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ABSTRACT 

The ability to accurately calculate neutron fluence levels, radiation heating rates (neutron and 
gamma), and gamma dose rates in the concrete biological shields (bioshields) of light water 
reactors has become increasingly important as plant life extensions of 60 years have become 
common and extensions to 80 years of operation are proceeding This study evaluates the impact 
of concrete composition, the size and location of reinforcing steel, the presence of a bioshield liner 
or reflective thermal insulation, and the size of the reactor cavity gap on neutron flux, total heating 
rate (the rate of radiation energy deposition), and gamma dose rate using parametric studies with 
a representative three-loop pressurized water reactor (PWR) model. The analyses are performed 
using state-of-the-art hybrid radiation transport calculations, which provide the ability to explicitly 
model complex geometries and eliminate the discretization effects in space, energy, and angle 
that are present in the commonly used discrete ordinates transport methodology. The results of 
these analyses provide insights into the effect of material and geometrical variations in the 
representative PWR model on the magnitude of the neutron flux, heating rate, and gamma dose 
rate incident to the bioshield as well as their attenuation through the reinforced concrete structure. 
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EXECUTIVE SUMMARY 

In October 2014 the U.S. Nuclear Regulatory Commission (NRC) published the Expanded 
Materials Degradation Assessment (EMDA) Report as NUREG/CR-7153. Volume 4 of the EMDA, 
“Aging of Concrete and Civil Structures”, identified radiation effects on concrete as a technical 
area needing further research and having a high structural significance for concrete structures in 
the vicinity of the reactor vessel. This is a particular area of concern due to the extension of plant 
licensing from 60 to 80 years by subsequent license renewals (SLRs). 

A thorough assessment of radiation effects in concrete requires not only materials science 
research into the radiation damage effects caused by exposure to neutron and gamma radiation, 
but also accurate methods for predicting the neutron and gamma radiation fields in the concrete 
and in associated steel components including reinforcing steel (rebar) and embedded support 
columns. 

This evaluation reviews methodologies available for radiation transport calculations in light water 
reactor (LWR) shielding analyses and provides recommendations on appropriate methods for 
evaluating radiation fields in the concrete structures around the reactor pressure vessel (RPV) at 
locations within and outside the traditional beltline region. Sensitivity analyses using a 
representative three-loop pressurized water reactor (PWR) model provide insights into the effects 
of key parameters on the radiation quantities of interest, including neutron flux, gamma dose 
rates, and total (neutron plus gamma) heat generation rates0F

1. 

Radiation Transport Methodology 

Previous analyses of neutron and gamma radiation levels in concrete biological shields 
(bioshields) have relied primarily on discrete ordinates calculations and have focused on the 
traditional beltline region (i.e., elevations within the axial extent of the active fuel). In discrete 
ordinates calculations the solution of the Boltzmann radiation transport equation requires 
discretization of the spatial, energy, and angular variables for the particle flux. Regulatory Guide 
1.190 provides guidance on appropriate selection of spatial, angular, and energy discretization for 
RPV fluence applications within the traditional beltline region; however, there is no regulatory 
guidance for bioshield fluence calculations either within or outside of the traditional beltline region. 

Monte Carlo calculations inherently provide higher-fidelity solutions than discrete ordinates 
calculations, as they do not require the discretization in energy, space, and angle that is imposed 
by all discrete ordinates radiation transport codes. Because of this, Monte Carlo simulations are 
generally considered to be the most accurate method for radiation transport calculations. The 
primary limitation in the use of Monte Carlo radiation transport calculations for LWR shielding 
applications has historically been the amount of computer time required to obtain a well-
converged solution (i.e., a solution with acceptable relative errors), particularly for deep 
penetration shielding calculations such as those encountered in predictions of neutron and 
gamma radiation fields in the bioshield and associated steel structures. 

With the advent of the hybrid radiation transport methodology, Monte Carlo calculations can 
provide well-converged solutions with substantial reductions (often orders of magnitude) in 
computational time. In this study hybrid radiation transport calculations were applied to obtain 

1 Throughout this report the terms ‘heat generation rate’ and ‘heating rate’ refer to the rate at which energy from    
ionizing radiation is deposited in a material on a volumetric basis (e.g., W/cm3). See Section 9 for a glossary of 
terms used in this report. 
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high-fidelity predictions of neutron fluxes for a range of energies, total heat generation rates, and 
gamma dose rates in the concrete, reinforcing steel (rebar), and RPV support columns in a three-
loop pressurized water reactor (PWR) model. 

Parametric Studies 

Parametric studies were conducted to assess the sensitivity of the radiation quantities of interest 
to variations in the following parameters.  

1) Concrete composition
It is well known that the attenuation of neutrons in concrete is strongly dependent on the
hydrogen content of the concrete.  In this study we consider four types of concrete, with
hydrogen contents ranging from 0.00484 to 0.029 g/cm3. The hydrogen content affects not
only the attenuation of neutrons in the concrete, but also the location and magnitude of the
maximum heating rate and gamma dose rate.

2) Size and location of reinforcing steel (rebar)
The primary radiation damage mechanism caused by the presence of rebar (as well as
other steel, such as the embedded support columns in the current three-loop model) is the
production of gamma radiation due to radiative capture of neutrons in the steel. These
‘capture gamma’ sources become the dominant contributor to the total heating rate and
the gamma dose rate at a relatively short distance into the bioshield. The effect of rebar is
considered in this analysis for two different rebar sizes (#8 and #14). The #8 rebar is
modeled with a 3-inch concrete cover. The #14 rebar is modeled with a 3-inch concrete
cover and also with a 10-inch concrete cover.

3) Presence of a steel bioshield liner
Some bioshields include a steel liner on the inner radial surface (i.e., the surface adjacent
to the cavity gap). The effect of a 0.25-inch steel liner was evaluated for both carbon steel
and stainless steel compositions.

4) Presence of reflective thermal insulation in the cavity gap
The effect of reflective thermal insulation in the cavity gap was assessed by including a
3-inch layer of reflective thermal insulation near the RPV.

5) Cavity gap width
The effect of changes in the cavity gap width (i.e., the distance between the outer edge of
the RPV and the inner edge of the bioshield) was evaluated using three models with gap
widths 13, 71, and 120 cm. These values are expected to cover the range of gap widths in
two-loop and three-loop plants.



 

xvii 

ACKNOWLEDGEMENTS 

The work described in this report was sponsored by the U.S. Nuclear Regulatory Commission 
(NRC), Office of Nuclear Regulatory Research (RES). The authors thank Madhumita Sircar for 
her support and guidance as the NRC project manager. Her knowledge on the subject of 
irradiated concrete and insightful comments were invaluable to the success of this project and 
report. Marcus Rolon also contributed to this project as the alternate Contracting Officer’s 
Representative (COR). A number of NRC staff contributed constructive comments on draft 
versions of this report and provided helpful insights and suggestions during project review 
meetings. Among those, special thanks are due to Jose Pires, Jay Wallace, Jinsuo Nie, Andrew 
Prinaris, George Thomas, Huan Li, and Ben Parks.  
 

 





 

xix 

ABBREVIATIONS AND ACRONYMS 

1D one-dimensional 
2D two-dimensional 
3D three-dimensional 
ADAMS Agencywide Documents Access and Management System 
ANL Argonne National Laboratory 
ANS American Nuclear Society 
ANSI American National Standards Institute 
BWR boiling water reactor 
CE continuous energy 
dpa displacements per atom 
EMDA Expanded Materials Degradation Assessment 
EVND Ex-vessel neutron dosimetry 
LWR light water reactor 
MG multigroup 
NPP nuclear power plant 
NRC United States Nuclear Regulatory Commission 
ORNL Oak Ridge National Laboratory 
PNNL Pacific Northwest National Laboratory 
PWR pressurized water reactor 
RCCA rod cluster control assembly 
RPV reactor pressure vessel 
SLR Subsequent License Renewal 
TWE TransWare Enterprises 
UFSAR Updated Final Safety Analysis Report 
U.S. United States 
Voxel volume element 
w/c water-to-cement ratio 
 





 

1-1 

1    INTRODUCTION 

Nuclear power plants (NPPs) in the United States (U.S.) were initially licensed to operate for 40 
years. As of May 2020, 94 units (88 operating NPPs) have been approved for 60-year licenses [1], 
and 4 units (4 operating NPPs) have been approved for 80-year licenses. Two NPP units have 
scheduled submittals in 2020, and three have scheduled submittals in 2021 [2].  

In 2008, the U.S. Nuclear Regulatory Commission (NRC) initiated discussions on the topic of 
radiation effects on concrete with the national and international research communities and other 
stakeholders to address potential issues related to Subsequent License Renewal (SLR) 
applications. NRC-sponsored research at Oak Ridge National Laboratory (ORNL) reviewed the 
effects of radiation on the microstructure and properties of concrete used in NPPs to assess the 
state of knowledge and identify areas for further investigations during 2010–2013 [3]. In October 
2014 the NRC published the Expanded Materials Degradation Assessment (EMDA) Report as 
NUREG/CR-7153. Volume 4 of NUREG/CR-7153, “Aging of Concrete and Civil Structures” [4], 
identified radiation effects on concrete as a technical area needing further research and having a 
high structural significance for concrete structures in the vicinity of the reactor vessel during the 
subsequent period of extended operation from 60 to 80 years. Based on this assessment and the 
Office of Nuclear Reactor Regulation (NRR) User Need Request for Research on the Effects of 
Irradiation on Concrete Structures, the Office of Nuclear Regulatory Research (RES) initiated a 
research activity to confirm the effects of irradiation on the noted concrete structures and the 
structural implications of these effects to support SLR applications. 

Having neutron and gamma radiation measurements for the concrete biological shield (bioshield) 
is important in validating computational solutions in the analysis of irradiation effects. Ex-vessel 
neutron dosimetry (EVND) [5] that is commonly used for validation of reactor pressure vessel 
(RPV) neutron fluences would provide validation of neutron fluences calculated on the inner 
surface of the bioshield, but would not provide any information on neutron flux, radiation heating 
levels, and gamma dose rates within the bioshield. NPP-specific EVND data is generally not 
readily available in the public domain with the exception of the H. B. Robinson Unit 2 Cycle 9 RPV 
benchmark [6], [7]. Gamma dosimetry for the bioshield and measurements that provide 
information on the attenuation of neutron and gamma radiation within the bioshield are typically 
not available for operating NPPs. 

Enveloping neutron fluences for neutron energies greater than 0.1 MeV (E > 0.1 MeV) have been 
determined on the bioshield inner radial surface considering 27 two-loop, 13 three-loop, and 28 
four-loop pressurized water reactors (PWRs) and 35 boiling water reactors (BWRs) at 80 years of 
plant operation [8]. Maximum gamma doses at the concrete inner radial surface for two-loop and 
three-loop Westinghouse plants and a Mark 6 BWR are also provided in [8]. The analyses 
concluded that two-loop and three-loop NPPs provided the limiting neutron fluences 
(E > 0.1 MeV) on the bioshield inner surface. A two-loop Westinghouse plant provided the limiting 
gamma dose on the inner radial surface of the bioshield. The gamma dose for a three-loop 
Westinghouse plant was slightly lower (~2%) than that for the two-loop Westinghouse plant. 
Comparisons of neutron and gamma fluxes and heat generation rates in the bioshield of a 
Westinghouse two-loop PWR and a Westinghouse three-loop PWR are also available in [10]. 
Those results suggest the two-loop design is more limiting with respect to fluxes and heating rates 
in the bioshield, but, unlike the data reported in [8], they include only a single plant of each type. 
Based on the review of all the data in [8] and [9], a three-loop Westinghouse design NPP was 
selected for the current analysis. For the RPV support modeling in the current study, the Category 
4A short-column-type support described in [9] was used. Modeling this support configuration 
provides the ability to assess the effect of large and complex embedded steel structures on 
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neutron flux, gamma dose rates, and total radiation heating rates within those structure and in the 
surrounding concrete. 

The objective of the research described in this report is to apply rigorous computational 
approaches to provide an analysis of neutron fluxes, total (neutron + gamma) heat generation 
rates, and gamma dose rates through the bioshield as well as in the RPV support structures 
embedded in or attached to concrete and the included reinforcing steel bars (rebar). These 
studies provide insight on the spatial distribution of neutron fluxes, total heat generation rates, and 
gamma dose rates from the inner radial surface of the bioshield structure to a specified depth 
within the bioshield. These results will provide the necessary input for the calculation of radiation-
induced concrete damage as well as the development of temperature profiles through the 
bioshield. 
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2    RADIATION PARAMETERS OF INTEREST FOR THIS STUDY 

The radiation parameters of interest with regard to irradiation-induced concrete damage are 
neutron fluence and neutron and gamma dose and heat generation rates. Each of these radiation 
effects are discussed in the following sections. 

2.1  Neutron Radiation 

Analysis of legacy data for mechanical properties of irradiated concrete by Hilsdorf et al. [11] 
indicated that, for some concretes, a neutron fluence level of 1.0E+19 n/cm2 may cause a 
reduction in compressive and tensile strengths and modulus of elasticity, and a marked increase 
in volume of the aggregates. Research conducted by Hilsdorf et al. on the effect of neutron 
radiation on concrete strength provided no specification of a neutron energy cutoff value 
associated with the 1×1019 n/cm2 fluence value. Hilsdorf et al. presented neutron radiation–related 
test results under energy categories of “slow neutrons,” “fast neutrons,” and “no information.” 
Kontani et al. [12] used a reference neutron fluence value of 1.0E+20 n/cm2 for assessing the 
reduction of concrete strength using Hilsdorf et al.’s compilation of test data but also indicated that 
several concrete samples and test conditions (fluence levels and temperatures) used in that paper 
were not representative of light water reactor (LWR) concrete compositions and conditions. 
Removing test data that were not representative of LWR concrete compositions and conditions 
(fluence levels and temperatures) resulted in an unclear conclusion about the trend in the 
decrease of concrete strength as a function of neutron irradiation. Fujiwara et al. [13] performed 
irradiation tests with temperatures lower than 65°C and a maximum neutron fluence (E > 0.1 
MeV) of 1.2E+19 n/cm2. They concluded that neutron exposure does not significantly affect the 
compressive strength of concrete within the range of fluences considered in that study. In [8], test 
results by Fujiwara et al. were combined with another data point from Dubrovskii et al. [14] for a 
fast neutron fluence (E > 0.1 MeV) of 2.3E+19 n/cm2. In [8], the new compressive strength plot as 
a function of fast neutron fluence (E > 0.1 MeV) using data from Fujiwara and Dubrovskii et al. 
was judged to be reliable and consistent. 

Field et al. [15] evaluated the neutron flux spectrum in the bioshield of a three-loop PWR model 
using different energy cutoffs (E < 0.41 eV, E > 0.0 MeV,1F

2 E > 0.1 MeV, and E > 1.0 MeV). They 
also determined estimates of the neutron fluence at 40, 60, and 80 years of operation for two-loop 
and three-loop PWRs using energy cutoffs of E > 0.0 MeV, E > 0.1 MeV, and E > 1.0 MeV. Field 
et al. compared these estimated fluences with the suggested threshold fluence of 1E+19 n/cm2 of 
Hilsdorf et al. and demonstrated that determining the correct energy cutoff for neutron fluence 
calculations in the bioshield is crucial for a proper assessment of concrete degradation resulting 
from neutron radiation. 

