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1.0

SCOPE

1.1

Purpose
This document establishes the technical basis for recommendations to control airborne
radioactivity during the open air demolition of Pickard Hall undertaken as part of the Pickard
Hall decommissioning project.

2.0

REFERENCES
Pacific Northwest National Laboratory PNNL-15870 “Compendium of Material
Composition Data for Radiation Transport Modeling”
Ebadian, M.A.; Boudreaux, J.F.; Dua, S.K.; Williams, P.T.; “Technology Assessment of
Dust Suppression Techniques Applied During Structural Demolition” US DOE Office of
Fossil Energy, DE-FG21-95EW55094, 1995-1996
Midwest Regional Climate Center https://mrcc.purdue.edu/
R: A Language and Environment for Statistical Computing, R Core Team, R Foundation for
Statistical Computing, Vienna, Austria, 2021, https://www.R-project.org
National Council on Radiation Protection Report 123: “Screening Models for Releases of
Radionuclides to Atmosphere, Surface Water, and Ground” January 22, 1996
Trabue, Hansen & Hinshaw, Inc: “Structural Assessment & Related Decommissioning
Activities” August 13, 2014
US EPA EPA/630/R-97/001 “Guiding Principles for Monte Carlo Analysis” March 1997
US EPA OSWER 9285.6-10 “Calculating Upper Confidence Limits for Exposure Point
Concentrations at Hazardous Waste Sites” December 2002
US FEMA 329 “Debris Estimating Field Guide”
US Nuclear Regulatory Commission NUREG-1475 Revision 1 “Applying Statistics”
US Nuclear Regulatory Commission Regulatory Guide 3.59 “Methods for Estimating
Radioactive and Toxic Airborne Source Terms for Uranium Milling Operations”
US Nuclear Regulatory Commission Regulatory Guide 4.20 “Constraint on Releases of
Airborne Radioactive Materials to the Environment for Licensees Other Than Power
Reactors”

RSD-TB-002

Page 3 of 23

Open Air Demolition Technical Basis
US Nuclear Regulatory Commission NUREG 1640 “Radiological Assessments for
Clearance of Materials from Nuclear Facilities”
US Nuclear Regulatory Commission 10 CFR 20

3.0

DETERMINISTIC CALCULATIONS

3.1

Particle Emission Source Term Calculation
Demolition of a masonry structure like Pickard Hall will necessarily involve some form of
mechanical crushing of masonary materials. The means and methods of crushing, however,
do not affect the following calculations in a meaningful way.
The US Nuclear Regulatory Commission (NRC) published a method for calculating the
source term for crushing material based on uranium ore milling in Regulatory Guide 3.59.
The equation is as follows:
𝑆 = 𝑀 ∗ 𝐶 ∗ 𝐸 ∗ 𝑁 ∗ (1 − 𝑅)
Where:
S
M
C
E

= Source term (activity/time)
= Process rate mass per unit of time
= Contaminant concentration (activity/mass)
= Emission factor for the process
= unitless activity enrichment ratio (2.5
N
default value)
R = unitless emission control factor

Parameter

M

C
E
N
R
RSD-TB-002

Description
Calculated value based on expected process
limitation of shipping debris. Value is
expected to be between 41 and 63 metric
tons per day (472 to 709 grams/second).
Calculated value based on 1 dpm/100cm2
For concrete: 3.57E-4 pCi/gram to 5.93E-5
pCi/gram
Default Values used:
0.002, 0.04, 0.16 lbs/ton
Default Value of 2.5
Default Value for water spray at 50%

Data Source(s)
“Structural Condition
Assessment & Related
Decommissioning
Activities”
FEMA 329 “Debris
Estimating Field Guide”
PNNL-15870, University of
Missouri architectural
drawings, Ground
Penetrating Radar data
Regulatory Guide 3.59
Regulatory Guide 3.59
Regulatory Guide 3.59
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In Regulatory Guide 3.59, the parameter N refers to the U238 content of fine particles being
higher than expected based on the U238 content in the bulk ore. The value for N is set to
2.5 per Regulatory Guide 3.59, meaning there is 2.5 times more U238 content in the fine
particles. This value has been retained as is for conservatism. The values for E and R are
found in Tables in Regulatory Guide 3.59. For the basis of this model, C is in units of
activity per mass (for example pCi/gram). However, the goal of this technical basis is to
evaluate acceptable surface contamination levels in units of dpm/100 cm 2.
To calculate the Contaminant Concentration, C, in units of pCi/gram based on a surface
contamination level of 1 dpm/100 cm2 the following equation:
𝐶=

