see BSC, 2005 Table 2 p.23) would reach an horizon 30-
m below the end of the railway in approximately one complete spiral. The railway could also be used 
to introduce waste to a third, overlying horizon since it would intersect this horizon before reaching 
the extent of the currently planned railway. If it is decided to start construction of the second-tier 
repository independently of the status of the first repository (e.g. during the emplacement period), it is 
possible to develop a construction portal to access the appropriate depth, complete the second tier of 
drifts, ventilation shafts, etc.  This would allow emplacement to begin as soon as the first level is 
filled, avoiding the necessity to conduct drift excavation and emplacement operations simultaneously. 

 

Figure 2:  Proposed Ventilation System for Current Single-tier Repository, Showing Shaft  
and Isolation Barrier Locations. Adapted from (BSC, 2004). 
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3 Radiation Hazard Analysis  

Working within proximity (i.e. an intervening thickness of 30-m of volcanic tuff) of highly radioactive 
waste in the emplacement drift could lead to significant exposure of workers both during and after 
excavation of the supplementary drift. However, this is an unwarranted concern, as illustrated by the 
following bounding calculation.  

Assume a narrow beam of mono-energetic gamma rays with an incident intensity Io, penetrating a 
layer of material with mass thickness x and density ρ, emerges with intensity I given by the 
exponential attenuation law:  

I / I0  = exp [ - (μ /ρ) x] 

The constant μ is an attenuation coefficient for the material through which the radiation passes. 

Dry cask storage is now accepted as a safe method of temporary above-ground storage of high-level 
radioactive waste. The dry cask consists of a cylinder of steel, several inches thick, surrounded by 
two~ three feet of concrete. Heat generated by the waste is dissipated into the open atmosphere. Let us 
assume that the concrete has a diameter of one meter.  Now assume that a waste package of the same 
gamma radiation intensity as that incident on the inner surface of the concrete is placed in direct 
contact with the wall of the emplacement drift. The package is, in fact, placed on a pedestal in the 
center of the drift surrounded by an air gap, but this will be conservatively neglected. Since the 
concrete and the Yucca Mountain tuff are of approximately the same density, it will be assumed that 
the dimensionless ratio (μ /ρ) is the same for both. The thickness x in the case of the pillar between the 
emplacement and supplementary drifts is 30-m, compared to 1m for the dry cask concrete. The gamma 
ray intensity entering the supplementary drift is denoted as Irep  and the corresponding intensity on the 
outside of the dry cask as Idc . The ratio Irep / Idc   is then exp(–30)/exp (-1), which is of the order of 10-

13, or virtually zero. Thus, there will be no risk of radiation exposure to workers in a drift that has an 
intervening 30-m thick pillar of rock between the drift and the waste-filled drift. By analogy with dry 
cask storage, a solid rock thickness of one meter or more provides adequate isolation from the 
radiation fields in the waste-filled drift.  

The same comment applies to the allowable proximity to the waste emplacement drifts of other 
excavations (e,g., shafts and drifts that are accessible to humans). In reality, other considerations, such 
as rock stress concentrations and stability of excavations usually dictate that a separation of two or 
more excavation diameters is maintained around adjacent excavations.     

4 Thermal-Mechanical Analysis  
 

For the current reference one-tier emplacement panel design (BSC, 2004), all drifts are assumed to be 
actively ventilated (15 m3 /sec) for 50 years after waste emplacement. The calculated temperatures for 
the side and crown of the drift rise to a maximum of ~84°C (at about 25 years) during this period, an 
increase of 60°C over the initial 24°C of the rock mass. Post-closure rock temperature rises rapidly to 
a maximum of about 180°C once the active ventilation is terminated for the reference, one-tier design.  