Radiation-induced volumetric expansion (RIVE) of aggregates is an important contributor to the 
degradation of concrete mechanical properties [16]. This effect is driven by radiation-induced 
displacement of atoms (particularly those in siliceous [quartz type] aggregates), which is 
dominated by neutron contributions [17]. Remec et al. [18] showed that approximately 95% of the 
displacements per atom (dpa) for several minerals that are common constituents of concrete are 
caused by neutrons with energies above 0.1 MeV, while neutrons above 1.0 MeV contribute 
approximately 20% to 25% of the dpa. It is to be noted, however, that the notion of dpa is less 
meaningful for damage in ionic bonding dominated calcareous (amorphous) aggregates. 

2 The lower energy limit of the BUGLE-B7 multigroup library used for the transport calculations in [14] is 1.0E-5 eV. 
The tabulated results are reported as E > 0.0 MeV, which is essentially equivalent. 
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A recent evaluation of the effects of neutron radiation on concrete is available in [17]. This 
evaluation suggests that for temperatures applicable to LWR concrete (below 100°C), neutron 
fluences (E > 0.1 MeV) above 1.0E+19 n/cm2 should be used as a threshold value for regulatory 
purposes. Experiments suggest that the main effect of neutron radiation on concrete is the 
disordering effect of neutrons on aggregates, which results in volume expansion of aggregates 
and causes a bonding mismatch with the cement paste. Since there are different mineral types in 
aggregates, the different expansion of minerals within aggregates may also lead to cracking. 

2.2  Gamma Radiation 

Gamma radiation test results presented by Hilsdorf et al. indicated that the effects of gamma 
radiation on the mechanical properties of concrete are not clear [11]. Kontani et al. reviewed the 
gamma radiation test data in the paper by Hilsdorf et al. and identified the data points that should 
be removed. While removing data points provided a trend that was not well defined, Kontani et al. 
considered a gamma dose of 2.0E+10 rad as the threshold to consider for concrete degradation 
[8], [12]. Further testing with gamma radiation was performed such as those presented in  
[19]–[21]; however, [8] indicates that test results for the effect of gamma radiation on concrete 
degradation are inadequate and suggests that acquisition of additional data representative of 
NPPs should be pursued. 

The effects of gamma radiation on concrete are primarily due to heat generation and radiolysis 
[12], [16], [21]–[23]. Both of these mechanisms can affect the water content in concrete. The 
hydrogen peroxide generated in radiolysis may also affect the concrete properties. Changes in the 
water content of the concrete—whether due to thermal conditions or radiation effects—will affect 
the hydrogen content and hence affect the transmission of neutrons through the concrete. 
Because the total heating rate and gamma dose rate are largely due to “self-heating” gammas 
that are produced by neutron capture within the bioshield, changes in the transmission 
characteristics of neutrons in the concrete will also affect the behavior of the total heating and 
gamma dose rate profiles through the concrete. 

A recent evaluation of the effects of neutron radiation on concrete is available in [17]. This 
evaluation suggests that for temperatures applicable to LWR concrete (below 100°C), neutron 
fluences (E > 0.1 MeV) above 1.0E+19 n/cm2 should be used as a threshold value for regulatory 
purposes. Experiments suggest that the main effect of neutron radiation on concrete is the 
disordering effect of neutrons on aggregates, which results in volume expansion of aggregates 
and causes a bonding mismatch with the cement paste. Since there are different mineral types in 
aggregates, the different expansion of minerals within aggregates may also lead to cracking. 

A recent evaluation of the effects of gamma radiation on concrete is available in [17]. This 
evaluation suggests that there is limited data on the effect of gamma radiation on concrete, but 
indicates that gamma doses greater than 1.0E+10 rad may cause a degradation in concrete 
properties. However, there is no data that isolates gamma irradiation of concrete in an air 
environment and the synergistic effects of neutron and gamma irradiation on concrete are not 
known. The main effect of gamma radiation on concrete is identified as water loss in the cement 
paste as a result of heating and radiolysis. The water loss in cement causes shrinkage in cement 
and opens pores; however, the gamma-induced carbonation of portlandite to calcite results in the 
calcite occupying more space compared to portlandite, which partly makes up for the opening of 
pores. 
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2.3  Quantification of Radiation Parameters 

The results of this study for predictions of radiation effects on concrete are based on the following 
quantities obtained from radiation transport calculations. 

1) Neutron flux levels throughout the first 60 cm (radially) of the bioshield for a range of 
elevations extending from the bottom of the RPV to the RPV nozzle elevation, with data 
provided for the following neutron energy ranges: 

a. E > 1.0 MeV 
b. E > 0.1 MeV 
c. E > 1.0E-05 eV (total neutron flux) 

 
2) Total (sum of neutron and gamma) heat generation rates (W/cm3) in the first 60 cm of the 

concrete and in structural steel (reinforcing steel and embedded support columns) within 
the bioshield 

3) Gamma dose rates (rad/s) in the same locations as the heat generation rates 
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3    ANALYSIS METHODOLOGY 

The primary analysis methods that are currently applied to calculation of neutron and gamma 
fluxes, heating rates, and dose rates are discrete ordinates calculations, Monte Carlo calculations, 
and hybrid calculations2F

3. Monte Carlo methods have long been considered to be superior to 
discrete ordinates methods. This is primarily because discrete ordinates calculations require 
discretization of the space, energy, and angle variables in the radiation transport equation to 
produce a set of equations that are solved iteratively. In contrast, Monte Carlo calculations provide 
a more ‘exact’ solution, as they use geometry described by linear and quadratic surfaces (planes, 
spheres, cylinders, cones, ellipsoids, hyperboloids, and paraboloids) rather than cartesian or 
cylindrical mesh structures, and continuous energy (CE) cross sections rather than multigroup 
(MG) cross sections that are averaged values which may not be appropriate at all locations in a 
given model. The hybrid method, which uses the results of discrete ordinates calculations to 
substantially reduce the computational time of Monte Carlo calculations, is applied to the current 
analysis.  

Previous analyses of neutron and gamma radiation levels in bioshields have relied primarily on 
discrete ordinates calculations and have focused on the traditional beltline region (i.e., elevations 
within the axial extent of the active fuel) [10], [18]. In discrete ordinates calculations the Boltzmann 
transport equation is solved by discretizing the spatial, energy, and angular variables for the 
particle flux to obtain a system of equations that is solved iteratively. Regulatory Guide 1.190 
provides guidance on appropriate selection of spatial, angular, and energy discretization for RPV 
fluence applications within the traditional beltline region [5]; however, there is no regulatory 
guidance for bioshield fluence calculations. 

For the current study an improved prediction of neutron flux, gamma dose rates, and neutron and 
gamma heat generation rates for the bioshield within axial locations extending below and above 
the active fuel elevation, including the location of RPV supports, is needed. Studies performed for 
RPV flux levels in the extended beltline region have demonstrated that discrete ordinates 
solutions become increasingly less accurate as the distance from the traditional beltline increases 
[25]–[27]. The primary causes of this reduced solution accuracy are angular quadrature effects 
and limitations imposed by using multigroup (MG), rather than continuous energy (CE), cross-
section libraries. These issues are briefly discussed in Sections 3.1 and 3.2. Section 3.3 describes 
the analysis methodology applied in this study. Section 3.4 identifies the major assumptions in the 
development of the calculational model. 

The calculational model used for the results discussed in Sections 3.1 and 3.2 is a four-loop PWR 
model based on Watts Bar Unit 1 [24]–[27]. While the analyses for the current study employ a 
three-loop model (see Section 4), the four-loop calculations are suitable for demonstrating 
quadrature and cross-section library considerations for discrete ordinates calculations of fluxes 
and dose rates in the bioshield. Figure 3-1 shows a plan view of the four-loop model at an 
elevation near the core midplane. Figure 3-2 and Figure 3-3 show elevation views of the four-loop 
model at the azimuthal locations with the maximum and minimum amounts of water between the 
core and the RPV, respectively. 

3.1  Quadrature Sensitivity with Discrete Ordinates Calculations 

In a discrete ordinates radiation transport calculation, the directional variation of the flux is 
represented using a set of discrete directions (or ordinates) to represent the continuous angular 

 
3 A brief overview of the calculational methods used for radiation transport analyses is provided in APPENDIX B.  
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variable (see Appendix B.1.3 Level-symmetric (SN) quadrature sets have been widely used for 
discrete ordinates calculations. Typical SN quadratures include S8, which has 10 discrete 
directions in each octant of the unit sphere, and S16, which has 36 angles per octant.  

While SN sets are widely used, they are not optimal for geometries where particle transport along 
directions near a coordinate axis, such as streaming of neutrons in the cavity gap between the 
RPV and the bioshield. Abu-Shumays developed quadruple range (QR) quadratures to provide 
superior accuracy for problems in which there are material discontinuities across octants of the 
unit sphere, such as the edges of fuel assemblies and gaps near any of the coordinate axes 
[28][29]. Regulatory Guide 1.190 provides guidance on the selection of angular quadrature for 
RPV fluence analyses in the traditional beltline region and suggests the use of an S8 quadrature 
as a minimum for determining RPV fluence, with the added requirement that the adequacy of S8 
quadrature used in off-midplane locations for radiation transport calculations in the cavity region 
must be demonstrated. 

Figure 3-4 through Figure 3-7 illustrate quadrature sensitivity effects in the bioshield by comparing 
Denovo [30] discrete ordinates calculations with various quadratures to a Shift [31] Monte Carlo 
calculation. The Denovo and Shift calculations used the BUGLE-B7 multigroup cross-section library 
[32]. The Denovo calculations were run using a spatial mesh that was resolved finely enough to 
provide convergence with respect to mesh (i.e., further mesh refinement does not change the 
Denovo solution). This comparison provides a means of effectively isolating the impact of the 
quadrature set on the Denovo solution.  

Figure 3-4 and Figure 3-5 show the ratios of Denovo solutions with S8 and S16 quadratures to the 
Shift solution near the core midplane. While the S8 solution agrees to within ~6% at all locations, 
there is clear evidence of quadrature artifacts (which appear as ‘fringe patterns’ beginning at each 
corner fuel assembly) in the S8 solution. The S16 solution shows a substantial improvement in 
agreement with the Shift solution, though there are still some indications of minor quadrature 
artifacts. 

Figure 3-6 and Figure 3-7 demonstrate the increasing deviation between Denovo solutions and the 
Shift solution at an elevation above the traditional beltline region. At this elevation, which is 
approximately 5 cm below the start of the RPV nozzle supports, there are significant ray effects3F

4 in 
and immediately adjacent to the cavity gap in the S16 solution. Use of QR8T quadrature, which has 
the same number of angles per octant (36) as S16 quadrature, provides an improved solution, but 
there are still ray effects, particularly in the cavity gap.   

Figure 3-8 and Figure 3-9 illustrate the solution improvement that results from using higher-order 
QR quadratures: a QR12T set with 78 angles per octant and a QR16T set with 136 angles per 
octant. While these solutions significantly reduce the magnitude of the ray effects, they do not 
eliminate them. Furthermore, it can be impractical to use quadrature sets of this size with large 
three-dimensional (3D) discrete ordinates models due to memory limitations in computing systems. 

4 Ray effects refer to anomalies in the flux solution that are most likely to occur in regions with very little if any 
scattering, such as the cavity gap. 
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Figure 3-1 Plan view of the four-loop PWR model at an elevation near the core midplane 
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Figure 3-2  Elevation view of the four-
loop PWR model at the 
azimuthal location with the 
maximum amount of water 
between the core and the 
RPV 

Figure 3-3 Elevation view of the four-
loop PWR model at the 
azimuthal location with the 
minimum amount of water 
between the core and the 
RPV 
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3.2  Multigroup Cross-Section Library Sensitivity with Monte Carlo Calculations 

In discrete ordinates calculations, the energy dependence of the flux is represented by energy 
groups. The particle (neutron or photon) flux in each group is solved using MG cross-section 
libraries that are prepared by averaging CE cross-section data over the energy groups using a 
specific weighting function or functions. Because of this averaging process, MG calculations are 
inherently less accurate than CE calculations. The accuracy that can be obtained from an MG 
library is dependent on the number of energy groups and on the weighting function(s) used to 
average the CE data over the energy groups. 

The BUGLE-B7 MG library was developed specifically for LWR shielding applications and are 
frequently used for RPV fluence analyses. To assess the adequacy of MG calculations using the 
BUGLE-B7 library for prediction of neutron fluence levels in a bioshield, MG and CE calculations 
were performed using the Shift Monte Carlo radiation transport code with the four-loop PWR 
model. Figure 3-10 through Figure 3-15 demonstrate the tendency of MG calculations using the 
BUGLE-B7 library to underpredict neutron flux levels for energies above 1.0 MeV and above  
0.1 MeV relative to the more accurate CE solution. These plots show how the MG/CE differences 
increase with increasing distance from the core. Similar MG/CE underprediction also occurs using 
the VITAMIN-B7 [27], [32] and SCALE X200N47G [33] MG libraries. 

Within the beltline region, the BUGLE-B7 fluxes in the bioshield for E > 0.1 MeV and E > 1.0 MeV 
are up to ~13% lower than the CE fluxes. At elevations in the vicinity of the RPV supports, the 
BUGLE-B7 solution is up to ~15% lower than the CE solution for neutron energies greater than 
1.0 MeV. The difference between the BUGLE-B7 and CE solutions for neutron energies greater 
than 0.1 MeV at this elevation is typically 15–25%, with maximum differences up to ~31% at the 
elevation through the RPV supports (Figure 3-15). 

Figure 3-16 through Figure 3-19 show MG/CE solution comparisons when a very-fine-group MG 
library with 956 neutron groups (vs. 47 neutron groups in the BUGLE-B7 library) is used. This 
library was developed internally at ORNL to assess whether the deviations between MG and CE 
Shift solutions could be reduced to a specified value (< 5%). The 956-group library has 540 
groups between 1.0026 MeV and 10.0 MeV, compared to 46 groups over the same energy range 
in the VITAMIN-B7 library. The agreement between the MG and CE solutions is significantly 
improved with the 956-group library, with maximum differences for both energy ranges and both 
elevations of less than ~9%, and overall agreement typically within 5%. While the MG/CE 
agreement is substantially improved for the RPV support elevation at E > 0.1 MeV, the size of this 
MG library is prohibitive for multidimensional calculations using typical discrete ordinates codes. 