1 𝑑𝑝𝑚
𝑔
𝑑𝑝𝑚
100 𝑐𝑚 ∗ 2.22
𝑝𝐶𝑖 ∗ 𝑑 𝑐𝑚 ∗ 𝜌 𝑐𝑐

Where:
C = Contaminant Concentration (pCi/gram)
d = depth or thickness of the floor or wall (cm)
ρ = density of floor or wall material (g/cm3)
Brick has a density of 1.80 grams/cm3 (1800 kg/m3) while concrete has a density of 2.30
grams/cm3 (2300 kg/m3) (PNNL-15870). The concrete slab in the basement ranges from
approximately 7.62 cm thick to 33.02 cm at the ramp. For a 1 cm 2 surface area with a 2.30
grams/cm3 density, this gives a mass to surface ratio of 17.5 to 75.9 g/cm 2 This assumes
only one side of the concrete is contaminated. These values are far less than the values
calculated in NUREG-1640 for a reactor decommissioning. For a surface contamination
level of 1 dpm/100 cm2, this results in a total activity per mass concentration, C, of 2.57E-4
pCi/gram to 5.93E-5 pCi/gram.
The Structural Condition Assessment & Related Decommissioning Activities report dated
August 13, 2014, estimated a total of 104 cubic yards (79.5 cubic meters) of concrete
basement floor at a mass of 210.6 tons (191.1 metric tons). It is assumed that 100% is
contaminated.
The rate of operations is currently estimated to fill between 10 and 15 IP-1 bags of nine
cubic yard capacity per day, or 90 to 135 cubic yards per day. Using the FEMA correction
factor for estimating demolition debris, 1 ton = 2 cubic yards, the estimated mass of debris
processed per day is 45 to 67.5 tons (40.8 to 61.3 metric tons).
This is a processing rate, M, of 472 to 709 grams/second.

RSD-TB-002

Page 5 of 23

Open Air Demolition Technical Basis
The emission factor for crushing in Appendix B of Regulatory Guide 3.59 ranges from
0.002 to 0.16 lb/ton depending on moisture content. The emission control factor from
Appendix C for water spray is 50%.
Using these values, a set of 12 possible source terms was calculated ranging from 3.51E-8
pCi/second to 1.83E-5 pCi/second.
3.2

Screening Model
With a source term developed, the airborne emission can be calculated with the following
equation from Regulatory Guide 4.20:
𝐶=
Where:

𝑓∗𝑆
𝑉

C = airborne concentration at the receptor
= fraction of the time the wind blows toward
f
the receptor
S = source term (pCi/second)
= volumetric flow rate at the point of release
V
(m3/second)
Regulatory Guide 4.20 suggests default values for f = 0.25 and V = 0.3 m 3/second. Using
these default values, the maximum airborne concentration at the receptor is 1.52E-17 µCi/ml
per dpm/100 cm2 of surface contamination. A uniform, worst case contamination level of
263 dpm/100 cm2 would result in 4E-15 µCi/ml, the air effluent limit for Th232 in 10 CFR
20 Appendix B Table 2. A uniform, best case contamination level of 136,853 dpm/100 cm2
would result in 4E-15 µCi/ml. Given the extreme values, Chase has determined a stochastic
approach is more appropriate.
4.0

MONTE CARLO MODELING

4.1

Multiplicative Linear Congruential Generator
A Multiplicative Linear Congruential Generator (MLCG) was selected to generate a
pseudorandom distribution of numbers that are reproducible. The MLCG is defined as
follows:
𝑛

= (𝑎 ∗ 𝑛 ) 𝑚𝑜𝑑 𝑚

Where:
ni+1
ni
RSD-TB-002

= the ni+1th element in the sequence of
pseudorandom numbers
= the nith element in the sequence of
pseudorandom numbers
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a
m

= the multiplier, selected to be 40692
= the modulus, selected to be 2147483399

The pseudorandom variables were transformed into a uniform distribution between 0 and 1
with the following transformation:
𝑟 = 𝑛 /𝑚
Where:
= the ith pseudorandom number uniformly
distributed between 0 and 1
= the ith pseudorandom number generated by
ni
the MLCG as previously defined
m = the modulus as previously defined
ri

