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ABSTRACT

On February 22, 1999, the Nuclear Regulatory Commission (NRC) published their proposed rule 10 CFR
Part 63, Disposal of High-Level Radioactive Wastes in 2 Proposed Geologic Repository at Yucca Mountain,
Nevada. The NRC, with assistance from the Center for Nuclear Waste Regulatory Analyses (CNWRA), has
been working to prepare responses to the numerous public comments received regarding this proposed rule.
This report was prepared to provide technical support for responding to public comments related to (i) the
effect of receptor age on dose calculations and (ii) future human intrusion.

For compliance demonstration involving dose calculations, proposed 10 CFR 63.115(b)(5) requires an
assumption that the average member of the critical group possesses the metabolic and physiological
characteristics of an adult. Some commenters were interested in knowing what the relative dose
consequences would be if the average member of the critical group was assumed to be a child rather than an
adult. To gain insight into the relative impacts of receptor age on the magnitude of dose estimates, the
CNWRA conducted a series of dose conversion factor (DCF) calculations for a variety of age groups and
compared results. DCF calculations were conducted using the GENII-S code (Version 1.485) and converted
to age-specific DCFs using ICRP Publication 72 age-dependent dose coefficients. Radionuclides "C, *Cl,
™Se, ®Tc, '”I, and 2*U show elevations in preadult DCFs when compared with adult DCFs. The adult DCFs
are highest for 2'Am, ?°Pu, ®°Th, *'Np, and **Cm. *Cl, "Se, and *Tc DCFs show the most notable
elevations in preadult DCFs relative to the adult. These elevations are explained predominantly by large
differences in the milk pathway doses between the preadult and adult age categories. Overall, results show
the effect of age on the dose calculations is varied and depends on the radionuclide under consideration.
Thus, in assessing whether a standard based on an adult receptor is protective of younger ages, it is important
to have an understanding of the radionuclides expected to be present in the groundwater and thus available
for human consumption. The present analysis scales total system performance assessment results using DCF
ratios (preadult to adult) to gain insight into potential age-dependent impacts. This scaling is appropriate
because the performance assessment results include calculated groundwater concentrations and adult DCFs
derived from the same pathway models as the age-dependent DCFs calculated for this report. Results show
an increase of 60 percent in dose for younger ages relatlve to the adult dose for limited intervals during the
10,000 yr and 100,000 yr periods.

For the proposed Yucca Mountain radioactive waste repository, the National Academy of Sciences has
recommended the use of a stylized human intrusion scenario to test the repository’s resilience to such actions.
A better understanding of the repository system could prove beneficial in responding to questions received
from the public concerning possible human intrusion. To this end, an investigation was conducted to
determine what might happen if the proposed human intrusion event were to occur. Although physically
possible, it is highly improbable that a drilling event would result in a breached waste package (WP) by
drilling directly through the WP. Indicators such as a loss of drilling fluids, a sudden drop of the drill string,
and significantly retarded drilling progress would alert any driller of a potential problem and would likely
result in cessation or alteration of drilling activities. Using a failure threshold of 2-percent total strain,
analyses indicate that the most likely failure mode may be that of a drill string entering the drift and then
falling several meters before striking a WP. In conclusion, analyses indicate that human intrusion scenarios
do exist that could result in a breached WP immediately following loss of institutional control, without prior
severe degradation of the WP.
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1 INTRODUCTION

On February 22, 1999, the Nuclear Regulatory Commission (NRC) published their proposed rule
10 CFR Part 63, Disposal of High-Level Radioactive Wastes in a Proposed Geologic Repository at
Yucca Mountain, (YM) Nevada (64 FR 8640). This proposed rule contains the NRC’s proposed licensing
criteria for disposal of spent nuclear fuel and high-level radioactive waste (HLW) at YM, Nevada. A public
comment period was opened through May 30, 1999, to receive input that pertained to the proposed rule. The
NRC, with assistance from the Center for Nuclear Waste Regulatory Analyses (CNWRA), has been working
to prepare responses to the numerous public comments received. As part of the tasking to support
development of NRC HLW regulations, NRC asked the CNWRA to provide technical support for activities
related to responding to these public comments.

This report presents documentation of CNWRA technical support provided to supply additional information
in two topic areas. The first, described in chapter 2, covers information and analyses provided to address
questions related to children’s doses. The second, described in chapter 3, covers information and analyses
provided to address questions related to possible future human intrusion.
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2 ANALYSIS OF THE EFFECT OF RECEPTOR AGE ON DOSE
CALCULATIONS APPLICABLE TO A YUCCA MOUNTAIN
EXPOSURE SCENARIO

2.1 INTRODUCTION

~ The NRC proposed rule for regulating disposal of radioactive wastes at YM (Nuclear Regulatory
Commission, 1999a) contains a dose limit applied to an average member of a critical group. For compliance
demonstration involving dose calculations, proposed 10 CFR 63.115(b)(5) requires an assumption that the
average member of the critical group possesses the metabolic and physiological characteristics of an adult.
During the public comment period, NRC received a variety of comments related to this requirement. Some
commenters were interested in knowing what the relative dose consequences would be if the average member
of the critical group was assumed to be a child rather than an adult. To gain insight into the relative impacts
of receptor age on the magnitude of dose estimates, CNWRA conducted a series of dose calculations for a
variety of age groups and compared results.

2.2 BACKGROUND

Calculation of radiation doses to demonstrate compliance with public dose limits involves making
a number of assumptions about the receptor (i.e., the exposed critical group). Use of an adult critical group
in the NRC proposed rule appears reasonable because the limits are intended to limit lifetime risk and the
majority of a lifetime is spent as an adult. Following the definition of a reference man by the International
Commission on Radiological Protection (ICRP) (International Commission on Radiological Protection,
1975), the assumption of generic adult physiology has been a common practice in the field of health physics.
Nonetheless, because younger age groups may be more susceptible to the effects of radiation, it is important
to investigate the impacts that age assumptions have on dose calculations used for compliance.