For analyzing a multi-tier alternative disposal concept, it is assumed that driving of the additional 
drifts of panels below and/or above the initial waste-filled drift will take place during the 50 years of 
active ventilation. This is reasonable, since a decision on the strategy for augmenting the capacity of 
Yucca Mountain could certainly be made within 50 years of the start of underground placement of 
waste. Once excavated, additional drifts can be ventilated in the same manner as the original drifts. 
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The effect of heating of the (waste filled) main drift on the rock temperature in the vicinity of the 
supplementary drift was analyzed using the numerical code FLAC3D. The model dimensions and grid 
are shown in Figure 3.  The lower drift is assumed to be partially extracted, as shown. Thus, an initial 
panel in the current first-tier layout, smaller than other panels, could be developed first in order to 
allow an early start to waste emplacement. This would not be required for the supplementary tiers in 
the current layout, so that the supplementary panels could be developed in a different sequence. 

 
Figure 3:  FLAC3D Model Used for Thermal Calculations. The front vertical face is  

a plane of symmetry through the drifts being modelled. 

 
 

4.1 Superposition of Heating between Emplacement Drifts 
The thermal properties of the rock assumed for the analysis are; density 2,043 kg/m3; conductivity 
1.9672 W/ m-K; specific heat 930 J/kg-K. These properties are quite variable and the values are 
averages based on reference data (BSC 2004). For purposes of this analysis it was conservatively 
assumed that the initial drift remained open and actively ventilated for 100 years and the temperature 
remained constant at 84°C (60°C above the initial rock temperature 24°C) for this period. It is further 
assumed that the additional drifts of the second tier are not driven until 50 years after initial waste 
emplacement in the first-tier drifts.  Rock temperatures at the second-tier horizon are calculated to be 
53°C at this time. The second-tier drifts are then added and the temperature maintained via ventilation 
at a constant value of 24°C. The resulting temperature distribution is shown in Figure 4. 
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Figure 4: Temperature Distribution in the Rock after 100 years, with First-tier  

Drift Maintained at 84°C and Second-tier Drift Maintained at 24°C. 

Figure 5 shows calculated heat inflow to the second-tier drift over the 100-year period. This must be 
removed to maintain the drift at 24°C. For a drift length of 600-m, the total heat removal required 
would be 600 x 75 W= 45 kW at 50 years, and a maximum of 600 x 85 W = 51 kW at 100 years. 
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Figure 5:  Heat Removal Necessary (per meter of tunnel) over 100 Years in order to  

maintain a temperature of 24°C in the second-tier drift. 
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This is still a conservative estimate, since the decline in rock temperature in the first-tier drift (due to a 
progressive decline in the waste package heat-generation rate) will reduce the rock temperature from 
the assumed constant ΔT = 60°C to ΔT = 45°C after 50 years.   

 

4.2 Heat Produced by the Tunnel Boring Machine 
A Tunnel Boring Machine (TBM), similar to the one used to excavate the 8-m ESF (Exploratory 
Studies Facility) at Yucca Mountain, is assumed to be used to excavate all of the 5.5-m emplacement 
drifts as well as other connecting tunnels.  The ESF TBM was rated at 3,800 HP. Assuming that the 
power required for excavation scales directly as the cross-sectional area of the drift, a 5.5-m drift 
would require a rated capacity of 1,800 HP. As a confirmatory estimate, the 5-m diameter ECRB 
(Enhanced Characterization of the Repository Block) TBM was rated at 1200 HP. This scales to 1,450 
HP for a 5.5-m TBM. The ECRB machine was possibly underpowered. It will be assumed that the 
TBM for the 5.5-m emplacement drifts would have a rated capacity of 1,800 HP (i.e. ~1,350 kW).  

Von Glehn and Bluhm (2000) have studied the heat generation by TBM’s in relation to ventilation 
cooling requirements in deep South African mines. At this site, the virgin rock temperature is 
approximately 50°C at 3-km depth, with a geothermal gradient ~10°C/km. Gold mines are now in 
excess of 3-km deep with plans to continue to 4 km. They note that all of the electrical power used by 
TBM s essentially manifests itself as heat and this is the most significant thermal input for a TBM 
drive.  In determining heat loads related to power consumption, it was concluded that the maximum 
average heat transfer is between 40 and 55 percent of the rated capacity. The reasons for this relatively 
low factor include thermal storage effects, cyclic loading of drive motors during the overall cutting 
and advance, and a significant portion of the TBM heat goes to the muck.  It will be assumed, 
therefore, that the heat load from the TBM that enters the second-tier drift is 55% of the rated capacity 
of 1,350 kW, or ~750kW.   