 

 



  

3-9 

 
 

Fi
gu

re
 3

-1
0 

Ra
tio

 o
f t

he
 n

eu
tro

n 
flu

x 
(E

 >
 1

.0
 M

eV
) f

ro
m

 a
 S

hi
ft 

ca
lc

ul
at

io
n 

us
in

g 
th

e 
BU

G
LE

-B
7 

lib
ra

ry
 to

 a
 S

hi
ft 

ca
lc

ul
at

io
n 

us
in

g 
co

nt
in

uo
us

-e
ne

rg
y 

cr
os

s 
se

ct
io

ns
 (T

he
 e

le
va

tio
n 

is
 n

ea
r t

he
 c

or
e 

m
id

pl
an

e 
in

 a
 fo

ur
-lo

op
 P

W
R 

m
od

el
. T

he
 h

is
to

gr
am

 p
lo

t 
sh

ow
s 

th
e 

di
st

rib
ut

io
n 

of
 ra

tio
 v

al
ue

s 
w

ith
in

 th
e 

fir
st

 6
0 

cm
 o

f t
he

 b
io

sh
ie

ld
) 

Fi
gu

re
 3

-1
1 

Ra
tio

 o
f t

he
 n

eu
tro

n 
flu

x 
(E

 >
 1

11
.0

9 
ke

V)
 fr

om
 a

 
Sh

ift
 c

al
cu

la
tio

n 
us

in
g 

th
e 

BU
G

LE
-B

7 
lib

ra
ry

 to
 a

 
Sh

ift
 c

al
cu

la
tio

n 
us

in
g 

co
nt

in
uo

us
-e

ne
rg

y 
cr

os
s 

se
ct

io
ns

 (T
he

 e
le

va
tio

n 
is

 n
ea

r t
he

 c
or

e 
m

id
pl

an
e 

in
 

a 
fo

ur
-lo

op
 P

W
R 

m
od

el
. T

he
 h

is
to

gr
am

 p
lo

t s
ho

w
s 

th
e 

di
st

rib
ut

io
n 

of
 ra

tio
 v

al
ue

s 
w

ith
in

 th
e 

fir
st

 6
0 

cm
 

of
 th

e 
bi

os
hi

el
d)

 
 



  

3-10 

 
 

Fi
gu

re
 3

-1
2 

Ra
tio

 o
f t

he
 n

eu
tro

n 
flu

x 
(E

 >
 1

.0
 M

eV
) f

ro
m

 a
 S

hi
ft 

ca
lc

ul
at

io
n 

us
in

g 
th

e 
BU

G
LE

-B
7 

lib
ra

ry
 to

 a
 S

hi
ft 

ca
lc

ul
at

io
n 

us
in

g 
co

nt
in

uo
us

-e
ne

rg
y 

cr
os

s 
se

ct
io

ns
 (T

he
 e

le
va

tio
n 

is
 ju

st
 b

el
ow

 th
e 

RP
V 

su
pp

or
ts

 in
 a

 fo
ur

-lo
op

 P
W

R 
m

od
el

. T
he

 h
is

to
gr

am
 

pl
ot

 s
ho

w
s 

th
e 

di
st

rib
ut

io
n 

of
 ra

tio
 v

al
ue

s 
w

ith
in

 
th

e 
fir

st
 6

0 
cm

 o
f t

he
 b

io
sh

ie
ld

.) 

Fi
gu

re
 3

-1
3 

Ra
tio

 o
f t

he
 n

eu
tro

n 
flu

x 
(E

 >
 1

11
.0

9 
ke

V)
 fr

om
 a

 
Sh

ift
 c

al
cu

la
tio

n 
us

in
g 

th
e 

BU
G

LE
-B

7 
lib

ra
ry

 to
 a

 
Sh

ift
 c

al
cu

la
tio

n 
us

in
g 

co
nt

in
uo

us
-e

ne
rg

y 
cr

os
s 

se
ct

io
ns

 (T
he

 e
le

va
tio

n 
is

 ju
st

 b
el

ow
 th

e 
RP

V 
su

pp
or

ts
 in

 a
 fo

ur
-lo

op
 P

W
R 

m
od

el
. T

he
 h

is
to

gr
am

 
pl

ot
 s

ho
w

s 
th

e 
di

st
rib

ut
io

n 
of

 ra
tio

 v
al

ue
s 

w
ith

in
 

th
e 

fir
st

 6
0 

cm
 o

f t
he

 b
io

sh
ie

ld
.) 

 
 



  

3-11 

 
 

Fi
gu

re
 3

-1
4 

Ra
tio

 o
f t

he
 n

eu
tro

n 
flu

x 
(E

 >
 1

.0
 M

eV
) f

ro
m

 a
 S

hi
ft 

ca
lc

ul
at

io
n 

us
in

g 
th

e 
BU

G
LE

-B
7 

lib
ra

ry
 to

 a
 S

hi
ft 

ca
lc

ul
at

io
n 

us
in

g 
co

nt
in

uo
us

-e
ne

rg
y 

cr
os

s 
se

ct
io

ns
 (T

he
 e

le
va

tio
n 

is
 th

ro
ug

h 
th

e 
lo

w
er

 p
ar

t o
f 

th
e 

RP
V 

su
pp

or
ts

 in
 a

 fo
ur

-lo
op

 P
W

R 
m

od
el

. T
he

 
hi

st
og

ra
m

 p
lo

t s
ho

w
s 

th
e 

di
st

rib
ut

io
n 

of
 ra

tio
 

va
lu

es
 w

ith
in

 th
e 

fir
st

 6
0 

cm
 o

f t
he

 b
io

sh
ie

ld
.) 

Fi
gu

re
 3

-1
5 

Ra
tio

 o
f t

he
 n

eu
tro

n 
flu

x 
(E

 >
 1

11
.0

9 
ke

V)
 fr

om
 a

 
Sh

ift
 c

al
cu

la
tio

n 
us

in
g 

th
e 

BU
G

LE
-B

7 
lib

ra
ry

 to
 a

 
Sh

ift
 c

al
cu

la
tio

n 
us

in
g 

co
nt

in
uo

us
-e

ne
rg

y 
cr

os
s 

se
ct

io
ns

 (T
he

 e
le

va
tio

n 
is

 th
ro

ug
h 

th
e 

lo
w

er
 p

ar
t o

f 
th

e 
RP

V 
su

pp
or

ts
 in

 a
 fo

ur
-lo

op
 P

W
R 

m
od

el
. T

he
 

hi
st

og
ra

m
 p

lo
t s

ho
w

s 
th

e 
di

st
rib

ut
io

n 
of

 ra
tio

 
va

lu
es

 w
ith

in
 th

e 
fir

st
 6

0 
cm

 o
f t

he
 b

io
sh

ie
ld

.) 
 

 



  

3-12 

 
 

Fi
gu

re
 3

-1
6 

Ra
tio

 o
f t

he
 n

eu
tro

n 
flu

x 
(E

 >
 1

.0
 M

eV
) f

ro
m

 a
 S

hi
ft 

ca
lc

ul
at

io
n 

us
in

g 
a 

m
ul

tig
ro

up
 li

br
ar

y 
w

ith
 9

56
 

ne
ut

ro
n 

gr
ou

ps
 to

 a
 S

hi
ft 

ca
lc

ul
at

io
n 

us
in

g 
co

nt
in

uo
us

-e
ne

rg
y 

cr
os

s 
se

ct
io

ns
 (T

he
 e

le
va

tio
n 

is
 

ne
ar

 th
e 

co
re

 m
id

pl
an

e 
in

 a
 fo

ur
-lo

op
 P

W
R 

m
od

el
. 

Th
e 

hi
st

og
ra

m
 p

lo
t s

ho
w

s 
th

e 
di

st
rib

ut
io

n 
of

 ra
tio

 
va

lu
es

 w
ith

in
 th

e 
fir

st
 6

0 
cm

 o
f t

he
 b

io
sh

ie
ld

.) 

Fi
gu

re
 3

-1
7 

Ra
tio

 o
f t

he
 n

eu
tro

n 
flu

x 
(E

 >
 1

.0
 M

eV
) f

ro
m

 a
 S

hi
ft 

ca
lc

ul
at

io
n 

us
in

g 
a 

m
ul

tig
ro

up
 li

br
ar

y 
w

ith
 9

56
 

ne
ut

ro
n 

gr
ou

ps
 to

 a
 S

hi
ft 

ca
lc

ul
at

io
n 

us
in

g 
co

nt
in

uo
us

-e
ne

rg
y 

cr
os

s 
se

ct
io

ns
 (T

he
 e

le
va

tio
n 

is
 

ju
st

 b
el

ow
 th

e 
RP

V 
su

pp
or

ts
 in

 a
 fo

ur
-lo

op
 P

W
R 

m
od

el
. T

he
 h

is
to

gr
am

 p
lo

t s
ho

w
s 

th
e 

di
st

rib
ut

io
n 

of
 ra

tio
 v

al
ue

s 
w

ith
in

 th
e 

fir
st

 6
0 

cm
 o

f t
he

 
bi

os
hi

el
d.

) 



  

3-13 

 
 

Fi
gu

re
 3

-1
8 

Ra
tio

 o
f t

he
 n

eu
tro

n 
flu

x 
(E

 >
 1

11
.0

9 
ke

V)
 fr

om
 a

 
Sh

ift
 c

al
cu

la
tio

n 
us

in
g 

a 
m

ul
tig

ro
up

 li
br

ar
y 

w
ith

 
95

6 
ne

ut
ro

n 
gr

ou
ps

 to
 a

 S
hi

ft 
ca

lc
ul

at
io

n 
us

in
g 

co
nt

in
uo

us
-e

ne
rg

y 
cr

os
s 

se
ct

io
ns

 (T
he

 e
le

va
tio

n 
is

 
ne

ar
 th

e 
co

re
 m

id
pl

an
e 

in
 a

 fo
ur

-lo
op

 P
W

R 
m

od
el

. 
Th

e 
hi

st
og

ra
m

 p
lo

t s
ho

w
s 

th
e 

di
st

rib
ut

io
n 

of
 ra

tio
 

va
lu

es
 w

ith
in

 th
e 

fir
st

 6
0 

cm
 o

f t
he

 b
io

sh
ie

ld
.) 

Fi
gu

re
 3

-1
9 

Ra
tio

 o
f t

he
 n

eu
tro

n 
flu

x 
(E

 >
 1

11
.0

9 
ke

V)
 fr

om
 a

 
Sh

ift
 c

al
cu

la
tio

n 
us

in
g 

a 
m

ul
tig

ro
up

 li
br

ar
y 

w
ith

 9
56

 
ne

ut
ro

n 
gr

ou
ps

 to
 a

 S
hi

ft 
ca

lc
ul

at
io

n 
us

in
g 

co
nt

in
uo

us
-e

ne
rg

y 
cr

os
s 

se
ct

io
ns

 (T
he

 e
le

va
tio

n 
is

 
ju

st
 b

el
ow

 th
e 

RP
V 

su
pp

or
ts

 in
 a

 fo
ur

-lo
op

 P
W

R 
m

od
el

. T
he

 h
is

to
gr

am
 p

lo
t s

ho
w

s 
th

e 
di

st
rib

ut
io

n 
of

 ra
tio

 v
al

ue
s 

w
ith

in
 th

e 
fir

st
 6

0 
cm

 o
f t

he
 

bi
os

hi
el

d.
) 



 

3-14 

3.3  Use of Hybrid Radiation Transport Calculations for Radiation Evaluations in 
Concrete Bioshields 

While discrete ordinates radiation transport calculations are widely used for RPV fluence analyses 
and for the evaluation of neutron and gamma radiation levels in bioshields, their range of 
application has primarily been in the traditional beltline region. The parameter studies presented in 
Sections 3.1 and 3.2 demonstrate the inherent limitations in using discrete ordinates methods for 
radiation transport calculations that extend into the bioshield, especially for elevations near the 
RPV supports. In particular, the use of a typical MG cross-section library (i.e., BUGLE-B7) was 
shown to result in neutron flux (E > 0.1 MeV) solution differences that may exceed 20% relative to 
more accurate CE calculations in the axial region above the active fuel. These MG/CE solution 
differences vary as a function of axial, radial, and azimuthal location (see especially Figure 3-13 
and Figure 3-15). 

Monte Carlo calculations are not subject to the discretization effects in space, energy, and angle 
that are an inherent limitation of discrete ordinates calculations and, as such, are considered to be 
a superior analysis method. In studies evaluating RPV fluence methodologies in the extended 
beltline region [25]–[27], it was conclusively demonstrated that hybrid radiation transport 
calculations provide the accuracy of well-converged Monte Carlo calculations— even with detailed 
mesh tallies —with solution times that are readily achievable on modern computing clusters. The 
calculations for this report were performed on a Linux cluster with 40 nodes and 48 processors 
per node. A typical MCNP® calculation was run for 2E9 histories with a wall-clock time in the 
range of 6 to 8 hours running on 16 nodes with 48 processors each.  

Because of the clear benefits associated with hybrid radiation transport calculations, this solution 
methodology was adopted for the evaluation of neutron flux and neutron and gamma dose rate 
and heat generation rate distributions for this study. This selection does not imply that other 
analysis methods are not suitable but recognizes that more rigorous predictions of radiation levels 
can be obtained using this state-of-the-art methodology. 

3.4  Uncertainty Quantification 

Any radiation transport analysis is subject to uncertainties resulting from modeling 
approximations, lack of complete information on material specifications and dimensions, and 
uncertainties in the nuclear cross-section data that is used. The availability of benchmark quality 
experimental measurements is invaluable in quantifying the effects of these uncertainties. 

Access to benchmark data for neutron flux distributions in bioshields and to radiation heating rate 
measurements would provide the ideal means of assessing the uncertainty in the analyses 
performed in Section 6   Given the current lack of such benchmark data, a rigorous uncertainty 
analysis is not feasible. 

The hybrid methodology used in the present analysis, though, does provide a clear improvement 
in the accuracy that can be expected for calculations of neutron flux, heating rates, and gamma 
dose rates. As noted above, use of the hybrid method eliminates the methodological uncertainties 
due to quadrature effects and multigroup libraries in discrete ordinates calculations.  

While there is no available benchmark data for calculated-to-measured comparisons of neutron 
flux, heating rates, or gamma dose rates in an LWR bioshield, there is measured data for 
neutron dosimetry reactions in the reactor cavity gap of the ORNL Pool Critical Assembly (PCA) 
pressure vessel wall benchmark facility (PVWBF) [34]. A recent PCA analysis [35] using 
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ADVANTG and MCNP®, the same codes that are used in the present analysis, demonstrated 
the ability of the hybrid method to obtain agreement that is generally within 5% of the 
measurements, even at a location in the simulated cavity outside a 22.5-cm-thick pressure 
vessel.
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4    DEVELOPMENT OF A REFERENCE THREE-LOOP PWR MODEL 

The initial phase of this project focused on creating an analysis model that could be used to 
evaluate neutron fluxes, heat generation rates, and gamma dose rates for a plant design that is 
representative of the limiting plant type with respect to radiation levels in the bioshield. The 
selection of the plant type to model was informed by the work of Esselman and Bruck [8], who 
used reports from the NRC Agencywide Documents Access and Management System (ADAMS) 
that included neutron fluences (E > 1.0 MeV) at the RPV inner radius for the U.S. PWR and BWR 
fleet. Extrapolation of data to calculate neutron fluences (E > 1.0 MeV) at 80 calendar years, 
attenuation of neutron fluences (E > 1.0 MeV) from the RPV inner radius to the RPV outer radius, 
conversion of neutron fluences for E > 1.0 MeV to E > 0.1 MeV, and calculation of concrete inner 
radius fluences (E > 0.1 MeV) were performed using studies by ORNL and TransWare 
Enterprises (TWE). Summary plots of neutron fluences at 80 calendar years from [8] are shown in 
Figure 4-1 through Figure 4-4. Additionally, gamma doses at the bioshield were estimated using 
gamma fluxes and/or dose rates from ORNL and TWE studies for two-loop and three-loop 
Westinghouse plants as well as an ORNL BWR study. Gamma fluxes at the RPV outer radius of a 
four-loop PWR and BWR reactor were also considered. 