Public commenters have questioned how and if an adult based standard will protect children. When
assessing the level of protectiveness of a radiation standard, it is important to consider how the dose limit
has been derived and the methods used for calculating doses to demonstrate compliance. The emphasis of
the analysis in this report is on the methods used for dose calculation and how different assumptions about
receptor age can impact dose results.

2.3 SCENARIO DESCRIPTION

The scenario used for dose calculations in this study consists of an Amargosa Valley farmer exposure
scenario. This scenario has been used in prior CNWRA dose assessments applicable to YM (LaPlante and
Poor, 1997) and is considered a reasonable approximation to an average individual in a critical group
composed of those persons likely to receive the highest doses based on their habits and lifestyle. All the
activities assumed for the farmer are known to exist in the Amargosa Valley region of Nevada. However, all
such practices may not be conducted by a single individual as assumed for this analysis.

Groundwater is assumed to be contaminated with radionuclides from a presumed release from the
proposed YM repository. Water uses such as irrigation and drinking are initial pathways that spread
contamination from water to soils, plants, animals, and humans. The exposure pathway models are executed
in the GENII-S Version 1.485 code and are described in detail in the user manuals (Leigh et al., 1993; Napier
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etal., 1988). Alfalfa is grown for forage; half of the grains, fruits, and vegetables consumed are grown locally
(i.e., assumed contaminated); and the farmer raises livestock for personal beef and milk consumption. ’
One hundred percent of milk consumption is assumed to be locally produced, while beef products consumed
are assumed to be 50 percent locally produced. Eggs are assumed to be 30 percent locally produced.

For the purpose of this analysis, the farming eyposure scenario is used for all age groups and
age-dependent input parameters (e.g., consumption rates, dose coefficients) are modified to suit each set of
age-dependent dose calculations. Because no age-dependent external exposure factors were identified, the
presentanalysis does not consider age-dependent effects of external exposures. External exposure contributes
only a small fraction of the total dose for the radionuclides analyzed. For the farming scenario, it is expected
the majority of the dose will be contributed from locally derived food/water ingestion as identified in prior
analyses using the aforementioned exposure scenario (LaPlante and Poor, 1997).

Calculations were not conducted to analyze age-dependent effects on the direct release exposure
scenario because receptor age was not expected to significantly impact the dose results. This conclusion was
based on the following information (i) the dose conversion factor (DCF) from direct release is dominated
by the inhalation pathway [as indicated by the magnitude of DCFs presented in Mohanty et al. (1999)];
(ii) important radionuclides for the direct release scenario are likely to include *'Am, **Pu, and *°Pu,
[as deduced from radionuclide inventory and DCF information in Mohanty et al. (1999)]; and (iii) the
age-dependent inhalation dose coefficients for these radionuclides differ with age by about a factor of two
(inverse correlation with age) while the age-dependent consumption rates differ by about a factor of three
(positive correlation with age), thereby canceling the dose increasing effect of the dose coefficients for the
preadult age groups.

24 METHODS

The approach used for this analysis is to calculate DCFs for a number of age-dependent receptor
groups to compare differences. DCF calculations were conducted using the GENII-S code (Version 1.485)
(Leighet al., 1993). The DCFs calculated are based on unit concentrations of radionuclides in groundwater;
therefore, the DCFs are useful for relative comparisons such as in the present analysis, but their absolute
values are only meaningful if multiplied by groundwater concentration estimates. Because this analysis
empbhasizes differences due to age, the effects of differences in initial groundwater concentrations are not
included in the calculations (but are discussed in the analysis). Radionuclides of interest were selected from
an initial list of 43 considered applicable to YM. These radionuclides were reduced to the 11 most important
to dose in total system performance assessment calculations (Mohanty et al., 1999) using the TPA 3.2 code
(Mohanty and McCartin, 1998).

Input parameter values and their sources are listed in the appendix. Age-independent parameters have
been described extensively in LaPlante and Poor (1997) and therefore will not be discussed in detail for this
report. Age-dependent parameters include consumption rates and dose coefficients for inhalation and.
ingestion.

Dose coefficients were obtained from ICRP publication 72 (International Commission on
Radiological Protection, 1996). Few sources of age-dependent dose coefficients exist. The ICRP is a
preeminent source of expertise in the radiological sciences and is the best source for such information.
Because age-dependent dosimetry is a developing science, the age-dependent dose coefficients should be
taken as general approximations based on the best available information. While all values are subject to a
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number of uncertainties, the dose coefficients were developed from a consistently applied methodology that
provides a sound basis for relative comparisons of age dependent doses from intake of radionuclides. Where
more than one value was listed per radionuclide, the highest value was selected.

ICRP publication 72 (International Commission on Radiological Protection, 1996) provides
inhalation and ingestion dose coefficients for the following age groups: 3 mo, 1-, 5-, 10-, and 15-yr, and
adult. For the purpose of this analysis, the coefficients were assumed to relate to the midpoints of the
following age ranges, respectively: <l-, 1-3-, 3-7-, 7-12-, 12-17-, and >17-yr. Considering the age
stratification of available age-dependent consumption rate information (discussed below), the ICRP based
age groups were collapsed into five groups: <1-, 1-7-, 7-12-, 12-17-, and >17-yr. Dose coefficients for
1-3 yrand 3-7 yr were averaged to obtain that for 1-7 yr. The resulting age groups were given the following
titles, respectively: infant, toddler, preteen, teen, and adult. Information on the age group classifications is
summarized in table 2-1.