The seed, n0, was selected using Microsoft Excel with the function:
RANDBETWEEN(0, 2^31-250)
To ensure the MLCG was implemented properly, 2500 pseudorandom numbers were
generated using a seed of 1586091916. A Histogram and CDF Plot of the data set is
presented below:
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The MLCG data was also subjected to two separate goodness-of-fit tests to ensure that the
MLCG data was not distinguishable from a uniform distribution from 0 to 1, e.g., a null
hypothesis that the MLCG data was drawn from a uniform distribution from 0 to 1. The
first goodness-of-fit test was the Pearson χ2 goodness-of-fit test on the histogrammed data
using the following equation:
(𝑛 − 𝑣 )
𝑣

𝜒 =
Where:

χ2
N
ni
vi

= Test statistic
= Number of bins
= Number of MLCG values found in bin i
= Expected number of values for bin i

For 20 bins of 0.05 bin width between 0 and 1, the expectation is that 125 points out of 2500
would be in each bin. The test statistic χ2 = 16.704 with 19 degrees of freedom and a pvalue of 0.6099. The p-value exceeds 0.05, therefore the null hypothesis cannot be rejected.
The second goodness-of-fit test is the Kolmogorov-Smirnov test, which can be applied to
continuous data. Again, the null hypothesis is that the MLCG data was drawn from a
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uniform distribution from 0 to 1. The test statistic, D = 0.017417 with a p-value of 0.4342.
The p-value exceeds 0.05, therefore the null hypothesis cannot be rejected.
As a result, the MLCG is accepted as an appropriate pseudorandom number generator for
Monte Carlo modeling.
4.2

Source Term Distributions
Returning to the equation found in Regulatory Guide 3.59 for the source term, reproduced
below, there are a number of values that contain adequate uncertainty or variability or both
to warrant fitting distributions rather than discrete parameters. The equation is as follows:
𝑆 = 𝑀 ∗ 𝐶 ∗ 𝐸 ∗ 𝑁 ∗ (1 − 𝑅)
Where:
S = Source term (activity / time)
M = Process rate mass per unit of time
= Contaminant concentration (activity /
C
mass)
E = Emission factor for the process
= unitless activity enrichment ratio (2.5
N
default value)
R = unitless emission control factor

4.2.1 Mass Process Rate: M
First, the process rate of mass per unit of time, or M, is based on expert judgment. It is a
range from 472 to 709 grams/second. For the purposes of this Monte Carlo model, it is
assumed that the process rate will not be uniformly distributed, rather, it will be more
closely approximated with a Gaussian distribution, allowing for some highly productive
days and some very slow days. The mean value is set to the midpoint of the range from 472
to 709. It is assumed that approximately 95% of all daily process rate values will fall within
the range of 472 to 709, in other words, 472 is two standard deviations below the mean and
709 is two standard deviations above the mean.
Therefore:
𝑀 =Estimated mean of mass process rate
= 590.9
s = Estimated standard deviation
=59.3
Using the MLCG, 2500 samples were drawn from the Gaussian distribution with these
parameters. The Histogram and CDF plots are shown below:
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4.2.2 Contaminant Concentration: C
The Contaminant Concentration, C, in units of pCi/gram based on a surface contamination
level of 1 dpm/100 cm2 the following equation:
𝐶=

1 𝑑𝑝𝑚
𝑔
𝑑𝑝𝑚
100 𝑐𝑚 ∗ 2.22
𝑝𝐶𝑖 ∗ 𝑑 𝑐𝑚 ∗ 𝜌 𝑐𝑐

Where:
C = Contaminant Concentration (pCi/gram)
d = depth or thickness of the floor or wall (cm)
ρ = density of floor or wall material (g/cm3)
The depth or thickness of the floor or wall is the term in this equation that will cause C to
vary.
For the concrete slab, ground penetrating radar data was collected but often had large error
terms on the order of ± 2.54 cm. The slab minimum thickness is approximately 7.62 cm and
the maximum thickness, excluding the ramps, is 15.24 cm. Using the MLCG, 2500 samples
from a uniform distribution between those values is used in this model. The histogram and
CDF plots are shown below:
RSD-TB-002
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For the brick walls of the building, drawings identify most as either approximately 56 cm or
69 cm. The thickness of the bricks were modeled using an arcsin distribution. The
histogram and CDF are shown below:
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4.2.3 Emission Control Factor: R
Regulatory Guide 3.59 Appendix C lists water spray as providing a 50% reduction in emissions.
A DOE study (Ebadian, 1996) for dust suppression during structural demolition found that
water spray had a mean effectiveness of 0.449 and a standard deviation of 0.199. These values
are in good agreement with the NRC, but allow for a probabilistic assessment of effectiveness.
As a result, this model utilizes the DOE values for the mean and standard deviation of a normal
distribution, and 2500 samples have been drawn from that distribution. The histogram and CDF
are presented below:
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4.2.4 Emission Factor, E
The emission factor, E, is not modeled as a stochastic parameter. Regulatory Guide 3.59
provides three values for E that depend on the moisture content of the ore being crushed. It
is assumed that using water spray as a dust control method will serve to ensure that the
building materials will have a high moisture content. The midpoint value from Regulatory
Guide 3.59 was chosen for this model, 0.04 lbs dust/ton of material demolished (2E-5 grams
dust per gram demolished).
4.3