In [8], the maximum neutron fluence (E > 0.1 MeV) at the bioshield inner radius at 80 calendar 
years is estimated as 6.1E+19 n/cm2 for the two-loop and three-loop U.S. PWR fleet. The four-
loop U.S. PWR fleet and the U.S. BWR fleet have significantly lower neutron fluence and gamma 
dose levels and consequently are not limiting. From Safety Evaluation Reports of SLRs, the 
limiting neutron fluences (E > 0.1 MeV) calculated on the concrete biological shield at 80 calendar 
years are 3.57E+19 n/cm2, 1.9E+18 n/cm2, and 3.17E+18 n/cm2 for a three-loop PWR, a BWR, 
and a three-loop PWR with a neutron shield tank, respectively [36]–[38]. 

The maximum gamma doses at the inner radius of the concrete biological shield at 80 calendar 
years are estimated as 1.23E+10 rad (ORNL study) for two-loop Westinghouse plants,  
1.21E+10 rad (TWE study) and 5.04E+09 rad (ORNL study) for three-loop Westinghouse plants, 
and 4.27E+09 rad for a BWR (ORNL study) [8]. From Safety Evaluation Reports of SLRs, the 
limiting gamma doses calculated on the concrete biological shield at 80 calendar years are 
1.9E+10 rad, 1E+10 rad, and 2.97E+8 rad for a three-loop PWR, a BWR, and a three-loop PWR 
with a neutron shield tank, respectively [36]–[38]. 

Based on these estimated neutron fluence (E > 0.1 MeV) and gamma dose projections on the 
bioshield inner radius at 80 calendar years of operation, a generalized three-loop Westinghouse 
plant was chosen for the current analysis. For the RPV support structure, the Category 4A short-
column type support described in [9] was used as noted in Section 1    

4.1  Three-Loop Model Description 

Three-dimensional radiation transport calculations for the bioshield were performed using a 
quarter model of a Westinghouse three-loop PWR. Geometrical dimensions and materials of this 
baseline model were obtained from several three-loop PWR documents, including Updated Final 
Safety Analysis Reports (UFSARs) [39]–[42] and U.S. Nuclear Regulatory Commission contractor 
reports (NUREG/CRs) [6], [9]. A few modeling parameters that were not available in the three-
loop reactor documents were obtained from a Westinghouse four-loop PWR model that was 
available to the authors.  

The core region included modeling of 157 fuel assemblies having a 15 x 15 rod array per fuel 
assembly. Fuel, fuel cladding, fuel plenum, fuel end plugs, bottom and top nozzles, spacer grids, 



 

4-2 

guide thimbles, rod cluster control assembly (RCCA), instrument tubes, burnable poison rods, and 
thimble plugs were explicitly included in the core modeling. RPV internals surrounding the core in 
the radial direction consisted of baffle plates, former plates, core barrel, and a fully circumferential 
thermal shield. RPV internals below and above the core consisted of the lower and upper core 
plates, respectively. The four-loop-reactor-specific geometrical data were used for the fuel end 
plug, RCCA, burnable poison rods, thimble plugs, baffle plates, and lower and upper core plates. 

The RPV clad, RPV, short-column type RPV supports, inlet and outlet nozzles, and bioshield were 
included in the model. The RPV thickness was selected to be within the range of RPV thicknesses 
of three-loop plants. For the RPV support structure, the Category 4A short-column type support 
described in [9] was used. In this RPV support structure, each nozzle rests on support pads that 
have rollers underneath. Rollers as well as lateral restraints are located on top of girders. Each 
girder is bolted to cantilever beams that extend in the cavity. Cantilever beams are also partially 
embedded in the bioshield.  Each cantilever beam is welded to supporting columns embedded in 
the bioshield. 

The baseline three-loop reactor model for the transport calculations included reinforcing steel in 
the bioshield. The reinforcing steel (rebar) consisted of #8 rebar (1-inch diameter) at 12-inch 
spacings azimuthally and vertically with a 3-inch concrete cover (i.e., the distance between the 
inner radius of the bioshield and the near edge of the rebar was 3 inches). 

The reflective thermal insulation and bioshield liner were not in the baseline model, but their 
impact was evaluated in parametric studies. Surveillance capsule holders and surveillance 
capsules were not included in the model. The nonexistence of surveillance capsule holders and 
surveillance capsules has no impact on the conclusions of this work as the focus is on parametric 
studies for the bioshield. 

The three-loop reactor used in this study has octant symmetry with the exception of the coolant 
nozzles and RPV supports. In the current analysis, modeling one-quarter of the reactor instead of 
a full model (i.e., 360º azimuthal modeling) was found to be sufficient for the purposes of this 
work, which was a parametric study. Moreover, this simplification of modeling one-quarter of the 
reactor results in significant reductions in computational time and resources (processors and 
memory) as compared to those required for a full-core model. 

Plan and elevation views of the three-loop model are provided in APPENDIX A  

4.2  Major Modeling Assumptions 

Several simplifications were made in developing the three-loop model used in this analysis. 
Because the current work performs studies to understand the impact of various parametric 
changes on neutron and gamma radiation levels in the bioshield and RPV supports and does not 
calculate plant-specific neutron fluxes, heat generation rates, or gamma doses, these modeling 
simplifications, listed below, will not impact the conclusions of the study. 

a. The neutron source was defined as having a U-235 Watt fission energy spectrum with 
a uniform spatial distribution within each fuel assembly.  

b. With the exception of the lower and upper core plates, details of the upper and lower 
RPV internals were not included in the geometrical model, and the composition of 
these regions were specified as water. There is very little neutron transport to the 
bioshield through these regions. 
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c. Three types of coolant temperatures were used in this study without taking into 
consideration a detailed axial temperature change. One coolant temperature was used 
for the inlet temperature and for the core, bypass, and downcomer regions along the 
active fuel height. Two outlet temperatures were used above the core.  

d. Ex-core detector wells were outside the scope of the project and were not modeled. 
Neglecting the presence of detector wells is not expected to affect the conclusions of 
this analysis. 

e. Surveillance capsules and capsule holders were not modeled.  

The analysis is performed for a three-loop Westinghouse PWR, but the parametric studies in this 
work can be extended to apply to two-loop PWRs as well since the impact of the parametric 
studies on neutron and gamma radiation levels in the bioshield and RPV supports are not plant 
specific to two-loop or three-loop PWRs. As noted in Section 4   two-loop and three-loop PWRs 
are more limiting than four-loop PWRs or BWRs with regard to concrete fluence concerns. 
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5    INPUTS FOR PARAMETER STUDIES 

5.1  Concrete Hydrogen Content 

The attenuation of neutrons in concrete is known to be sensitive to the moisture level (specifically 
the hydrogen content) of the concrete. The selection of a typical range of hydrogen content in 
concrete bioshields was informed by the following information [43] as well as information in 
references [39]–[42]. 

• Typical cement density in concrete ranges from 325 to 375 kg/m3. 
• Typical water-to-cement ratio (w/c) ranges from 0.45 to 0.55. 
• The minimum hydrogen density was calculated using a cement density of 325 kg/m3 and 

w/c of 0.45 The maximum hydrogen density was calculated using a cement density of 
375 kg/m3 and w/c of 0.55. 

• Minimum hydrogen density = 0.01625 g/cm3. 
• Maximum hydrogen density = 0.02292 g/cm3. 

The calculation of the minimum and maximum hydrogen densities listed above considers 100% 
water retention in the concrete. An assumed 70% reduction of water for a very dry environment for 
concrete without a liner plate results in a minimum hydrogen density of 0.00487 g/cm3. The above 
calculation assumes no hydrogen in aggregates. If the aggregate is hydrogen bearing, the 
maximum hydrogen density may be increased by ~0.03 g/cm3. 

Different concrete compositions were investigated in [44]–[46]. Three concrete compositions with 
minimum, maximum, and typical hydrogen densities selected for this study are presented in Table 
5.1. In addition, the typical water density of Type 04 concrete was reduced by 50% to evaluate the 
effect of keeping the composition of Type 04 concrete the same with the exception of the water 
content [47]. 

Table 5.1. Concrete Types Used in the Analysis. 

Type Reference 
Hydrogen 
Density 
(g/cm3) 

Concrete 
Density 
(g/cm3) 

Note 

01 ANL-6443 [45]  0.00484 2.33 Minimum hydrogen density 

Hanford Wet PNNL-15870, 
Rev. 1 [46]  0.029 2.35 Maximum hydrogen density 

04 ANS-6.4-2006 
(R2016) [44] 0.013 2.35 ANS-6.4-2006 (R2016) 

recommendation 

Type 04 with 
50% water 
reduction 

(Type 04 Mod) 

ISRD10 
Proceedings 

[47]  
0.0065 2.29 

Case performed to evaluate the 
effect of keeping the composition 
of Type 04 the same with the 
exception of water, which is 
reduced 50% 
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Note that this study does not include modeling of a hydrogen profile within the bioshield. In all 
calculations, a spatially uniform hydrogen content in concrete was assumed. This approach is 
consistent with standard modeling practice for concrete fluence analyses but may not be a 
conservative assumption. However, by examining a range of hydrogen contents with a total 
variation of nearly a factor of six, it is likely that bounding behaviors have been obtained. For a 
design basis calculation, though, it may be necessary to have details of any hydrogen variation in 
the bioshield. 

5.2  Reinforcing Steel within the Bioshield 

A sensitivity study addressing the impact of reinforcing steel (rebar) in the bioshield on neutron 
and gamma levels in the bioshield was performed using the following four cases. 

(i) No rebar 
(ii) #8 rebar (1-inch diameter) with a 3-inch concrete cover (i.e., the near edge of the rebar is 

located 3 inches inside the bioshield from the inner radius) 
(iii) #14 rebar (1.75-inch diameter) with a 3-inch concrete cover 
(iv) #14 rebar (1.75-inch diameter) with a 10-inch concrete cover 

The configurations described in Cases (ii)–(iv) were provided by NRC Office of Nuclear 
Regulatory Research staff. In each case the horizontal and vertical rebar spacing was 12 inches, 
and the rebar was modeled explicitly following the guidance of ANSI/ANS-6.4-2006 (R2016) [44].  

ANSI/ANS-6.4-2006 (R2016) indicates that for gamma sources, if rebar is considered, a 
homogenization of rebar and concrete is sufficient for the analysis. However, for neutron sources, 
if rebar is considered, a heterogenous treatment of rebar may be required in order to account for 
two competing effects: the increase in gamma radiation resulting from neutron capture in the rebar 
(i.e., radiative capture gammas) and an increase in gamma attenuation where rebar displaces 
concrete. In most cases, rebar composition is specified as low-carbon steel. 

ANSI/ANS-6.4-2006 (R2016) evaluates the effect of the location of rebar in concrete and indicates 
that rebar within the first few inches of concrete causes an increase in capture gammas due to 
neutron thermalization and rebar in deeper locations of concrete causes an increased attenuation 
of gammas. The location effect of rebar is evaluated in the current analysis. 

5.3  Bioshield Liner 

The presence of a bioshield liner will impact neutron and gamma transmission into the bioshield 
and will also introduce an additional source of capture gamma radiation. In this study, the 
following two cases were considered. 

(i) No liner 
(ii) 0.25-inch-thick steel liner with no variation in thickness azimuthally. Both carbon steel and 

stainless steel were evaluated. 

In case (ii), the thickness of the liner was taken from [6]. Note that in [6], the concrete surfaces of 
the ex-core detector wells are covered with a liner and other concrete surfaces are bare. In the 
current study, ex-core detector wells are not modeled, and the thickness of the concrete liner is 
assumed to be uniform. The existence and thickness of the liner may change on a plant-specific 
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basis. The purpose of the liner sensitivity study is to analyze the impact of a selected concrete 
liner plate thickness on neutron and gamma levels in the bioshield. Possible effects of ex-core 
detectors are outside the scope of this study. 

5.4  Reflective Thermal Insulation 

In order to perform a sensitivity study addressing the impact of reflective thermal insulation on 
neutron and gamma levels in the bioshield, the following two cases were considered.  

(i) No reflective thermal insulation 
(ii) 3-inch-thick reflective thermal insulation located between the RPV outer radius and 

bioshield inner radius 

For case (ii), the thickness of the reflective thermal insulation was determined based on several 
UFSARs [39], [48]–[50] as well as the thickness provided in [6]. 

5.5  RPV-Bioshield Cavity Gap Width 

The minimum and maximum cavity gap widths were determined by estimating the widths from 
reactor geometrical models presented in surveillance capsule analyses reports for one two-loop 
Westinghouse PWR, six three-loop Westinghouse PWRs, and five Combustion Engineering 
PWRs that were available in NRC ADAMS as well as data presented in the three-loop 
H. B. Robinson Unit 2 Cycle 9 benchmark [6] and the PWR pressure vessel benchmark prepared 
by Brookhaven National Laboratory for the NRC [51]. The minimum and maximum cavity gap 
widths were determined as ~16 cm and ~117 cm, respectively. In an attempt to cover other two-
loop and three-loop PWR gap widths, this range was arbitrarily extended by 3 cm on both ends of 
the range, and the resultant gap width minimum and maximum were determined as 13 cm and 
120 cm, respectively. In the current study, three cavity gap widths were analyzed:  

(i) 13 cm (minimum gap width), 
(ii) 71 cm (an intermediate gap width between the minimum and maximum widths), and 
(iii) 120 cm (maximum gap width).
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6    PARAMETER STUDY RESULTS 

The parameter studies were carried out using hybrid radiation transport calculations with 
ADVANTG [52] and MCNP® [53]. ADVANTG generates variance reduction parameters that are 
used in subsequent MCNP® Monte Carlo simulations. The MCNP® calculations employed mesh 
tallies for each radiation quantity of interest (neutron fluxes, heating rates, and dose rates). Within 
the bioshield, the data were tallied using a cylindrical mesh tally with radial intervals of  
1 cm, axial intervals of approximately 2.5 cm, and azimuthal intervals of 1º. Individual cylindrical 
mesh tallies were used for each rebar segment (hoop and vertical). Cartesian mesh tallies were 
used for each embedded support column and cantilever beam. A brief overview of mesh tallies is 
provided in Appendix B.2.1  

Example mesh tally results are shown in Figure B-4 and Figure B-5. These plots illustrate the use 
of flooded (color-filled) contours and contour lines for the quantity of interest (e.g., gamma dose 
rate), markers to indicate the maximum values in the concrete, rebar, and column supports, and 
the mesh cell spacing for the cylindrical and cartesian mesh tallies. Examination of Figure B-4 and 
Figure B-5 will aid in understanding the features of the two-dimensional (2D) data plots throughout 
Section 6    

The Monte Carlo simulation results provide statistical estimates of the mean and associated 
relative error for every mesh tally voxel (volume element). Common guidance for Monte Carlo 
calculations suggests that solutions should be converged such that the relative error for any tally 
value is less than 10%. For the calculations in this study, the solutions were typically converged to 
relative errors of less than 2%, and often less than 1%.  