Consumption rates for the selected age groups were obtained from the Environmental Protection
Agency Exposure Factors Handbook (U.S. Environmental Protection Agency, 1997). Values are tabulated
in the appendix. The Environmental Protection Agency Exposure Factors Handbook summarizes a large
amount of information on U.S. food consumption. Information sources include peer-reviewed scientific
literature and nationwide population surveys conducted by the U.S. Department of Agriculture (1992). .
Because food consumption patterns change with time, values were selected from the most recent data sources
reported in the exposure factors handbook. In some cases, the reported age ranges in the handbook did not
exactly match the age groups used for this analysis. However, the data were found to generally be consistent
with the age groups. For some reported values, age categories were collapsed by averaging the rates to
correspond to the required age range for the analysis. Selected consumption rates are mean values except for
drinking water, where 2 median was reported in the source data. Where information was presented only by
gender, the larger (male) values were selected.

Following input and execution of the GENII-S Version 1.485 code, additional calculations were
necessary to generate the age-dependent DCFs. The calculations were needed because the GENII-S code
contains dose coefficients in a binary data file that the user cannot modify directly. Because these factors
vary with age, a postprocessing spreadsheet calculation was developed to allow the use of the age-dependent
dose coefficients from ICRP publication 72 (International Commission on Radiological Protection, 1996).
By manipulation of the exposure pathway selection and consumption rate parameters in the GENII-S code,
the DCF calculations were executed separately for each age group, exposure pathway (drinking water, beef,
milk, eggs, fruit, vegetables, grain, and inhalation), and radionuclide using the default dose coefficients. Each
resulting DCF was then divided by the applicable dose coefficient used by the GENII-S code [as reported
in the Oak Ridge National Laboratory (1997)] to cancel the effect of the original adult-based coefficients.
The results were then multiplied by the appropriate age-dependent dose coefficients from ICRP Publication
72 (International Commission on Radiological Protection, 1996) to generate age-dependent DCFs.
DCFs from the nonadult age categories were then compared with the adult DCFs to determine the differences
among age groups.

2.5 RESULTS AND SUMMARY

Total DCF results for each radionuclide are presented in figure 2-1 as the ratio of each preadult DCF
to adult DCF. This method of presentation shows the magnitude of the effect of age on the DCF results.
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Table 2-1. Categories used for age-dependent dose calculations

Il Age Group _ J___ Age (yr) |
Infant _ <l
Toddler 1-7
Preteen 7-12
Teen 12-17
é_gult 18 and above

Radionuclides C, *Cl, ™Se, *Tc, '¥I, and 2*U show elevations in preadult DCFs when compared with the
adult DCFs. The adult DCFs are the highest for *' Am, 2°Pu, 2°Th, ®*'Np, and **Cm. *Cl, ™Se, and *Tc
show the most notable elevations in preadult DCF relative to the adult. These increases are explained
predominantly by large differences in the milk pathway DCFs between the preadult and adult age categories.
These radionuclides have high milk transfer coefficients relative to the other radionuclides considered. Milk
consumption rates are also higher during the early years relative to the adult, further compounding the
magnitude of the difference in DCF. Those radionuclides with the adult DCF predominating still show
preadult milk pathway DCFs to be higher than adults; however, when considering total dose (i.e., all
pathways), the effect of higher adult consumption rates for beef, vegetables, grains, water, and air (increased
breathing rate) tend to offset the effect of the higher preadult milk DCFs.

Overall, results show the effect of age on the DCF calculations is varied and depends on the
radionuclide considered. When NRC considers whether a standard based on an adult receptor is protective
of younger ages, it is important to have an understanding of the radionuclides that have the potential to be
present in the groundwater and thus available for human consumption. Current total system performance
assessment (TSPA) sensitivity analysis results for YM conducted by the NRC and CNWRA (Mohanty et al.,
1999) suggest predominant radionuclides for an adult receptor group during the 10,000-yr period include
BINp, '*1, *Tc, and **U, ordered by importance to total dose during the period. Beyond 10,000 yr, the
sensitivity results show *"Np dominating for most of the period, followed by '*1, and 2*U, with *Tc well
below 2'Np for much of the period. **Cl and "Se follow (generally more than an order of magnitude lower
than '*I and ?’Np during the time). These results are summarized for 11 radionuclides in figures 2-2 and 2-3.
While these radionuclides were selected for importance based on an adult receptor model, they are expected
to be important for preadult receptors as well because of their groundwater transport properties and the
magnitude of dose coefficients. Given the results in figures 2-2 and 2-3, the ratios of preadult to adult dose
coefficients for other radionuclides are insufficient to raise the DCFs to a level that would impact the
expected annual dose. Because the age-dependent DCFs calculated in the present study are based on the same
pathway models as DCFs used in the sensitivity analysis results (Mohanty et al., 1999), the DCF ratios
(preadult group to adult) are used to scale the adult doses calculated by Mohanty et al. (1999) to gain insight
to potential age-dependent impacts on TSPA results. Results of these calculations are discussed in detail in
the following paragraphs.