Airborne Concentration Screening Model
The NRC specifies in Regulatory Guide 4.20 Revision 1 that models from NCRP Report
123 are appropriate for screening. NCRP Report 123 includes a model for the source and
receptor found on different buildings and the distance between them is less than 100 meters.
The equation from NCRP Report 123 is shown below:
𝐶=
Where:
C
f
S
u
h
K

𝑓∗𝑆
𝜋∗𝑢∗ℎ∗𝐾
= airborne concentration at receptor
(pCi/ml)
= fraction of time the wind blows
toward the receptor
= source term (pCi/second)
= average wind speed (cm/second)
= the lesser of the height or width of the
building (cm)
= constant set to 100 cm

4.3.1 Fraction of Time the Wind Blows Toward the Recepter, f
The nearest receptor to Pickard Hall is the Reynolds Journalism Institute (Reynolds) to the
north of Pickard. Appendix A depicts the arc of possible directions for wind blowing from
Pickard Hall toward Reynolds. This arc covers 310 degrees to 70 degrees. The nearest
weather stations to Pickard Hall are Bradford Research and Extension Center (Bradford
Farm), Jefferson Farm and Gardens (Jefferson Farm), and South Farms. Appendix B
contains a map of these locations in relation to Pickard Hall. Appendix C contains the wind
rose data from these weather stations for the maximum duration available from the weather
station, filtered to include only the months demolition is planned (April through September).
It is important to note that weather stations record wind direction as the direction the wind is
blowing FROM. To determine the direction the wind is blowing TOWARD, 180 degrees
must be added to the FROM vector. The Values of f for each of the three weather stations
are shown in the table below:
RSD-TB-002
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Weather Station
Bradford Farm
Jefferson Farm
South Farms

f
0.44
0.46
0.44

With such low variability between the three weather stations, the most conservative value
for f is chosen, 0.46.
4.3.2 Average Wind Speed, u
The average wind speeds for each of the three weather stations, in the direction towards the
nearest receptor (Reynolds), for the months demolition is expected, are shown in the table
below:
Weather Station

Mean Wind Speed (m/s)

Bradford Farm
Jefferson Farm
South Farms

3.06
2.81
3.24

Sample Standard
Deviation
0.22
0.29
0.25

In this model, lower values of wind speed result in a higher airborne contaminant
concentration. For conservatism, 2.81 m/s is selected as the average value. However,
higher wind speeds have the potential to carry larger particles as well as transport
contamination longer distances. South Farms has the highest mean wind speed. For South
Farms, the data show that 92.5% of the time, the wind speed is less than or equal to 5 m/s.
As a result, an upper bound on wind speed will be set to 5 m/s.
4.3.3 Building Height or Width, H
The building height is approximately 52’ (15.85 m) for the majority of the building, not
including the tower. The building width is approximately 30 meters orthogonal to the
resultant wind vectors shown in the MU windrose charts. The value of h is selected to be
the lesser of these two parameters, so 15.85 m is used.

4.4

RESULTS

4.4.1 Concrete Model

RSD-TB-002
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For the concrete model, calculated using a uniform level of 1 dpm/100 cm 2 of contamination
on the concrete basement slab, the results of the monte carlo analysis in units of µCi/ml are
shown in the histogram below:

The distribution appears skewed. The Chebyshev Inequality method for calculating a
nonparametric one-sided 95% UCL, hereafter referred to as “Chebyshev UCL” (EPA, 2002)
is used as a result. The first step in calculating the Chebyshev UCL is to calculate the
arithmetic mean:
1
𝑋=
𝑋
𝑛
Where:
𝑋 = arithmetic mean of the data
RSD-TB-002
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n = number of samples
Xi = the ith sample result
The next step is to compute the sample standard deviation:
1
𝑛−1

𝑠=

(𝑋 − 𝑋)

Where:
s
𝑋
n
Xi

= sample standard deviation
= arithmetic mean of the data
= number of samples
= the ith sample result

Finally, the Chebyshev UCL is calculated:
𝑈𝐶𝐿

= 𝑋 + 4.3589 ∗

.