6.1  Concrete Composition 

For the concrete composition parameter studies, neutron and coupled neutron/gamma 
calculations were performed using models with each of the four concrete types listed in Table 5-1.  
In each case #8 rebar with a 3-inch concrete cover was included in the bioshield.  The cavity gap 
width was the intermediate gap width of 71 cm. No bioshield liner or reflective thermal insulation is 
present in these models. Plan and elevation views of this model are provided in APPENDIX A   
They may be referred to for orientation when viewing the one-dimensional (1D) and 2D data plots 
throughout Section 6   The dashed boxes labeled ‘A’ in the plan view plots of APPENDIX A show 
the spatial region that is included in most of the 2D data plots. As will be demonstrated in Section 
6.5 the maximum incident neutron and gamma radiation levels occur near the X- and Y-axes of 
the quarter-core model (i.e., at azimuthal angles near 0º and near 90º). 

6.1.1  Neutron Flux: Concrete Only 

It is well known that the attenuation of neutrons through concrete is strongly dependent on the 
hydrogen content of the concrete [44]. The average energy loss from elastic scattering of neutrons 
by hydrogen is greater than the average energy loss for elastic scattering by any other element. 
Thus, the hydrogen content of the concrete plays a key role in the moderation (slowing down) of 
fast neutrons and in the subsequent thermalization of those neutrons. The thermal neutrons are 
absorbed by hydrogen and other elements in the concrete. Those absorption reactions typically 
produce secondary gamma rays which then contribute to heating and to gamma dose rates.  

In this section we consider the attenuation of neutrons through the four concrete types for four 
energy ranges of interest. 
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1) E > 1.0 MeV 
2) E > 0.1 MeV (100 keV) 
3) E > 1.0E-05 eV 
4) E < 1 eV 

The first three energy ranges are those listed in Section 2.3 The fourth range is representative of 
the thermal neutron flux. While there is no single “cutoff” energy that is considered to be the upper 
limit for thermal neutrons, typical values are a fraction of 1 eV. 

 Neutron flux by energy range: general characteristics  

While differences in the concrete compositions evaluated in this study have a marked effect on 
the neutron flux, gamma dose rates, and total heating rates, there are common characteristics of 
how the neutron flux behaves as a function of energy for each concrete type. 

Figure 6-1 and Figure 6-2 show the neutron flux for five energy ranges (including the total flux) in 
Type 04 concrete at an elevation of 200 cm and azimuthal angles of 3.5º and 44.5º. This elevation 
was chosen because it is near the core midplane and is likely to see the highest fluence 
accumulation for plant designs similar to the model used in this study. In these and all other 1D 
plots in this report, the mean values are plotted using symbols, and the associated 95% 
confidence intervals are shown as error bars. 

 The azimuthal angles of 3.5º and 44.5º were chosen for two reasons. 

1) They represent locations that have the minimum (at 3.5º) and maximum (at 44.5º) 
amounts of water between the outer edge of the fuel assemblies and the core barrel (see 
Figure A-1). This results in neutron flux levels incident to the bioshield that are at or near 
the maximum and minimum values, respectively. 

2) These axial and azimuthal locations provide neutron flux traverses that are entirely within 
concrete and do not pass through any steel (rebar or support columns) in the bioshield. 
This provides the optimal “concrete-to-concrete” comparisons. 

The following observations can be made from Figure 6-1. 

1) The neutron flux for E > 1.0 MeV and for E > 0.1 MeV decrease monotonically through the 
concrete. 

2) For the energy range 1 eV < E < 0.1 MeV, there is a peak (maximum) value at ~2 cm into 
the concrete. This peak occurs as neutrons with E > 0.1 MeV are down scattered 
(scattered to lower energies) in the concrete. 

3) The neutron flux for E < 1 eV undergoes an initial increase in the concrete as higher-
energy neutrons are moderated and thermalized by successive scatters. For the Type 04 
concrete, the thermal peak occurs at a depth of ~12 cm. 

4) Because of the peaking noted in observation 2 and, to a lesser extent in observation 3, the 
total flux undergoes a slight peak at ~2 cm into the concrete. 

5) The fraction of the total flux due to neutrons with E < 1 eV increases monotonically through 
the concrete before reaching an asymptotic value. 
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At an azimuthal location of 44.5º (Figure 6-2), there is no peaking of the neutron flux for the 
energy range 1 eV < E < 0.1 MeV, and the thermal flux peak occurs ~10 cm into the concrete. 
These differences relative to the 3.5º location are due to changes in the incident neutron flux 
spectrum at the inner radial surface of the bioshield as shown in Figure 6-3. Due to the greater 
amount of water between the outer edge of the fuel assemblies and the core barrel at 44.5º, the 
incident neutron spectrum is ‘softer’ (shifted toward lower energies), so there are fewer neutrons 
with E > 0.1 MeV available to down scatter into the lower energy ranges. 

Figure 6-4 through Figure 6-6 show the neutron flux by energy range at an elevation of 200 cm 
and an azimuthal angle of 3.5º for the Type 01 concrete, Type 04 mod concrete, and Hanford wet 
concrete. For the Type 01 concrete (Figure 6-4), which has the minimum hydrogen content, there 
is less moderation and thermalization of the neutrons with E > 0.1 MeV compared to the Type 04 
concrete, and the peaks in the neutron flux for 1 eV < E < 0.1 MeV and for E < 1 eV occur at 
greater depths. The flux behavior in the Type 04 mod concrete (Figure 6-5) is similar to that in the 
Type 01 concrete. The Hanford wet concrete (Figure 6-6), which has the maximum hydrogen 
content, has flux peaks at < 2 cm into the concrete for 1 eV < E < 0.1 MeV and at ~7 cm into the 
concrete for E < 1 eV. These ‘rapid’ peaks are due to the increased moderation and 
thermalization resulting from the higher hydrogen content. 

 Neutron energies E > 1.0 MeV and E > 0.1 MeV 

Figure 6-7 through Figure 6-9 show the attenuation of the neutron flux in each concrete type for 
E > 1.0 MeV and E > 0.1 MeV at an elevation of 200 cm and azimuthal angles of 3.5º and 44.5º.  

Figure 6-10 and Figure 6-11 show the neutron flux attenuation at the same azimuthal locations at 
an elevation of 400 cm. 

For each of the curves in Figure 6-7 through Figure 6-11 (as well as in some of the subsequent 
1D radial plots), an exponential function of the following form has been fitted to the data using a 
weighted least-squares fit: 

𝜙𝜙(𝑟𝑟) =  𝜙𝜙0𝑒𝑒−𝑏𝑏(𝑟𝑟−𝑟𝑟0) , 

where  𝜙𝜙(𝑟𝑟) = the neutron flux at radial location 𝑟𝑟 (cm), 
     𝑟𝑟0  = the radius of the first mesh tally voxel in the bioshield (cm), 
     𝜙𝜙0 = the neutron flux at 𝑟𝑟0, and 
     𝑏𝑏  = the attenuation coefficient (cm-1). 

These fits are applied to the radial extent at which the “incident” flux 𝜙𝜙0 has been attenuated by a 
factor of 10. Partial range fits over this range of values are employed because in many cases a 
single exponential attenuation does not adequately model the flux behavior through the entire 
bioshield. 

The effect of the hydrogen content is clear in these figures. As expected, the most rapid 
attenuation of the neutron flux for both energy ranges (E > 1.0 MeV; E > 0.1 MeV) occurs with the 
Hanford wet concrete, while significantly less attenuation occurs with the Type 01 and modified 
Type 04 concretes. The following observations can be made from these results. 

1) At each of the elevations shown, the flux for E > 1.0 MeV and E > 0.1 MeV at the inner 
surface of the bioshield at 3.5º is 2–4 times higher than the corresponding flux at 44.5º. 
This is due to the core geometry. Angles near 0º and 90º have the minimal amount of 
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water between the outer assemblies and the core barrel and hence have less attenuation 
of the neutron flux radially outward from the edge of the assemblies. 

2) At each axial/azimuthal location, the attenuation coefficients for neutrons with E > 0.1 MeV 
are greater than the corresponding attenuation coefficients for E > 1.0 MeV. This 
increased attenuation rate of the flux for E > 0.1 MeV is a result of the energy dependence 
of the hydrogen scattering cross section, which decreases monotonically over an energy 
range from approximately 10 keV (0.01 MeV) to 20 MeV (the upper energy limit in typical 
neutron shielding calculations). As neutrons are scattered to lower energies, their 
probability of scattering from hydrogen continuously increases, resulting in a more rapid 
rate of attenuation as the neutron energy decreases. 

3) The attenuation coefficients for neutrons with E > 1.0 MeV at a specific elevation are 
consistent at 3.5º and 44.5º. This is not the case for neutrons with E > 0.1 MeV. For that 
energy range, the attenuation coefficients are greater at 44.5º. This is due to differences in 
the spectrum of the incident neutron flux at these two azimuthal locations as noted in 
Section 6.1.1.1  

4) The attenuation coefficients for each energy range are larger at an elevation of 400 cm 
than at 200 cm. This is due to differences in the incident neutron flux spectrum at these 
two elevations. At 400 cm the incident flux is affected more by the contribution of neutrons 
that have scattered in the cavity gap, including those that have scattered in the cantilever 
beams for the short column supports. 

 Neutron energies E > 1.0E-05 eV 

The neutron flux as a function of radial position for E > 1.0 MeV and E > 0.1 MeV decreases 
monotonically with depth through the bioshield. However, for neutron energies below 0.1 MeV, the 
flux can exhibit a peak value at some distance into the concrete as noted in Section 6.1.1.1 This 
behavior can be seen in Figure 6-12, which illustrates the total flux through the concrete at an 
elevation of 200 cm. For an azimuthal angle of 3.5º (the maximum incident flux location), the peak 
value of the total flux for each concrete type occurs in the first few centimeters of the concrete. 
This peaking can be seen more clearly in Figure 6-13, which shows the total flux behavior in the 
first 12 cm of the concrete. At an azimuthal angle of 44.5º, the maximum total flux occurs at the 
inner surface of the concrete. At this location the neutron flux spectrum is degraded in energy 
relative to the 3.5º location, so there are fewer neutrons with E > 0.1 MeV to moderate. This can 
be seen in Figure 6-14, which shows the azimuthal variation of the fractions of the incident total 
neutron flux with E > 1.0 MeV and with E > 0.1 MeV. 

 Neutron energies E < 1 eV 

Neutrons with energies less than 1 eV are not a significant concern with respect to neutron 
damage effects in concrete, but they are important due to their role in heating and dose rates. 
Much of the energy deposition within the bioshield is caused by gamma sources that are a result 
of radiative capture as neutrons are moderated and thermalized in the concrete. These effects are 
illustrated in Sections 6.1.3 and 6.1.4  

The neutron flux for E < 1 eV initially increases with depth in the concrete as higher-energy 
neutrons are moderated and thermalized. The flux then decreases monotonically with additional 
depth into the concrete. Both the location and magnitude of the peak thermal flux value are 
affected by the hydrogen content of concrete as noted in Section 6.1.1.1 Those factors in turn 
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affect the spatial distribution of the total heating rate and the gamma dose rate. Figure 6-15 
illustrates the flux distribution for neutrons with E < 1 eV at an elevation of 200 cm and azimuthal 
angles of 3.5º and 44.5º. The following observations can be made from the data in this figure. 

1) Increases in the hydrogen content of concrete result in higher maximum flux levels for  
E < 1 eV. These higher peak values, which occur at “shallower” depths in the concrete 
(i.e., at locations closer to the inner surface of the bioshield), are due to increased 
moderation and thermalization of neutrons in concrete that contains high levels of 
hydrogen. In contrast, concretes with lower hydrogen content have thermal flux peaks that 
are lower in magnitude, broader, and are shifted to further depths in the concrete.  

2) The higher thermal flux peaks in the concretes with higher hydrogen content are followed 
by more rapid attenuation of the thermal flux at locations beyond the thermal peak. This 
behavior has a direct effect on total heating rates and gamma dose rates, which will be 
seen in Section 6.1.3 and subsequent sections. 

6.1.2  Neutron Flux: Effect of Rebar and Support Columns 

The results presented in Section 6.1.1 are appropriate for neutron attenuation through portions of 
the bioshield that do not contain steel. The presence of rebar and the RPV support columns must 
also be considered with regard to the behavior of the neutron flux. For the energy ranges that are 
considered for neutron fluence effects in concrete, the presence of structural steel has a minor 
effect, as shown in Figure 6-16 (E > 1.0 MeV) and Figure 6-17 (E > 0.1 MeV).  