Results in figure 2-2 show that '*I dominates the total dose in the early years (2,000-3,500 yr).
Assuming an adult receives the 25 mrem/yr limit during this period (the actual dose received may be much
less than the limit value), the preteen dose could increase 1.6 times that amount to 40 mrem/yr. After
3,500 yr, when ®'Np dominates the total dose, the preadult groups would be below the adult dose by about
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20-60 percent, depending on the age group. During the period 7,000-10,000 yr, when 2’Np and '*I equally
contribute to the total dose, (e.g., for 25 mrem/yr each contributes 12.5 mrem/yr), the preteen DCF for %]
would increase that radionuclides contribution by 1.6 (to 20 mrem/yr), and the corresponding 2’Np
contribution would be reduced by 0.6 (to 7.5 mrem/yr) resulting in a total dose of 27.5 mrem/yr. The
presence of *Tc and U at a reduced level is likely to have little impact on the total dose. In the bounding
case, if the highest age-dependent DCF (i.e., toddler) is considered, the **Tc dose would increase by a factor
of 2.6. This increase could be sufficient to raise the *Tc dose to the same level as '*I and 2'Np at 10,000 yr.
If toddler DCFs were used for ®’Np and '”, their age-dependent effects would largely be canceled because
the former is below the adult DCF by 0.6 and the latter is above by 1.6 (thus, the '*I 12.5 mrem/yr
contribution would increase by 1.2 to equal 15 mrem/yr, and ®'Np would remain unchanged at
12.5 mrem/yr). As a result, the total toddler dose at 10,000 yr is estimated to be about 40 mrem/yr if the adult
dose were 25 mrem/yr. Because the same radionuclides (*’Np and '*I) dominate the total dose for the period
beyond 10,000 yr, age-dependent impacts similar to those discussed for the 10,000 yr-period are expected
(i.e., preadult at or below adult dose for the majority of the time period with potential for increases in
preadult up to but not exceeding 40 mrem/yr between 15,000 and 25,000 yr).

For other radionuclides, the DCF for 2*U (teen) shows a 20-percent increase beyond the adult DCF,
however, given the magnitude of the 2*U dose results relative to the higher radionuclides, the age-dependent
increase appears insufficient to impact the total dose. Radionuclides such as *Cl and Se show large preadult
DCFs (5-7 times the adult); however, these increases would be unlikely to impact the total dose because of
the order of magnitude or greater differences between these radionuclides and *’Np and ' as shown in
figure 2-2.

‘ In conclusion, the analysis suggests increases in dose for younger ages relative to the adult dose

could occur for limited time intervals during the 10,000 yr and 100,000 yr periods. Assuming an adult dose
at the regulatory limit of 25 mrem/yr, similar calculations would lead to an estimate of up to 40 mrem/yr for
younger age groups for limited time intervals within the 10,000 yr compliance period. During the 100,000 yr
time period, similar increases for preadult receptors are possible at more limited times. Radionuclides such
as %Cl, ™Se, and *Tc should continue to be scrutinized in future performance assessments as potentially
important for preadult ages to ensure the margin of safety is being maintained. Additional confidence in the
validity of these conclusions can be gained by performing age-dependent dose calculations using the TPA
code.
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3 INVESTIGATION OF HUMAN INTRUSION DRILLING
SCENARIOS

3.1 INTRODUCTION

For the proposed YM radioactive waste repository, the National Academy of Sciences (NAS) has
recommended the use of a stylized human intrusion scenario to test the repository’s ability to maintain its
integrity (National Research Council, 1995). The stylized scenario describes an event, based on current
drilling practice, where a driller unknowingly drills through a waste package (WP) and continues to drill to
the saturated zone (SZ). If this occurred, it is suspected that some of the WP contents would fall to the SZ,
some would be carried to the surface with the cuttings, and the remainder would be available for immediate
transport to the SZ upon dissolution. The NAS correctly states that determining the probability of such an
event would not prove useful and that the scenario is simply a test of the repository design’s resilience to
such events. The method of failure is not important, but the proposed repository’s expected performance
following a human intrusion event is.

However, a better understanding of the repository system could prove beneficial in responding to
questions received from the public concerning possible human intrusion. For example, one commenter
questioned whether a WP would fail due to a drilling event 100 yr following closure of the repository. To
gain a better understanding and perspective to respond to comments, an investigation was conducted to
examine what might happen if a drilling event did take place at YM, assuming the use of current technology.

3.2 BACKGROUND

If a borehole was to be drilled after emplacement of the waste at the proposed repository at YM,
there would be five possible objectives (i) scientific investigation , (ii) oil and gas, (iii) water, (iv) geothermal
energy, or (v) mineral exploration. For the first four objectives it is likely that the drillers would use standard
rotary drilling techniques with standard tungsten-carbide roller cone, mill tooth, or button bits. For the fifth
objective, the borehole would likely be drilled with a diamond core bit, at least for part of the hole to recover
core samples for assaying.

In general there are two possible locations from which the borehole could be drilled. The drill pad
could be sited either on the ridge crests or in the bottom of the washes between the ridges. Both locations
have advantages and disadvantages. The ridge crests offer the advantage that it may be easier to access the
site and construct the pad. There are two disadvantages for a ridge crest site (i) drilling water would have to
be trucked in over a longer distance and (ii) the depth to water would be greater. Washes would provide
closer access to water. However, to be located above the WPs the pads would have to be constructed far up
the washes in their narrow portion requiring difficult road and pad construction. Such sites would be less
problematic for core drill rigs that are small and require less space.

Drilling for scientific, oil and gas, geothermal energy, water, or mineral exploration usually requires
two drilling phases: exploration and production.

It may be assumed that for production holes or wells, the potential ore body, the geothermal reservoir
or the oil/gas reservoir, has been well characterized (Hustrulid, 1982; Armstead and Tester, 1987).
Consequently, the existence of a waste repository will likely be detected and adequate measures taken not
to disturb the repository. However, if a decision is made to mine the radioactive waste, it may be assumed
that the operators are qualified and aware of the potential risks involved.
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Based on the previous discussion, drilling of exploration boreholes presents a more likely potential
for human intrusion of WPs. Before any exploratory borehole is drilled, at a minimum the surface geology
will be characterized to determine the potential for further exploration. Although the heat from the emplaced
WPs will raise the surface temperature, it is assumed that the explorers will not detect it. Temperatures are
not typically measured at drilling sites and the presence of radioactive waste at the site is assumed unknown.