Von Glehn and Blum (2000) estimate heat loads from various sources in driving a 4-m diameter, 
6,000-m long TBM tunnel at a depth of 3 km, presumably through Witwatersrand quartzite which is a 
harder rock than Yucca Mountain tuff. This is reproduced below as Table 1. Scaling these values, the 
estimated values of heat loads from a TBM excavation of a second-tier drift (i.e. 30-m below or above 
a waste–filled drift) at Yucca Mountain are shown for comparison. 

Table 1:   Comparison of Overall Heat Loads associated with TBM Tunneling.  

 South Africa (Von Glehn 
and Bluhm, 2000) 

Yucca Mountain 
(EPRI, 2006) 

Tunnel length (m) 6,000 600 

Heat Sources kW kW 

TBM (power as heat) 1,040 750 

Surrounding rock 900 54 

Main tunnel fan power and auxiliary fans 270 27 

Lights, cable losses, etc. 100 10 

Electric locomotives 90 9 

Shotcrete/cover drilling equipment, etc. 80 8 

TOTAL 2,480 813 
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In the case of Yucca Mountain, the heat load from an elevated rock temperature around the second-tier 
drift (45 to 51 kW) is insignificant compared to the heat load from the TBM (750 kW). Thus, the 
ventilation requirements to drive second- and third-tier drifts at 30-m spacings from a waste-filled drift 
and maintain a 24°C drift environment will be no different from the requirements when driving first-
tier waste emplacement drifts at Yucca Mountain.  

 

4.3 Thermo-Mechanical Results. 
Increase in temperature around the supplementary drift will increase the stress concentrations 
compared to those already existing due to the pre-existing in situ stress field. The effect of the 
thermally induced stresses on stability of the supplementary drift was examined using the FLAC 3D 
model.  Input data for the model are shown in Table 2 below.    
 

Table 2:  Rock Property and Related Data Assumed in Thermo-Mechanical Analysis1.  

Density 2,043 kg/m3 Initial vertical stress  
(300-m overburden) 

6 MPa 

Young’s modulus 15.84 GPa Horizontal-to-vertical stress ratio 0.5 

Poisson’s ratio 0.2 Initial temperature 24°C 

Thermal expansion 
coefficient 

7.46E-6 1/°C   

 

The analysis considered the weakest rock encountered in the Topopah Springs tuff unit (target 
repository horizon), so-called Category 1 lithophysal rock (Figure A-2 page 57, EPRI, 2006). This 
rock is encountered in only 6% of the current reference, single tier repository. This rock has an 
unconfined compressive strength of 10 MPa. Behavior under confined conditions was determined 
assuming Mohr-Coulomb behavior with a friction angle of 35° and zero dilatation angle, consistent 
with previous analyses (EPRI, 2006).  

The extent of failure around a second-tier drift, including the face, when the rock temperature around 
the drift increases from 24°C to 44°C was modeled with FLAC3D. The calculated increase in the 
failure region was small, less than 5%. Since most of the rock is considerably stronger than the 
Category 1 lithophysal rock, this increase in failure region is expected to be negligible for second- and 
third-tier emplacement drifts. As a further check on this result, a FLAC2D analysis with a finer grid 
was carried out using the same Category 1 rock properties, for a section of the drift well (i.e. greater 
than three tunnel diameters) behind the face. Again, the increase in the failure region was negligible.  
Finally, the FLAC3D and 2D analyses show that with a 30-m vertical spacing between multi-tier drifts 
that there is essentially no significant thermo-mechanical interaction between the drifts.  

 

5 Conclusions 
 

The technical feasibility of increasing the disposal capacity for commercial spent nuclear fuel at the 
propose Yucca Mountain repository using conventional, and proven technologies is examined.  