The total neutron flux (E > 1.0E-05 eV) is sensitive to the presence of steel, as evidenced by the 
depression of the total flux contours in Figure 6-18. The flux depression effect due to steel is most 
pronounced for the low-energy neutrons (E < 1 eV), as shown in Figure 6-19. The flux depression 
of these low-energy neutrons is caused by neutron capture (absorption) in the steel, which 
produces capture gammas that are important contributors to heating and dose rates. 
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Figure 6-1  Neutron flux radial profiles by energy interval through Type 04 concrete at an 

elevation of 200 cm and an azimuthal angle of 3.5º 
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Figure 6-2 Neutron flux radial profiles by energy interval through Type 04 concrete at an 

elevation of 200 cm and an azimuthal angle of 44.5º 
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Figure 6-3 Azimuthal variation of the fraction of the total neutron flux for four energy 

ranges at the inner surface of the bioshield. Type 04 concrete 
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Figure 6-4 Neutron flux radial profiles by energy interval through Type 01 concrete at an 

elevation of 200 cm and an azimuthal angle of 3.5º 
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Figure 6-5 Neutron flux radial profiles by energy interval through Type 04 mod concrete at 

an elevation of 200 cm and an azimuthal angle of 3.5º 
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Figure 6-6 Neutron flux radial profiles by energy interval through Hanford wet concrete at 
an elevation of 200 cm and an azimuthal angle of 3.5º 
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Figure 6-7 Neutron flux (E > 1.0 MeV and E > 0.1 MeV) radial profiles through four concrete 
types at an elevation of 200 cm and an azimuthal angle of 3.5º (See Section 
6.1.1.2 for a discussion of the parameter ‘b’) 
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Figure 6-8 Neutron flux (E > 1.0 MeV and E > 0.1 MeV) radial profiles through the first 30 cm 
of the bioshield for four concrete types at an elevation of 200 cm and an 
azimuthal angle of 3.5º (See Section 6.1.1.2 for a discussion of the parameter ‘b’ 
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Figure 6-9 Neutron flux (E > 1.0 MeV and E > 0.1 MeV) radial profiles through four concrete 

types at an elevation of 200 cm and an azimuthal angle of 44.5º 
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Figure 6-10  Neutron flux (E > 1.0 MeV and E > 0.1 MeV) radial profiles through four concrete 

types at an elevation of 400 cm and an azimuthal angle of 3.5º 
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Figure 6-11 Neutron flux (E > 1.0 MeV and E > 0.1 MeV) radial profiles through four concrete 

types at an elevation of 400 cm and an azimuthal angle of 44.5º 
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Figure 6-12 Total neutron flux (E > 1.0E-05 eV) radial profiles through four concrete types at 

an elevation of 200 cm and azimuthal angles of 3.5º and 44.5º 

Azimuthal Angle = 3.5º 

Azimuthal Angle = 44.5º 
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Figure 6-13  Total neutron flux (E > 1.0E-05 eV) radial profiles through four concrete types at 

an elevation of 200 cm and azimuthal angles of 3.5º and 44.5º. (Detail through the 
first 12 cm of the concrete) 

Azimuthal Angle = 3.5º 

Azimuthal Angle = 44.5º 
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Figure 6-14 Fraction of the neutron flux incident at the inner surface of the bioshield with  

E > 1.0 MeV and with E > 0.1 MeV in four concrete types at an elevation of 
200 cm 
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Figure 6-15 Neutron flux (E < 1 eV) radial profiles through four concrete types at an elevation 

of 200 cm and azimuthal angles of 3.5º and 44.5º 

Azimuthal Angle = 3.5º 

Azimuthal Angle = 44.5º 
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Figure 6-16  Neutron flux contours in Type 04 concrete for E > 1.0 MeV at an elevation of  

 245 cm. (This elevation includes hoop and vertical rebar and support columns) 
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Figure 6-17 Neutron flux contours in Type 04 concrete for E > 0.1 MeV at an elevation of  

245 cm. (This elevation includes hoop and vertical rebar and support columns) 
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Figure 6-18 Total neutron flux contours in Type 04 concrete at an elevation of 245 cm. (This 

elevation includes hoop and vertical rebar and support columns) 
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Figure 6-19 Neutron flux contours in Type 04 concrete for E < 1 eV at an elevation of 245 cm. 

(This elevation includes hoop and vertical rebar and support columns) 
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6.1.3  Total Heating Rate: Concrete Only 

The total heating rate provides the radiation heat-generation rate in the bioshield concrete and the 
steel structural components and rebar. It includes contributions from neutron heating and gamma 
heating. Gamma heating can be further broken down into two components:  “incident” gamma 
heating, which is due to gammas that are produced in the core and core structural components 
and reach the bioshield, and “self-heating”, which is caused by gamma radiation that is produced 
by radiative capture within the concrete and steel in the bioshield. Figure 6-20 illustrates the 
contributions to the total heating rate in Type 04 concrete at an elevation of 200 cm and an 
azimuthal angle of 3.5º. At the inner surface of the bioshield, the incident gamma heating is 
slightly higher than the self-heating, but the incident gamma heating is rapidly attenuated and is 
lower than the self-heating within a few centimeters. The self-heating reaches a peak value about 
15 cm into the concrete and then decreases monotonically. The combination of the two produces 
a gamma heating rate curve that is nearly uniform for ~12 cm before decreasing monotonically. 

In considering this behavior, it must be remembered that the elevation and azimuthal angle for this 
plot were selected to avoid any steel structures and rebar. The presence of steel will have a 
significant impact on heating rates, as discussed below. Additionally, these results are only 
representative of Type 04 concrete. Changes in the hydrogen content will affect the results, 
particularly with regard to the shape of the self-heating curve.  

 
Figure 6-20  Components of the total heating rate in Type 04 concrete at an elevation of 

200 cm and an azimuthal angle of 3.5º 
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Neutron heating rates in the bioshield decrease monotonically as a function of depth into the 
shield. This is shown in Figure 6-21 and Figure 6-22 for two azimuthal locations (3.5º and 44.5º) at 
an elevation of 200 cm. In each case, the neutron heating rate near the inner surface of the 
concrete is highest for the Hanford wet concrete (with the highest hydrogen content) and lowest 
for the Type 01 concrete (with the lowest hydrogen content). This behavior is due to changes in 
the magnitude of the neutron scattering cross section resulting from changes in the hydrogen 
content. Correspondingly, the neutron heating rate in the concrete is attenuated more rapidly with 
increasing hydrogen content. 

As shown in Figure 6-20, the gamma heating rates do not always decrease monotonically through 
the concrete. This is because the self-heating rate is driven by the production of gammas due to 
neutron absorption and scattering. As neutrons enter the concrete from the cavity region, they are 
moderated in the concrete to lower energies, where their probability of absorption (and hence of 
producing capture gamma rays) increases. The Hanford wet concrete produces the most rapid 
moderation and thermalization, which results in a peak in the total gamma heating rate several 
centimeters into the concrete at the 3.5º azimuthal location (see Figure 6-21). The peaking effect 
at 44.5º (Figure 6-22) is substantially smaller due to differences in the incident neutron spectra at 
those two locations. 

Figure 6-23 and Figure 6-24 show the total (neutron + gamma) heating rate profiles through the 
four concrete types at elevations of 200 cm and 400 cm and azimuthal angles of 3.5º and 44.5º. 
At each location the heating rates in the innermost portion of the concrete (i.e., the region nearest 
the inner surface) are proportional to the hydrogen content of each concrete type. At further 
distances into the concrete, the concretes with the higher hydrogen content (Hanford wet and 
Type 04) begin to experience a more rapid attenuation. This is due to the more rapid attenuation 
of the neutron flux in the Type 04 and Hanford wet concretes, which results in less gamma 
production and hence lower self-heating rates than the concretes with lower hydrogen contents. 

6.1.4  Total Heating Rate: Effect of Rebar and Support Columns 

The results presented in Section 6.1.3  are appropriate for heating rate comparisons in the 
concrete regions of the bioshield where there are no perturbations due to the presence of 
structural steel components or rebar. While the presence of rebar and the RPV support columns 
has a minor effect on the attenuation of neutrons with energies greater than 0.1 MeV as well as 
neutrons with energies greater than 1.0 MeV (see Section 6.1.2 those steel components have a 
significant effect on heating rates. The increased heating in the steel is due to two effects. 

1) The gamma energy absorption coefficient µen, which is a measure of how much energy is 
deposited in a material due to gamma interactions, is significantly greater for steel than for 
concrete. 

2) Absorption of thermal neutrons in the steel produces capture gamma rays, some of which 
can have energies as high as ~8 MeV. 

The effects of the rebar and support columns are shown for each of the four concrete types at 
elevations of 245 cm and 391 cm in Figure 6-25 through Figure 6-32. The elevation at 245 cm 
includes vertical and hoop rebar and an embedded support column. The elevation at 391 cm 
includes vertical rebar and the upper cantilever beam. 

In each of these eight plots, the maximum total heating rates occur within the structural steel 
components and rebar. The peak heating rates in the steel are typically three to four times higher 
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than the peak heating rate in the concrete. The peak heating rates in the steel occur in rebar at 
both elevations. There is a clear correlation between the hydrogen content of the concrete and the 
heating rates in the structural steel. At both elevations, the peak heating rates in the steel and in 
the concrete are proportional to the hydrogen content. Thus, the highest heating rates occur in the 
Hanford wet concrete (with a hydrogen content of 0.029 g/cm3) and the lowest rates occur in the 
Type 01 concrete (with a hydrogen content of 0.00484 g/cm3).  

This behavior is caused by two effects: (1) more effective moderation and thermalization of the 
neutrons as the hydrogen content increases, which leads to higher rates of capture gamma 
production, and, to a lesser extent, (2) increased neutron heating in the concrete due to an 
increase in the macroscopic elastic scattering cross section as the hydrogen content increases. It 
may also be noticed that the total heating rates are attenuated more rapidly in the “wetter” 
concretes, but that may be a secondary concern relative to the maximum heating rates. 

At the elevation of 391 cm, the peak heating rates occur in the vertical rebar and along the edges 
of the cantilever beam. The peaks along the edges of the cantilever beam are a result of thermal 
neutron capture in the steel.  The capture rate decreases toward the center of the cantilever beam 
as the thermal flux is rapidly attenuated in the steel.  
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Figure 6-21 Neutron and gamma heating rate radial profiles through four concrete types at  

an elevation of 200 cm and an azimuthal angle of 3.5º 
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Figure 6-22 Neutron and gamma heating rate radial profiles through four concrete types at 

an elevation of 200 cm and an azimuthal angle of 44.5º 
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Figure 6-23 Total heating rate radial profiles through four concrete types at an elevation of 

200 cm and azimuthal angles of 3.5º and 44.5º 

Azimuthal Angle = 3.5º 

Azimuthal Angle = 44.5º 
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Figure 6-24 Total heating rate radial profiles through four concrete types at an elevation of 

400 cm and azimuthal angles of 3.5º and 44.5º 

Azimuthal Angle = 3.5º 

Azimuthal Angle = 44.5º 
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Figure 6-25 Total (neutron + gamma) heating rate contours at an elevation of 245 cm:  

Type 04 concrete 
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Figure 6-26 Total (neutron + gamma) heating rate contours at an elevation of 391 cm:  

Type 04 concrete 
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Figure 6-27 Total (neutron + gamma) heating rate contours at an elevation of 245 cm:  

Type 04 mod concrete 
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Figure 6-28 Total (neutron + gamma) heating rate contours at an elevation of 391 cm:  

Type 04 mod concrete 
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Figure 6-29 Total (neutron + gamma) heating rate contours at an elevation of 245 cm:  

Type 01 concrete 
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Figure 6-30 Total (neutron + gamma) heating rate contours at an elevation of 391 cm:  

Type 01 concrete 
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Figure 6-31 Total (neutron + gamma) heating rate contours at an elevation of 245 cm: 

Hanford wet concrete 
  



 

6-39 

 
Figure 6-32 Total (neutron + gamma) heating rate contours at an elevation of 391 cm: 

Hanford wet concrete 
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6.1.5  Gamma Dose Rate: Concrete Only 

The gamma dose rate provides another measure of energy deposition in the bioshield concrete 
and the steel structural components. It differs from the total heating rate in two ways. 

1) The gamma dose rate includes energy deposition from gamma rays only. Note that, as 
with the total heating rate, there are contributions from incident gammas and self-heating 
gammas. 

2) The total heating rate provides a measure of energy deposition on a volumetric (W/cm3) 
basis. The gamma dose rate provides a measure or energy deposition on a mass basis 
(rad/s).   

The conversion between the gamma heating rate and the gamma dose rate is given by  

𝐷𝐷𝐷𝐷𝛾𝛾 =  �̇�𝐻𝛾𝛾  × 
105

𝜌𝜌
 , 

where  

   𝐷𝐷𝐷𝐷𝛾𝛾 = the gamma dose rate (rad/s), 
   �̇�𝐻𝛾𝛾 = the gamma heating rate (W/cm3), and 
   𝜌𝜌  = the density of the material (g/cm3). 

The behavior of the gamma dose rate can be seen by examining the gamma heating rate plots in 
Figure 6-21 and Figure 6-22. The gamma dose rates can be obtained by multiplying the gamma 
heating rates by 105 and dividing by the concrete density. Thus, the same conclusions that were 
drawn for gamma heating as a function of concrete composition in Section 6.1.3 are applicable to 
the gamma dose rate. 

6.1.6  Gamma Dose Rate: Effect of Rebar and Support Columns 

The effect of structural steel and rebar on gamma dose rates in the bioshield is similar to the effect 
described for heating rates in Section 6.1.4 . The primary difference is that because the dose rate 
in rad/s is a measure of energy deposition per unit mass, while the heating rate in W/cm3 is a 
measure of the energy deposition per unit volume, the variation in the gamma dose rate between 
the structural steel and the surrounding concrete is not as significant as the variation in the 
heating rates in the structural steel and the surrounding concrete. Furthermore, the total heating 
rate includes the effect of neutrons as well as gammas. Note that while neutron heating rates are 
less than gamma heating rates for the models used in this analysis, the total heating rate near the 
inner surface of the bioshield can have a significant neutron heating contribution.   

The effects of these differences relative to the heating rates can be seen by comparison of Figure 
6-25 through Figure 6-32 with Figure 6-33 through Figure 6-40. The differences can be 
summarized as follows. 

1) As noted above, the difference in a mass-based versus a volume-based energy deposition 
rate significantly reduces the variation in the gamma dose rate in the concrete relative to 
the steel compared to the variation in the heating rates in concrete relative to the steel. 
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2) The peak gamma dose rates in the concrete at each location occur in mesh tally voxels 
immediately adjacent to rebar sections. With the total heating rates, the peak heating rate 
in the concrete occurs near the inner surface of the bioshield due to the contribution of 
neutron heating. 

3) As is the case with the total heating rates, the maximum gamma dose rates occur with the 
Hanford wet concrete. The maximum dose rates decrease with decreasing hydrogen 
content of the concrete. This is again due to more effective moderation and thermalization 
of the neutrons as the hydrogen content increases, which leads to higher rates of capture 
gamma production and hence higher gamma dose rates. 



 

6-42 

 
Figure 6-33 Gamma dose rate contours at an elevation of 245 cm: Type 04 concrete 
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Figure 6-34 Gamma dose rate contours at an elevation of 391 cm: Type 04 concrete 
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Figure 6-35 Gamma dose rate contours at an elevation of 245 cm: Type 04 mod concrete 
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Figure 6-36 Gamma dose rate contours at an elevation of 391 cm: Type 04 mod concrete 
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Figure 6-37 Gamma dose rate contours at an elevation of 245 cm: Type 01 concrete 
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Figure 6-38 Gamma dose rate contours at an elevation of 391 cm: Type 01 concrete 
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Figure 6-39 Gamma dose rate contours at an elevation of 245 cm: Hanford wet concrete 
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Figure 6-40 Gamma dose rate contours at an elevation of 391 cm: Hanford wet concrete 
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6.2  Composition and Location of Reinforcing Steel (Rebar) 

It was shown in Section 6.1 that the presence of structural steel within the bioshield concrete has 
a relatively minor effect on neutron flux levels but a significant localized effect on total heating 
rates and gamma dose rates. In this section we consider the effect of changing the rebar size and 
the depth of the concrete cover (i.e., the amount of concrete between the inner surface of the 
bioshield and the first layer of rebar) using the following cases. 

1) #8 rebar (1-inch diameter) with a 3-inch concrete cover 
2) #14 rebar (1.75-inch diameter) with a 3-inch concrete cover 
3) #14 rebar (1.75-inch diameter) with a 10-inch concrete cover 
4) No rebar 

These four cases are all based on a Type 04 concrete bioshield. 

In cases 1–3 the rebar consists of hoops and vertical rods. The prescribed horizontal and vertical 
spacing intervals are 12 inches in each case. In some locations the rebar hoops had to be divided 
into azimuthal sections to avoid interference with the support columns. In the same way, vertical 
rebar rods were moved azimuthally in some cases to avoid interferences.  