If the drilling is for exploration to determine the mineral potential, it may be assumed that the
recovery of cores will be important and that the boreholes will be cored. A diamond drill or similar drill
machine will likely be used for that purpose. Based on the depth of the repository from the surface (300 m),
it will probably be a wire-line type drill in which the core barrel is removable through the inside of the drill
stem with a latching device at the end of a cable. With this method, the core can be retrieved at any point and
drill rods need be removed only for such things as bit changes or casing installation.

A rotary drilling system drill string consists of three components: bit, drill pipe, and collars, which
are added to several of the bottom drill pipes to increase the weight near the bit to make the hole straight and
plum. Three designs of bits are commonly used: roller cone, mill tooth, and button bits. The selection of the
bit depends on the drilling conditions. The drill pipe used commonly comes in two diameters: 4.5 and 5.5 in.
The weights of one foot of drill pipe are 16.6 1bs for the 4.5-in. pipe and 17.0 Ibs for the 5.5-in. pipe. To these
are added collars to increase the weight on the bit to use a pendulum effect to keep the hole vertical. The
collars increase the weight of each drill pipe section by 2 to 3 times. At 300 m, 4 to 6 drill stems would
typically have collars on them. For rotary drilling, the desired downward force on the bit is between
5,000 and 15,000 Ibs and depends on several factors including the type of bit, manufacturers
recommendations, desired drilling rate, and material being drilled. A typical downward force for a rotary bit
is 10,000 1bs (Driscoll, 1986). Drilling fluid is pumped through the drill string to remove the drill cuttings.
Air, water, foams, or specially formulated drilling muds using bentonite or other clay-based materials with
other additives are commonly used drilling fluids.

Geothermal well drilling practice closely resembles that followed in the oil and gas industries, with
some modification to the techniques and hardware used downhole (Armstead and Tester, 1987). Rotary
drilling is commonly used in geothermal well drilling. Using positive displacement mud pumps, drilling fluid
is continuously pumped down the hollow drill string. The drilling fluid cools and lubricates the bearings
within the bit, removes the rock cuttings from the hole to aid drill bit penetration, and stabilizes the hole wall
from collapse. In geothermal zones, cooling and lubrication become difficult and surface cooling is
frequently used to reduce the inlet temperature of the drilling fluid before it reaches the bit face (Armstead
and Tester, 1987).

For exploration and production drilling, several things happen when the drill string approaches the
drift. First, there would be a sudden loss of circulation, which in itself would be a serious problem for the
driller and quickly recognized. Second, the drill string would drop several meters into the drift void
assuming no backfill. This would be either concurrent with or subsequent to the loss of drilling fluid. The
drilling assembly may not free fall onto the WP, because borehole friction or pullback applied by the rig may
provide some restraint. An analysis with a free falling drill bit may provide an upper-bound solution. Third,
when the drip shield or WP was encountered, drilling progress would be considerably slowed by the physical
properties of the drip shield or WP. The drip shield will act as an additional barrier in protecting the WP from
contact during a drilling scenario. However, the drip shield may fail and lose its capability to protect the WP
from future infiltrating water. A significantly reduced drilling rate would likely cause the driller to attempt
to side track around the object. Drilling through metal, such as drilling out of a casing, is not uncommon in
the oil industry and can be accomplished with special bits. However, the WP would be much thicker than
most casings. The driller may not immediately recognize the increased resistance from the WP or may
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interpret it as a layer of strong rock. However, it.is improbable that drilling would continue at such an
impeded rate. The drilling progress would likely be reduced from a minimum of 1-5 in./hr through rock to
fractions of an inch per hour through steel with associated loss of drill bits. The loss of circulation, dropping
of the bit, and slow drilling progress should make any driller reevaluate the situation before continuing to
drill. It is believed that drilling will cease once the drill string enters the drift, due to the reasoning provided.

If contact was not made with a drip shield or WP, the driller would likely attempt to regain
circulation by adding loss-of-circulation materials or by placing a casing in the void. If this was successful,
drilling would continue beyond the drift.

Backfill, if placed above the WP, will act as a barrier by protecting the WP from contact with a
falling drill bit in this drilling scenario. If the drill string falls into the drift, the dynamic force of the drill
string will be absorbed or reduced by the backfill before it reaches the WP. It is believed that drilling will
cease once the drill string enters the drift by the same reasoning provided earlier. A backfilled or collapsed
. drift, with a loss of drilling fluid, may be interpreted as a fractured zone or a zone with some voids. If the bit
does not hit the WP directly during the fall, the driller may continue drilling until the WP is reached.

One inherent assumption is that the exploratory drilling will be completed without any prior
knowledge of the in-situ rock. However, current oil and gas well drilling routinely employs some type of
measurement of rock properties. In many cases, the measurements are taken while a hole is being drilled
(Martin et al., 1994). Moreover, many exploratory holes may be logged afterward for rock property
measurements. Use of gamma or neutron logging devices would likely detect some anomaly due to the
presence of a large amount of radioactive waste. Advancements in drilling technology are moving toward
the ability to conduct some measurements in-situ, ahead of the drill bit, making it less likely that the
emplacement horizon would go undetected prior to being penetrated.