                                                      
1 The thermal properties (conductivity and specific heat) of the rock considered in the thermo-mechanical models are the 
same as those used for the thermal analyses discussed above.  
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Specifically, the option of adding identical second- and third-tier emplacement drifts above and below 
the current, reference single-tier emplacement drifts (EPRI, 2006, 2007) is considered.  The general 
results and conclusions are summarized here: 

1. The primary determinant of ventilation needs for the proposed Yucca Mountain repository 
is removal of heat generated by excavation and waste emplacement, such that each 
emplacement drift remain within proscribed temperature limits during the active-
ventilation period on the order of 50~100 years after emplacement.  For the cases of 
adding a second- and third-tier set of emplacement drifts above and below the planned 
first-tier of drifts, is found that it is well within current technology to provide the 
ventilation needed to increase the repository capacity by a factor of two or three. This 
increase could also be achieved with increased density of waste emplacement drifts on one 
level (e.g., reducing the current 81-m spacing between drifts), although this option is not 
evaluated here.               

2. Excavation of drifts in proximity to drifts containing high level waste/ spent nuclear fuel 
does not pose any significant radiation risk. As with dry cask surface storage, a thickness 
of the order of one meter of solid rock (or concrete for dry casks) is sufficient to reduce 
radiation to safe levels. Drift spacings considered for the increased loading capacity 
strategies are of the order of 30-m for the multi-layer options. Since radiation intensity 
decreases exponentially with the rock barrier thickness, these rock thicknesses reduce 
radiation to immeasurably low, negligible levels.  

3. Although the temperature of the rock around first-tier emplacement drifts increase by the 
order of 60°C after 50 or more years of heat generation, the temperature in the rock at a 
distance of 30-m below or above the drifts is no more than 40°C. Thus, the working 
temperature in the second-tier development drifts can be maintained at about 24°C with 
removal of only 70-90 watts per meter of tunnel advance from the rock, or 42-54 kW over 
the 600-m length of the tunnel. This is compared with an induced heat load of 750 kW 
from the Tunnel Boring Machine. Therefore, the working environment in the second- and 
third-tier drifts using conventional and proven ventilation technology will be no different 
than the previous conditions encountered at Yucca Mountain during the boring of both the 
ESF and ECRB drifts.  

4. The increased temperature of the rock in the vicinity of the second- and third-tier drifts 
produces minimal increased stresses over those of a tunnel subjected to the in situ stresses 
at the 300-m (+/- 30-m) level at Yucca Mountain. The average stress increase due to 
thermal effects is of the order of 3 MPa only. Therefore, only minor rock fracturing in 
second-tier drifts, confined to the immediate periphery of the drift walls, is expected even 
in the weakest lithophysal formations (encountered in only 6% of the previous ESF and 
ECRB excavations). In the stronger lithophysal and non-lithophysal rocks, no fracturing is 
anticipated. This is true also at the face of the drifts during excavation.  

In summary, excavation of vertically stacked multi-tier emplacement drifts at 30-m intervals from the 
first-tier waste-filled emplacement drifts can be achieved under conditions similar to those 
encountered in previous excavation of the ESF and the ECRB drifts at Yucca Mountain. A further 
benefit to a multi-tier repository concept is that all of the second- and third-tier supplementary drifts to 
be excavated will be driven parallel to and in the vicinity of the original waste emplacement tunnels 
and in the same Topopah Springs tuff unit. Thus, the experiences and information collected during 
driving the first-tier drifts will provide an excellent and rarely available database on which to predict 
conditions likely to be encountered in driving the vertically separated supplementary drifts. This 
should provide further assurance of safe and efficient excavation conditions overall.  

These analyses support the conclusion that, on a pre-closure, operational feasibility basis, the CSNF 
disposal capacity at Yucca Mountain could be readily increased substantially (factor of 2 or 3) 
compared to the currently planned 70,000 MTHM using the multi-tier option. Combination with other 
options, notably expanding the lateral footprint of the current reference design, could lead to an overall 
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expansion in disposal capacity by a factor of 4 to 9 based on using the present reference design and 
currently available site characterization data (EPRI, 2006). Post-closure safety assessments of the 
enhanced long-term containment and isolation capabilities of a multi-tier repository design are 
addressed in other reports (e.g., EPRI 2007; Zhou and Apted 2008).  
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