Because the effects of the rebar and column supports on neutron flux levels for E > 1.0 MeV and  
E > 0.1 MeV are relatively minor, we focus here on the effect of the rebar modeling on total 
heating rates and gamma dose rates. 

The total heating rates for cases 2–4 are shown in Figure 6-41 through Figure 6-46. The following 
conclusions can be drawn from comparison of these figures with Figure 6-25 and Figure 6-26. 

1) The highest heating rates occur for the #8 rebar with a 3-inch concrete cover.  

2) Increasing the concrete cover for the #14 rebar from 3 inches to 10 inches results in a 
reduction in the heating rates in the rebar.  

3) The maximum heating rates in the concrete occur at the inner edge of the bioshield in 
each case. The maximum heating rates in the steel occur in the rebar for the #8/3-inch 
and #14/3-inch models and in the support column in the #14/10-inch and no-rebar models. 

The gamma dose rates for cases 2–4 are shown in Figure 6-47 through Figure 6-52. The 
following conclusions can be drawn from comparison of these figures with Figure 6-33 and Figure 
6-34. 

1) As with the total heating rates, the highest gamma dose rates occur for the #8 rebar with a 
3-inch concrete cover. 

2) Increasing the concrete cover for the #14 rebar from 3 inches to 10 inches results in a 
reduction in the gamma dose rates in the rebar. The peak gamma dose rate in the rebar 
hoop is ~42% lower in the #14/10-inch model. This reduction is essentially identical to that 
for the total heating rate in the #14/3-inch and #14/10-inch models. This equivalence is 
expected, as the contribution of neutron heating to the total heating rate in the rebar is very 
small. 
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3) The maximum gamma dose rates in concrete for the #8/3-inch and #14/3-inch models 
occur along the inner edge of the rebar hoop due to the significant capture gamma 
production in the rebar hoop. For the #14/10-inch and no-rebar models, the maximum 
gamma dose rates in the concrete occur a few centimeters from the inner surface of the 
bioshield. The location of the rebar in the #14/10-inch model is far enough from the inner 
surface of the concrete that its contribution to the peak gamma dose rate in the concrete is 
insignificant. 
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Figure 6-41 Total (neutron + gamma) heating rate contours at an elevation of 245 cm:  

Type 04 concrete with #14 rebar and a 3-inch concrete cover 
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Figure 6-42 Total (neutron + gamma) heating rate contours at an elevation of 391 cm:  

Type 04 concrete with #14 rebar and a 3-inch concrete cover 
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Figure 6-43 Total (neutron + gamma) heating rate contours at an elevation of 245 cm:  

Type 04 concrete with #14 rebar and a 10-inch concrete cover 
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Figure 6-44 Total (neutron + gamma) heating rate contours at an elevation of 391 cm:  

Type 04 concrete with #14 rebar and a 10-inch concrete cover 
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Figure 6-45 Total (neutron + gamma) heating rate contours at an elevation of 245 cm:  

Type 04 concrete with no rebar 
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Figure 6-46 Total (neutron + gamma) heating rate contours at an elevation of 391 cm:  

Type 04 concrete with no rebar 
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Figure 6-47 Gamma dose rate contours at an elevation of 245 cm: Type 04 concrete with #14 

rebar and a 3-inch concrete cover 
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Figure 6-48 Gamma dose rate contours at an elevation of 391 cm: Type 04 concrete with #14 

rebar and a 3-inch concrete cover 
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Figure 6-49 Gamma dose rate contours at an elevation of 245 cm: Type 04 concrete with #14 

rebar and a 10-inch concrete cover 
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Figure 6-50 Gamma dose rate contours at an elevation of 391 cm: Type 04 concrete with #14 

rebar and a 10-inch concrete cover 
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Figure 6-51 Gamma dose rate contours at an elevation of 245 cm: Type 04 concrete with no 

rebar 
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Figure 6-52 Gamma dose rate contours at an elevation of 391 cm: Type 04 concrete with no 

rebar 
 

  



 

6-64 

6.3  Bioshield with a Steel Liner 

The presence of a 0.25-inch stainless steel liner on the inner surface of the bioshield was 
evaluated for the base case model. As shown in Figure 6-53 and Figure 6-54, the liner has a slight 
effect on neutron flux levels for E > 1.0 MeV and for E > 0.1 MeV. (These figures also show the 
effect of reflective thermal insulation, which is discussed in Section 6.4 The addition of the liner 
reduces the neutron flux levels in each of those energy ranges by 5–10%. The attenuation 
coefficients from a weighted least-squares fit are essentially identical, with differences of less than 
3%.  

The addition of the liner does cause a localized increase in the total heating rate and the gamma 
dose rate near the inner surface of the concrete, as shown in Figure 6-55 through Figure 6-58. 
These increases are due to capture gamma production in the steel. There are some slight 
localized differences in the heating rate and gamma dose rate in the rebar relative to the base 
case model (without a liner), but those differences are not statistically significant. 

Because both carbon steel and stainless steel could be used for bioshield liners, an additional 
analysis was performed using carbon steel rather than stainless steel. Changing the stainless 
steel to carbon steel had no effect on the neutron flux attenuation. The only notable effect on the 
total heating rate and gamma dose rate was within the liner itself.  Both the total heating rate and 
the gamma dose rate in the liner are reduced by ~9% with a carbon steel liner relative to a 
stainless steel liner. 

6.4  Reflective Thermal Insulation in the Cavity Gap 

The presence of reflective thermal insulation was evaluated for the base case model by adding a 
3-inch layer of reflective thermal insulation in the cavity gap near the RPV (see Figure A-13). The 
insulation is modeled as a homogenized steel/air mixture with a steel volume fraction of 3%. As 
shown in Figure 6-53 and Figure 6-54, the insulation has essentially no effect on the neutron flux 
levels in the bioshield.  

The addition of the insulation also has no statistically significant effect on the total heating rate or 
the gamma dose rate in the bioshield.  
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Figure 6-53 Neutron flux radial profiles in Type 04 concrete at an elevation of 200 cm and an 

azimuthal angle of 3.5º (This plot shows the effect of a stainless steel liner and 
the effect of reflective thermal insulation) 
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Figure 6-54 Neutron flux radial profiles in Type 04 concrete at an elevation of 400 cm and an 

azimuthal angle of 3.5º (This plot shows the effect of a stainless steel liner and 
the effect of reflective thermal insulation) 
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Figure 6-55 Total (neutron + gamma) heating rate contours at an elevation of 245 cm:  

Type 04 concrete with #8 rebar and a 3-inch concrete cover (This model also 
includes a 0.25-inch stainless steel liner on the inner radius of the concrete) 
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Figure 6-56 Total (neutron + gamma) heating rate contours at an elevation of 391 cm:  

Type 04 concrete with #8 rebar and a 3-inch concrete cover (This model also 
includes a 0.25-inch stainless steel liner on the inner radius of the concrete) 
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Figure 6-57 Gamma dose rate contours at an elevation of 245 cm: Type 04 concrete with #8 

rebar and a 3-inch concrete cover (This model also includes a 0.25-inch 
stainless steel liner on the inner surface of the concrete) 
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Figure 6-58 Gamma dose rate contours at an elevation of 391 cm: Type 04 concrete with #8 

rebar and a 3-inch concrete cover (This model also includes a 0.25-inch 
stainless steel liner on the inner surface of the concrete) 
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6.5  Cavity Gap Width 

The effect of the cavity gap width on neutron flux levels, heating rates, and gamma dose rates 
was assessed by constructing three versions of the three-loop PWR model: a minimum cavity gap 
width of 13 cm, a baseline width of 71 cm (used for the analyses in Sections 6.1 and a maximum 
width of 120 cm (see Section 5.5 Because varying the gap width affects the geometry of the RPV 
support system4F

5, these models have no structural steel in the bioshield or in the cavity gap. 
Consequently, no comparisons are made for these models in the extended beltline region. Plan 
views of the two non-baseline models (i.e., the 13-cm gap and the 120-cm gap model) are shown 
in Figure A-14 and Figure A-15. 

Changing the cavity gap width has two fundamental impacts on neutron and gamma fluxes in the 
bioshield. While increasing the gap width reduces the maximum incident neutron and gamma 
fluxes at the inner surface of the bioshield, the ratio of the incident flux for one cavity gap width to 
another at any elevation is not constant but varies with the azimuthal location. Consequently, it is 
possible that at some locations the incident neutron flux (or heating rate or dose rate) can be 
equivalent or nearly so for different cavity gap widths. At an azimuthal angle of 3.5º (near the X-
axis), the incident neutron flux levels for the three cavity gap widths (13 cm, 71 cm, and 120 cm) 
decrease as the gap width increases (Figure 6-59). At an azimuthal angle of 44.5º, however, the 
differences in the incident neutron flux levels for the three cavity gap widths are substantially 
reduced (Figure 6-60). 

Figure 6-61 illustrates the azimuthal variation in the neutron fluxes for E > 1.0 MeV and E > 0.1 
MeV at the inner surface of the bioshield. At angles near the X- and Y-axes, where the maximum 
incident flux levels occur, the incident flux for the 13-cm gap is approximately 70% higher than the 
incident flux for the 71-cm gap for E > 1.0 MeV, and approximately 85% higher for  
E > 0.1 MeV. At 45º, where the minimum incident fluxes occur, the difference between the 13-cm 
and 71-cm gap widths is less than 10% for E > 1.0 MeV, and there is no difference for these two 
gap widths for E > 0.1 MeV. 

This behavior can be explained using the concept of particle importance. A particle’s importance 
is a measure of how likely it is to contribute to a quantity of interest, such as the flux or heating 
rate at a particular location within a particular energy range. For example, a neutron with an 
energy of 2 MeV in the core has a greater probability of reaching the bioshield in comparison to 
a neutron with an energy of 0.1 MeV at the same location in the core. The 2-MeV neutron thus 
has a greater importance than the 0.1-MeV neutron. Similarly, a neutron with an energy of 2 
MeV at the outer edge of a peripheral fuel assembly has a greater probability to reaching the 
bioshield compared with a neutron of the same energy in an inner assembly. 

The particle importance as a function of space and energy can be obtained by solving the 
adjoint form of the Boltzmann transport equation. In an adjoint calculation, the adjoint source is 
the quantity of interest at a specified location or locations. For example, if the quantity of interest 
is the neutron flux for E > 1 MeV at a specific location in the bioshield, the adjoint source is 
taken to be the flux of neutrons with energy greater than 1 MeV at that location. 

As an example, we consider the neutron flux incident to the bioshield at an angle of 45º, where 
the difference in the incident fluxes for the three cavity gap widths is minimized (Figure 6-61). The 
adjoint flux for energy ranges of E > 1.0 MeV and E > 0.1 MeV was solved for the 13-cm and 120-

 
5 A review of the geometry plots in Appendix A shows that it would not be possible to model the short column support 
system with a 13-cm cavity gap. 
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cm gap models using the Denovo discrete ordinates radiation transport code. The adjoint source 
region, which is the inner surface of the bioshield at 45º, is the location for which the neutron 
importance in the fuel assemblies is calculated. Figure 6-62 and Figure 6-63 show the adjoint 
neutron flux for E > 1.0 MeV at an elevation of 200 cm. In each plot, the adjoint flux levels are 
normalized to the maximum adjoint flux level (or importance) within the core. Comparison of these 
figures shows that the neutron flux incident to the concrete at 45º for the 13-cm gap is due 
primarily to only a few assemblies near 45º, while the incident flux for the 120-cm gap has 
significant contributions from the outer assemblies along the entire periphery of the core.  

There are thus two “competing effects” with regard to the bioshield incident flux along the 45º 
angle. As the cavity gap width increases, the incident flux tends to decrease due to the increased 
distance. At the same time, though, increasing the gap width expands the range of fuel 
assemblies that provide significant contributions to the incident flux at the 45º location. 

The radial and azimuthal variations in the total heating rate and gamma dose rate are shown in 
Figure 6-64, Figure 6-65, and Figure 6-66. The general trend of the azimuthal variation of the total 
heating rate and gamma dose rate as a function of cavity gap width is similar to that of the neutron 
flux, though the variation of the total heating rate and gamma dose rate is slightly greater than that 
of the neutron flux. The radial attenuation rates of the total heating rate (which is largely due to 
gamma heating) and the gamma dose rate are significantly less than the attenuation rates of the 
neutron flux for E > 1.0 MeV and E > 1 keV. This is consistent with results presented in Section 
6.1 . 
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Figure 6-59 Neutron flux radial profiles (E > 1.0 MeV and E > 0.1 MeV) in the bioshield for 

three cavity gap widths at an elevation of 200 cm and an azimuthal angle of 3.5º 
(Type 04 concrete. See Section 6.1.1 for a discussion of the parameter “b") 
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Figure 6-60 Neutron flux radial profiles (E > 1.0 MeV and E > 0.1 MeV) in the bioshield for 

three cavity gap widths at an elevation of 200 cm and an azimuthal angle of 44.5º 
(Type 04 concrete. See Section 6.1.1 for a discussion of the parameter “b”) 
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Figure 6-61 Azimuthal variation of the neutron flux at the inner surface of the bioshield for 

three cavity gap widths at an elevation of 200 cm (Type 04 concrete) 
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Figure 6-62 Adjoint neutron flux for E > 1.0 MeV for a cavity gap width of 13 cm (The adjoint 

source location is at the inner surface of the bioshield at an azimuthal angle of 
45º. Adjoint flux values are normalized to the maximum adjoint flux within the 
fuel assemblies.) 
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Figure 6-63 Adjoint neutron flux for E > 1.0 MeV for a cavity gap width of 120 cm (The adjoint 

source location is at the inner surface of the bioshield at an azimuthal angle of 
45º. Adjoint flux values are normalized to the maximum adjoint flux within the 
fuel assemblies.) 
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Figure 6-64 Total heating rate radial profiles in the bioshield for three cavity gap widths at an 

elevation of 200 cm and azimuthal angles of 3.5º and 44.5º 

Azimuthal Angle = 3.5º 

Azimuthal Angle = 44.5º 
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Figure 6-65 Gamma dose rate radial profiles in the bioshield for three cavity gap widths at an 

elevation of 200 cm and azimuthal angles of 3.5º and 44.5º 

Azimuthal Angle = 3.5º 

Azimuthal Angle = 44.5º 
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Figure 6-66 Azimuthal variation of the total heating rate and gamma dose rate at the inner 

surface of the bioshield for three cavity gap widths at an elevation of 200 cm 
(Type 04 concrete)
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7    CONCLUSIONS AND FUTURE WORK 

The objectives of this study were to determine the appropriate methodologies for evaluating the 
neutron flux for energies above 1.0 MeV and above 0.1 MeV, total heating rates, and gamma 
dose rates in the bioshield and associated steel structures (rebar, embedded support columns, 
and cantilever beams) within and outside the beltline region. Having determined the appropriate 
methodology, a model representative of a three-loop PWR was used to assess the effects of the 
following parameters. 