3.3 SCENARIO DESCRIPTION

It is believed that the most likely failure mode may be that of a drill string entering the drift and then
falling several meters before striking a WP. Other drilling scenarios are possible, but will likely be avoided
due to loss of circulation and slowed drilling progress. Several assumptions and scenario specifications will
need to be made. In general, it is assumed that the drift is located 300 m below the surface and that a driller
is using a standard 6 in. tungsten-carbide tri-cone bit on a rotary drilling rig with 4.5- in. drill pipe. In
addition, it is assumed that four drill collars are used. This will require the use of about fifty 20-ft sections
of drill pipe. The weight of 300 m (~1,000 ft) of drill pipe with 80 ft of drill collars is about 18,600 Ibs. For
this scenario, it will be assumed that pull-back force is used to keep the downward force on the bit at
10,000 1bs, and there is no backfill in the drift. Once the bit enters the drift, the entire drill string will fall 2m
without friction before striking the top of a WP or drip shield. Calculations were made to determine if the
contact pressure generated by the drill string on the WP would be sufficient to begin failure of the WP.

34 METHODS

Calculations were made to evaluate the potential for a falling drill string to rupture a WP. The
approach used is similar to that used by the SEISMO module in NRC’s TPA Version 3.2 code, but with
different assumptions and material parameter values (Mohanty and McCartin, 1998). The SEISMO module
was developed to determine the static stress resulting from a rock impact on a WP during a rock fall event.
In the SEISMO module and here, the WP is modeled as a simply supported beam with elastic supports.
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The first step is to calculate the maximum dynamic force experienced by the WP from a falling drill
string. For this calculation, it is assumed that the full weight of the drill string falls freely for 2 m before

striking the WP. The maximum dynamic force (P,,,) can be calculated using Popov (1970):

P, G-

where

w - weight of the drill string (N)

h - height of fall for drill string (m)

kwp - spring constant for WP (N/m)
The spring constant (k) for the WP is calculated using Popov (1970):

L 48EI
= 3-2)
wp = "3 (

where

E - Young’s modulus of the WP (Pa)

I - m(R,,.)’t, where t is the thickness of WP and R,,, is the average of the outer and -

inner wall radii of the WP (m*)
Ly - length of the WP (m)

- The maximum dynamic force (P,,,) is then used to calculate the contact stress on the WP. Todo this,
the drill string and WP are modeled as two spheres in contact. Assuming the pressure is distributed only over
the area of contact between the two spheres, the maximum pressure (g,) exerted on the WP by the falling drill

string can be represented as (Timoshenko and Goodier, 1987):

3de“
’ qO = 2 P n a2
where
o - maximum pressure (Pa)
Py, - maximum dynamic force (N)
a - radius of surface contact {(m)

(3-3)

The radius of contact (a) between the falling drill string and WP can be represented as (Timoshenko and

Goodier, 1987):
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as= ( 375_ den(CWP + CDS)RWPRDS)% (34)

4 Ryp + Rpg
where |
Ryp - average of inner and outer WP radii (m)
Rps - radius of curvature of bit (assumed to equal borehole radius) (m)
Cwp - constant for WP (m*/N)
Cos -~ constant for drill string (m*/N)
1 _ 42
Cip = — LW (3-5)
TEyp
1 _ 442
CDs - __‘u.LS (3-6)
7 E
where
Pop - Poisson’s ratio of WP
Eyp - modulus of elasticity of WP (Pa)
Pos - Poisson’s ratio of drill bit
Eyx - modulus of elasticity of drill bit (Pa)
By substituting Eq. 3-4 into Eq. 3-3 and simplifying, the following expression for maximum pressure
results:

3 16F, , (Ry; + Ry)’ %

T 27\ 972 (Cyp + Cps)* R2p R

(3-7)

At this time, it is uncertain whether these calculations are conservative or nonconservative. Several
assumptions are made in both directions and it is difficult to tell which are dominant.

Some conservative assumptions include

No energy loss during impact between drill bit and WP

Use of 2 percent total strain failure criterion

WP ruptured when the condition at point of impact exceeds failure threshold

Drill string enters frictionless freefall after penetrating the drift

Protective effect of backfill not considered, protective effect of drip shield not considered



Some nonconservative assumptions include

WP degradation due to corrosion not considered

Increasing drop height due to previous rock fall events not considered
Material properties at room temperature were used (70° F)

Material defects due to prior rock fall events not considered

Material defects due to extended heat stress not considered

Material defects due to extended radiation stress not considered

3.5 RESULTS AND SUMMARY

As discussed previously, several indicators would alert any driller of a potential problem and would
likely result in cessation or alteration of drilling activities. These indicators include a loss of drilling fluids,
a sudden drop of the drill string, and significantly retarded drilling progress. Although physically possible,
it is highly improbable that a drilling event would result in a breached WP by drilling directly through the
WP. A more probable failure scenario would be WP failure resulting from direct impact by a falling drill
string.

Using the values presented in tables 3-1 to 3-4, impact loads were calculated for the TSPA WP
design, the EDA-II WP design, and the titanium drip shield. These impact loads are compared to threshold
failure criteria in table 3-5. The failure threshold of 2 percent total strain used in the SEISMO module was
retained for these analyses. In each case, the impact appears sufficient to fail the WPs or drip shield.

Due to the numerous uncertainties that remain, further study and refinement of the model is required
before confidence could be placed in the results. However, analyses indicate that human intrusion scenarios
do exist that could result in a breach of a WP immediately following loss of institutional control, without
prior severe degradation of the WPs. Furthermore, because the calculated pressures are more than an order
of magnitude greater than the failure criteria, improved calculations are unlikely to show that the WP will
not fail. .
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Table 3-1. Physical properties of metals used in calculations

| Material

Modulus of Elasticity at Room

Poisson’s Ratio "

Temperature (GPa)

ITitanium, grade 7 (UNS: R52400) 107 0.361*

[ Atloy C-22 (UNS: 06022) 206! 0.31% (Ni alloy)
ASTM A240 (UNS: S31603) 193° 0.27
ASTM A516 (UNS: K01800) 208* 0.2851
Tungsten carbide 683¢ 0.18"