Where:
UCL0.95
s
𝑋
n
Parameter
Mean
Standard Deviation
95% UCL

𝑠
√𝑛

= Chebyshev Inequality method for the
non-parametric 95% one sided Upper
Confidence Limit
= sample standard deviation
= arithmetic mean of the data
= number of samples
Value (µCi/ml)
9.61E-21
4.19E-21
9.97E-21

To ensure compliance with the 10 CFR 20, Appendix B, Table 3 values, including the 10%
ALARA goal, the most restrictive value in Table 3 for the Pickard Hall nuclides of concern,
Th232 W Class, is used.
The ALARA contamination goal for concrete in Pickard is calculated as follows:

𝐺𝑜𝑎𝑙 = 10% ∗

1

𝑑𝑝𝑚

100 𝑐𝑚 ∗ 4𝐸 − 15 𝜇𝐶𝑖
𝜇𝐶𝑖
𝑚𝑙
9.97𝐸 − 21
𝑚𝑙

The ALARA Goal is an average surface contamination level of 40,116 dpm/100 cm 2 for
concrete.
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4.4.2 Brick Model
For the brick model, calculated using a uniform level of 1 dpm/100 cm 2 of contamination on
the brick walls of Pickard, the results of the monte carlo analysis in units of µCi/ml are
shown in the histogram below:

This distribution does not appear skewed, but for consistency the Chebyshev UCL is used
with the results shown in the table below:
Parameter
Mean
Standard Deviation
95% UCL

RSD-TB-002

Value (µCi/ml)
2.15E-21
8.26E-22
2.23E-21
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The ALARA Goal for brick in Pickard is calculated as discussed for the concrete result.
The ALARA Goal is an average surface contamination level of 179,680 dpm/100 cm 2 for
brick.
5.0

CONTROLS
Type of Control
Average Surface Contamination Level

Water Spray

Wind Speed

Process Rate

Continuous Air Monitoring

Recommendation
Brick: <179,680 dpm / 100 cm2
Concrete: <40,116 dpm / 100 cm2
Water should preferentially be sprayed
from the north and from the south due to
dominant winds to cover both upwind and
downwind sides of the demolition. Other
configurations of water spray equipment are
acceptable as long as coverage of the
upwind and downwind sides of the
demolition are maintained.
If wind speed exceeds 5 m/s, demolition
should be paused while water spray
continues.
Demolition exceeding 63 MT/day requires
air model reevaluation prior to execution.
Such reevaluation should also take into
account the latest site data as a check on
validity of assumptions.
CAMs should be preferentially located at
the boundaries of the controlled area on the
north and northwest sides.
CAMs may also be placed on the southeast
side.
Retrospective air samplers shall collect a
minimum of an 8 hour sample, but should
collect a one week (7 day) sample.

Retrospective Air Sampling

Retrospective air samplers for air effluent
monitoring shall have a minimum flow of 5
cfm (142 lpm).
At least two samplers should be placed on
or near Reynolds.
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A sampler should be placed on or near
Geological Sciences Building (to the
northwest of Pickard).
A sampler should be placed on or near
Switzler Hall (to the west of Pickard).
A sampler should be placed on or near the
Residence on Francis Quadrange (to the
south).
A sampler should be placed on or near
Middlebush Hall (to the southeast).
A sampler should be placed at the northeast
boundary of the controlled area.
A sampler should be placed at the
southwest boundary of the controlled area.
“Pie plates” should collocated at air
sampling and continuous air monitoring
stations to allow for some detection
capability of large heavy contaminated dust
particle spread. Judgmental locations
should also be utilized. These pie plates
should be surveyed daily.
Additional Monitoring

Long term radon monitors (“alpha tracks”
or similar) should be collocated at air
sampling and continuous air monitoring
stations.
A site weather station should be established
and monitored to ensure assumptions about
wind data are valid. Site specific weather
data should be used to modify these
controls if necessary.
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Appendix A: Map of Wind Blowing to Nearest
Receptor
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MU Pickard Hall
Map

Wind direction to nearest receptor
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Appendix B: Map of Weather Stations in
Relation to Pickard Hall
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MU Pickard Hall
Map

Weather Stations Map
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Appendix C: Wind Rose Data
Bradford Farm Wind Rose
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Appendix C: Wind Rose Data
Jefferson Farm
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Appendix C: Wind Rose Data
South Farm Wind Rose
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