+ (American Society for Metals, 1985)
$ (Haynes, 1999)

§ (Shirley, 1980)

§ (Woolman and Mottran, 1969)

# (Woolman and Mottran, 1964)
¥ (Pierson, 1996) )

* (American Society of Mechanical Engineers, 1999)

Table 3-2. Parameter values used for total system performance assessment-viability assessment waste

package maximum pressure calculation

[_I—— Parameter L Symbol Value J
II Drop height (m) - h 2 |
[ Weight of il string N) W 4.46 x 10*

n Average of inner and outer radii (m) R, 0.841

|| Outer radius of waste package (m) Rup 0.901
Radius of curvature of drill bit (m) Rpg 0.0762
Modulus of elasticity for waste package (Pa)* Eyp 2.08 x 10"

Modulus of elasticity for drill bit (Pa) Eps 6.83 x 10"

I Poisson’s ratio for waste package* Bwe 0.29 II
Poisson’s ratio for drill bit Pos 0.18 II
Length of waste package (m) Lyp 5.682 |I
Thickness of waste package (m) t 0.12 l

*Weighted average based on TSPA-VA waste package design of 2 cm C-22 thickness and 10 cm AS516 thickness.




Table 3-3. Parameter values used for enhanced design alternative-1I waste package maximum pressure

calculation
|| Parameter Symbol Value
"Drop height (m) h 2
Weight of drill string (N) w 446 x 10*
Average of inner and outer radii (m) R, 0.816 'I
Outer radius of waste package (m) Ryp 0.901
Radius of curvature of drill bit (m) "Rys 0.0762
Modulus of elasticity for waste package (Pa)* Ewp 1.97 x 10"
Modulus of elasticity for drill bit (Pa) Eps 6.83 x 10"
Poisson’s ratio for waste package* Pwp 0.28 h
Poisson’s ratio for drill bit Ups 0.18 II
“Length of waste package (m) Ly, 5.682 "
||Thickness of waste package (m) t 0.07 ||

|| *Weighted average based on EDA-II waste package design of 2 cm C-22 thickness and 5 cm A240 thickness.

Table 3-4. Parameter values used for titanium grade 7 drip shield maximum pressure calculation

Parameter Symbol Value I
Drop height (m) h 2
Weight of drill string (N) w 4.46 x 10*
Average of inner and outer radii (m) R, 0911
Outer radius of drip shield (m) Ry, 0.921
Radius of curvature of drill bit (m) Rps 0.0762
Modulus of elasticity for drip shield (Pa) Eyp 1.07 x 10"
Modulus of elasticity for drill bit (Pa) Eps 6.83 x 10"
Poisson’s ratio for drip shield Pwp 0.361
Poisson’s ratio for drill bit Hps 0.18 |
Length of drip shield (m) Lup 5.682 “
Thickness of drip shield (m) ¢ 0.02 B




Table 3-5. Calculated maximum pressure with associated failure threshold values

lr Scenario

Maximum Pressure

2 % Strain Failure Threshold

J

(MPa) (MPa)
Totay system performance 37,758 450° I
assessment-viability assessment
waste package
Enhanced design alternative-II 32,801 <560"
waste package
Titanium grade 7 drip shield 18,781 <398*

* (Mohanty and McCartin, 1998)

+ Ultimate tensile strength for UNS: $31603 (Shirley, 1980)
1 Ultimate tensile strength for Titanium grade 7 (Williams, 1965)
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APPENDIX

INPUT PARAMETERS FOR AGE-DEPENDENT DOSE
CALCULATIONS



Table A-1. Age-dependent consumption rates

——
— —"

Source:
l Food Group Age Group Consumption Rate (in US. EPA, 1997) Comments -
Water (L/yr) Infant 88 Table 3-30 50™ percentile values
Toddler 241
Preteen 241
Teen 318
Adult 475
Milk (L/yr) Infant 226 Table 11-13 for all except infant | Based on 1987-88 USDA Survey, |
Toddler 127 (table 11-12), 100 percent of value used to | male values used
Preteen 160 account for local production assumption
Teen 143
Adult 74
Eggs (kg/yr) Infant 0 Table 11-13 for all except infant = no | Based on 1987-88 USDA Survey,
Toddler 4 solid food, 30 percent of value used to | male values used ' “
— Preteen 6 account for local production assumption :
Teen 7 .
Adult 6 _
Beef/Pork(kg/yr) Infant 0 Table 11-11 for all except infant = no | Based on 1987-88 USDA Survey,
Toddler 7 solid food, 50 percent of value used to | male values used
Preteen 13 account for local production assumption
Teen 20
: Adult 23
Fruit (kg/yr) Infant 0 Table 9-15 for all except infant = no solid | Based on 1987-88 USDA Survey,
Toddler 97 food, 50 percent of value used to account | male values used
Preteen 104 for local production assumption
Teen 117
Adult 104
Vegetables Infant 0 Table 9-17 for all except infant = no solid | Based on 1987-88 USDA Survey,
(kg/yr) Toddler 40 food, 50 percent of value used to account | male values used
Preteen 54 for local production assumption
Teen 74
Adult 100




Table A-1. Age-dependent consumption rates (cont’d)

Source: “
|- Food Group Age Group Consumption Rate (in US. EPA, 1997) Comments
Grain (kg/yr) Infant 0 Table 12-14 for all except infant = no | Based on 1987-88 USDA Survey,
Toddler 61 solid food, 50 percent of value used to | male values used '
Preteen 98 account for local production assumption -
Teen 111 ‘
Adult 99
Inhalation (cm®/s) Infant 52 Table 5-23 Some reported values averaged to
Toddler 88 collapse age groupings
Preteen 139
Teen 185
Adult 176




Table A-2. Age-independent input parameter information from LaPlante and Poor (1997)

T Parameter Value l
Population/Soil/Scenario Data
Population scale factor 1.0
Soil/plant transfer scale factor N/A
Animal uptake scale factor N/A
Human dose factor scale factor N/A
Surface soil plow depth (cm) 15
Surface areal soil density (kg/m?) 225
Deep areal soil density (kg/m’) 1,500
Roots in upper soil (fraction) 1.0
Roots in deep soil (fraction) 0.0
External/Inhalation Exposure I
Chronic plume exposure (hr) 3,384
Inhalation exposure (hr/yr) 4,200
Mass load (g/m?) 1 x 107* (soil)
Soil exposure duration (hr) 1,800
Home irrigation rate (in./yr) 58
9 I

| Home irrigation duration (mo/yr)

I
n Ingestion Exposure

|l Crop resuspension factor (m™")

4.4 x 107 (soil)

|| Crop deposition velocity (m/s) 0.001
|| Crop interception fraction (-) 0.40
M Soil ingestion rate (mg/day) 50
II Drinking water holdup duration (days) 0
“ Terrestrial Food Ingestion

80

ll Leafy vegetable-grow duration (days)
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Table A-2. Age-independent input parameter information from LaPlante and Poor (1997) (cont’d)

| Parameter Value
I Fruit-grow duration (days) 80
Iﬁ Grain-grow duration (days) 75 ll
I Leafy vegetable-irrigation rate (in./yr) 60 Il
I Fruit-irrigation rate (in./yr) 60
Grain-irrigation rate (in./yr) 60
Leafy vegetable-irrigation duration (mo/yr) 3.0
Fruit-irrigation duration (mo/yr) 2.5 II
Grain-irrigation duration (molyr) 5 |1
Leafy vegetable-yield (kg/m?) 2
Fruit-yield (kg/m?) 3
Grain-yield (kg/m?) 0.54
Leafy vegetable-holdup (days) 1
Fruit-holdup (days) 14
Grain-holdup (days) 14
| Animal Product Consumption
Beef-holdup (days) 20
Poultry-holdup (days) 0
Milk-holdup (days) 1
Eggs-holdup (days) 1
Beef-contaminated water (fraction) 1 “
Poultry-contaminated water (fraction) 0 JI
Milk-contaminated water (fraction) 1 II
Eggs-contaminated water (fraction) 1 "
Fresh Forage Data ||
Beef forage-dietary fraction 0.56 “
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Table A-2. Age-independent input parameter information from LaPlante and Poor (1997) (cont’d)

Parameter Value
Milk cow forage-dietary fraction 0.56
Beef forage-grow duration (days) 46
Milk forage-grow duration (days) 46
Beef forage-irrigation rate (in./yr) 60
Milk forage-irrigation rate (in./yr) 60
Beef forage-irrigation duration (mo/yr) 5.5
Milk forage-irrigation duration (mo/yr) 55
Beef forage-yield (kg/m®) 1.23
[ Milk forage-yield (kg/m®) 1.23
" Beef forage-storage duration (days) 20
I‘ Milk forage-storage duration (days) 1
Stored Feed Data
Hen-drinking water dietary fraction |
| Hen-fraction of contaminated feed 1 i
Hen-drinking water source contaminated groundwater v
Hen feed-storage duration (days) 14
Hen feed-grow duration (days) 75
Hen feed-irrigation rate (in./yr) 60
Hen feed-irrigation duration (mo/yr) 5 “
Hen feed-yield (kg/m?) 0.54 "
Miscellaneous Default Parameters II
Absolute humidity (kg/m?) 0.008 |
Leaf surface resuspension factor (m™) 1x10° II




Table A-2. Age-independent input parameter information from LaPlante and Poor (1997) (cont’d)

| Parameter Value Im
Biomass (wet kg/m?)
leafy vegetable 2
fruit 2
grain 0.8
beef feed—stored 0.8
poultry feed—stored 0.8
milk feed—stored 1
laying hen feed—stored 0.8
beef forage—fresh 1
milk forage—fresh 1.5
Weathering half time (day) 14
Translocation fractions
leafy vegetable 1.0
fruit 0.1
grain 0.1
Translocation—animal
beef feed—stored 0.1
poultry feed—stored 0.1
milk feed—stored 0.1
laying hen feed—stored 0.1
beef forage—fresh 1.0
milk forage—fresh 1.0
Animal water consumption rates (kg/day)
beef cow 60
poultry 0.3
milk cow 100
laying hen (eggs) 0.3
Animal consumption rates (wet kg/day)
beef feed—stored 33
I poultry feed—stored 0.08
milk feed—stored 73
laying hen feed—stored A1
beef forage—fresh 33
milk forage—fresh 73
Chronic breathing rate (cm*/sec) 270 |
Acute breathing rate (cm*/sec) 330 I
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Table A-2. Age-independent input parameter information from LaPlante and Poor (1997) (cont’d)

l_[: Parameter ‘ Value u
[ Dry/Wet Ratio '
leafy vegetable 0.20
fruit 0.18
grain ' 0.91
beef—stored feed 0.22
poultry—stored feed 0.22
milk cow-—stored feed 0.22
hen (eggs)—stored feed 091
beef cattle—fresh forage 0.22
milk cow—fresh forage 0.22
| Organ Weighting Factors see 10 CFR 20.1003
Leaching Factor Parameters
Total annual precipitation (cm/yr) 15
Total annual irrigation rate (cm/yr) 152
Total annual evapotranspiration (cm/yr) 80
Soil volumetric water content (mL/cm®) 0.35
Soil partition coefficients (K,) (L/kg) Various*
u,_l(L_\_/alues for sandy soils from Sheppard (1990)
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