1) The composition of the concrete, with particular emphasis on the hydrogen contents 

2) The size and location of rebar (hoop and vertical) within the bioshield 

3) The presence of a stainless steel or carbon steel liner on the inner surface of the bioshield 

4) The presence of reflective thermal insulation in the cavity gap 

5) The width of the cavity gap 

The results of these parameter studies are summarized below, followed by a recommendation on 
the appropriate analysis methodology and suggestions for future work. 

7.1  Summary of Parameter Study Findings 

7.1.1  Concrete Composition 

It is well known that the attenuation of neutrons through concrete is strongly dependent on the 
hydrogen content of the concrete [44]. Higher hydrogen concentrations in concrete lead to more 
rapid attenuation of the neutron flux for energies of interest with regard to concrete radiation 
damage (E > 0.1 MeV). However, this rapid attenuation produces pronounced peaks in the 
thermal flux (represented by E < 1 eV in this study), which result in higher capture gamma 
production rates, higher total heating rates, and higher gamma dose rates in the inner region of 
the bioshield. These effects are clearly demonstrated in Sections 6.1.1 through 6.1.6 This 
suggests that if the hydrogen content of the concrete for a specific plant analysis is not known, 
multiple concrete compositions could be evaluated to ensure that the worst-case radiation metrics 
(neutron flux, total heating rate, and gamma dose rate) are considered. 

7.1.2  Size and Location of Reinforcing Steel (Rebar) 

The primary radiation damage impact resulting from rebar in concrete is production of capture 
gammas as thermal neutrons, which have been moderated and thermalized by scattering in the 
concrete, undergo radiative capture reactions in the steel. This absorption produces a range of 
capture gamma energies, which can be as high as ~8 MeV. These capture gammas become the 
dominant contributor to the total heating rate and the gamma dose rate at a relatively short 
distance into the bioshield (see Figure 6-20). 

For each of the four concretes evaluated in this study, the highest total heating rates and gamma 
dose rates occur within the rebar. Variations in the rebar size (diameter) and location (amount of 
concrete cover) were evaluated for the Type 04 concrete. Increasing the diameter of the rebar 
from 1 inch (#8 rebar) to 1.75 inches (#14 rebar) with the same 3-inch concrete cover results in a 
decrease in the peak total heating rate and peak gamma dose rate. 
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Increasing the concrete cover for the #14 rebar from 3 inches to 10 inches results in a reduction in 
both the peak total heating rate and the peak gamma dose rate. This is largely due to the 
movement of the rebar to a depth beyond where the thermal flux peak occurs (see Figure 6-15). 
This movement to a region of lower thermal flux reduces the intensity of the capture gamma 
source in the rebar. 

7.1.3  Presence of a Steel Bioshield Liner 

The addition of a 0.25-inch steel liner (either carbon steel or stainless steel) on the inner surface 
of the bioshield results in a slight (5–10%) decrease in the neutron flux for E > 1.0 MeV and for E 
> 0.1 MeV. The more significant effect of the steel liner is a localized increase in the total heating 
rate and the gamma dose rate near the inner surface of the concrete due to neutron capture in the 
liner.  

7.1.4  Presence of Reflective Thermal Insulation in the Cavity Gap 

The presence of a 3-inch layer of reflective thermal insulation near the RPV resulted in no 
statistically significant differences in neutron flux, total heating rates, or gamma dose rates in the 
bioshield. 

7.1.5  Cavity Gap Width 

The effect of the cavity gap width was evaluated using three models: a 13-cm gap, a 71-cm gap, 
and a 120-cm gap. While increasing the gap width results in reductions in the maximum neutron 
flux, total heating rate, and gamma dose rate in the bioshield, those reductions are not uniform 
around the periphery of the bioshield inner surface. Changes in the cavity gap width have the 
most pronounced effect at azimuthal angles with the minimum amount of water between the outer 
fuel assemblies and the inner surface of the RPV (e.g., near 0º and near 90º). At azimuthal angles 
near 45º, which is the location where the maximum amount of water occurs between the outer fuel 
assemblies and the inner surface of the RPV, there is little difference in the neutron flux for E > 
1.0 MeV and for E > 0.1 MeV between the 13-cm-gap model and the 71-cm-gap model, and the 
differences in the total heating rate and gamma dose rate are small. Consequently, when 
considering the effect of a change in the cavity gap width, it must be remembered that the effect is 
azimuthally dependent. 

7.2  Recommendations on Analysis Methodology 

The primary analysis methods that are currently applied to calculation of neutron and gamma 
fluxes, heating rates, and dose rates are discrete ordinates calculations, Monte Carlo calculations, 
and hybrid calculations. Monte Carlo methods have long been considered to be superior to 
discrete ordinates methods. This is primarily because discrete ordinates calculations require 
discretization of the space, energy, and angle variables to produce a set of equations that are 
solved iteratively. In contrast, Monte Carlo calculations provide a more “exact” solution, as they 
use geometry described by linear and quadratic surfaces (planes, spheres, cylinders, cones, 
ellipsoids, hyperboloids, and paraboloids) rather than cartesian or cylindrical mesh structures, and 
CE cross sections rather than MG cross sections that are average values which may not be 
appropriate at all locations in a given model. 

Until fairly recently, Monte Carlo calculations were considered to be prohibitively expensive in 
terms of computing resources. The advent of hybrid methods provides the ability to perform high-
fidelity Monte Carlo calculations on a routine basis. Thus, the hybrid methodology was applied to 
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this study and is the recommended methodology for analyses of this type. As noted in Section 3.4 
a recent hybrid radiation transport analysis of the PCA benchmark yielded calculational results 
that were generally within 5% of measured data, even in the simulated cavity gap region. 

7.3  Suggestions for Future Work 

While the results of this study provide valuable insights into the effect of parametric changes on 
neutron fluxes, total heating rates, and gamma dose rates in a representative LWR bioshield, 
there are additional areas of research that may be useful to pursue. Key areas of research that 
would help to provide further insights into radiation effects in concrete bioshields include the 
following. 

• Non-uniform hydrogen content in the bioshield concrete 
As was noted in Section 5.1 the hydrogen content in each of the four concrete types is 
modeled uniformly throughout the bioshield. It is possible that as the concrete ages and is 
subject to both environmental and radiation heating effects, it may lose moisture in a non-
uniform manner. Thus, it is possible that a more appropriate modeling of the concrete would 
be to include radial (and perhaps azimuthal) variation of the hydrogen content. 

• Coupled radiation transport/thermal analysis to predict temperature distributions and resulting 
loss of moisture 
Because changes in the hydrogen content of the concrete affect the rate of neutron 
attenuation, the location and magnitude of the peak thermal flux, and the distribution of 
capture gamma sources, there may be a “coupling” effect that should be considered. For 
example, drying of the concrete near the inner surface of the bioshield would lead to reduced 
neutron attenuation in the inner portion of the shield and a shift in the location of the peak 
heating rates. This in turn would lead to increased hydrogen loss in different areas of the 
concrete, which would in turn result in a reduced rate of attenuation of the neutron flux. 
Consequently, radiation-induced damage of the concrete may occur at increased depths in 
the concrete. It may be possible to perform an iterative analysis sequence that would 
include radiation transport calculations to obtain heating rate distributions and thermal 
calculations to obtain the temperature distribution and resulting loss of moisture in the 
concrete. The new hydrogen distribution would then be used to calculate updated neutron 
fluxes and total heating rates.  

• Evaluation of dpa rates in the bioshield concrete with hybrid radiation transport 
Remec et al. [18] evaluated dpa rates for several minerals that are common constituents of 
concrete using discrete ordinates calculations and a 2D/3D flux synthesis method. A similar 
analysis could be performed using hybrid radiation transport to provide higher-fidelity 
solutions, particularly in locations outside the beltline where the 2D/3D synthesis method may 
not be appropriate. (As noted in Section 2.1 the notion of dpa is less meaningful for damage 
in ionic bonding dominated calcareous (amorphous) aggregates.) 

• Obtain measurement data which can be used to benchmark calculational predictions 
Obtaining measured data for the radiation quantities of interest (neutron flux, gamma dose 
rates, and total heating rates) in the bioshield concrete, rebar, and RPV support structures 
would be very helpful in developing uncertainty estimates for the ability of transport 
calculations to predict each of those metrics. 
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• Investigate whether changes in the concrete due to degradation and cracking affect neutron 
and gamma transport within the concrete.
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9    GLOSSARY 

bioshield The concrete biological shield surrounding the reactor 
vessel of a light water reactor 

capture gamma A gamma photon that is emitted from a compound nucleus 
following radiative capture of a neutron 

dose rate The rate at which energy from ionizing radiation is deposited 
in a material on a mass basis. The unit used for dose rate in 
this report is rad/s, where 1 rad corresponds to the 
deposition of 100 ergs per gram of the material. The SI unit 
for dose is the gray (Gy), where 1 Gy is equal to an energy 
deposition of 1 joule per kilogram.  1 rad = 0.01 Gy. 

gamma energy absorption An energy-dependent quantity which, when integrated with  
coefficient (µen) the energy-dependent gamma flux, yields the energy that is 

deposited in that material 

gamma self-heating rate The heating rate (W/cm3) in the biological shield due to 
gamma photons produced by neutron interactions (primarily 
radiative capture and inelastic neutron scattering) within the 
biological shield 

heating rate The rate at which energy from ionizing radiation is deposited 
in a material on a volumetric basis. The unit used for heating 
rate in this report is W/cm3. 

incident gamma heating rate The heating rate (W/cm3) in the biological shield that is due 
to gamma photons produced in the core or due to neutron 
interactions (primarily inelastic neutron scattering and 
radiative capture) within the core, core structural 
components, and RV 

ionizing radiation Subatomic particles and electromagnetic radiation capable 
of causing ionization in a material 

radiative capture A type of neutron absorption reaction in which a gamma 
photon is instantaneously emitted from the compound 
nucleus formed by absorption of the neutron. In most 
nuclides, radiative capture occurs predominantly with low-
energy neutrons. 

S8, S16, QR8T, QR12T Angular quadrature sets used in discrete ordinates 
calculations. See Appendix B.1.3 for details. 
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APPENDIX A   
GEOMETRY PLOTS OF THE THREE-LOOP MODEL 

Plan and elevation views of the three-loop model are provided in this Appendix. Figure A-1 through 
Figure A-10 are for the “base-case” model, which has Type 04 concrete and #8 rebar with a 3-inch 
concrete cover. Figure A-11 and Figure A-12 provide plan views of the model with #14 rebar with 
3-inch and 10-inch concrete covers, respectively. Each of these plan views is at an elevation that 
includes vertical and hoop rebar and the embedded support columns for the short-column 
supports. Figure A-13 illustrates the addition of reflective thermal insulation in the base-case 
model. Figure A-14 and Figure A-15 show plan views of the models with 13-cm and 120-cm cavity 
gap widths, respectively. As noted in Section 6.5 these models contain no structural steel in the 
cavity gap or within the biological shield. 

In each of the plan view plots, the dashed rectangle labeled “A” corresponds to the label “A” in the 
plan view plots of Section 6   This “zoom” region corresponds to the location with the maximum 
incident neutron and gamma levels at the inner surface of the bioshield and includes 
representative steel components of each type (rebar, column supports, and cantilever beams) that 
are included in the bioshield modeling. 
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Figure A-1 Plan View of the Three-Loop PWR Model with #8 Rebar and a 3-inch Concrete 

Cover (Elevation at 184 cm) 
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Figure A-2 Plan View of the Three-Loop PWR Model with #8 Rebar and a 3-inch Concrete 

Cover (Elevation at 200 cm) 
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Figure A-3 Plan View of the Three-Loop PWR Model with #8 Rebar and a 3-inch Concrete 

Cover (Elevation at 217 cm and through the base plates of the support columns) 
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Figure A-4 Plan View of the Three-Loop PWR Model with #8 Rebar and a 3-inch Concrete 

Cover (Elevation at 245 cm) 
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Figure A-5 Plan View of the Three-Loop PWR Model with #8 Rebar and a 3-inch Concrete 

Cover (Elevation at 355 cm and through the lower flange of the cantilever beams) 
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Figure A-6 Plan View of the Three-Loop PWR Model with #8 Rebar and a 3-inch Concrete 

Cover (Elevation at 360 cm and through the cantilever beam webs) 
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Figure A-7 Plan View of the Three-Loop PWR Model with #8 Rebar and a 3-inch Concrete 

Cover (Elevation at 400 cm) 
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Figure A-8 Elevation View of the Three-Loop Model with #8 Rebar and a 3-inch Concrete 

Cover (Azimuthal angle of 0.1º) 
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Figure A-9 Elevation View of the Three-Loop PWR Model with #8 Rebar and a 3-inch 

Concrete Cover (Azimuthal angle of 22.5º) 
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Figure A-10 Elevation View of the Three-Loop PWR Model with #8 Rebar and a 3-inch 

Concrete Cover (Azimuthal angle of 70º) 
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Figure A-11 Plan View of the Three-Loop PWR Model with #14 Rebar and a 3-inch Concrete 

Cover (Elevation at 245 cm) 
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Figure A-12 Plan View of the Three-Loop PWR Model with #14 Rebar and a 10-inch Concrete 

Cover (Elevation at 245 cm) 
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Figure A-13 Plan View of the Three-Loop PWR Model with Reflective Thermal Insulation and 

#8 Rebar with a 3-inch Concrete Cover (Elevation at 245 cm) 
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Figure A-14 Plan View of the Three-Loop PWR Model with a 13-inch Cavity Gap (Elevation at 

200 cm) 
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Figure A-15  Plan View of the Three-Loop PWR Model with a 120-inch Cavity Gap (Elevation at      

200 cm) 

 
 



 

B-1 

APPENDIX B   
DETERMINISTIC, STOCHASTIC, AND HYBRID SOLUTIONS OF THE 

RADIATION TRANSPORT EQUATION 

Radiation shielding calculations are typically performed using one of two methodologies: 
deterministic or stochastic. In either case, the method is applied to obtain solutions to the steady-
state Boltzmann transport equation. Detailed discussions of this equation and solution methods 
can be found in many references, including [54]–[56]. 

This appendix provides a brief overview of key aspects of these two methods. The intent of this 
overview is to provide a basic understanding of topics that are discussed are discussed in 
Sections 3   and 6    

B.1  Deterministic Calculations 

Modern computer codes based on deterministic methods are generally referred to as discrete 
ordinates or SN codes. These codes are based on discretizing the spatial, energy, and angular 
variables in the Boltzmann equation and solving the resulting set of equations using numerical 
methods to obtain the particle flux as a function of position, direction, and energy. 

B.1.1  Spatial Discretization 

In discrete ordinates calculations the problem geometry is divided into mesh cells.  For reactor 
shielding applications, the number of spatial mesh cells can range from thousands to millions. For 
the majority of discrete ordinates codes, a regular structured mesh is employed. Typical mesh 
geometries for these codes are 2D and 3D Cartesian geometry and 1D, 2D, or 3D cylindrical 
geometry. 

Many shielding analyses are based on models with a variety of components, not all of which are 
best represented by a single coordinate system. For example, cylindrical geometry is well suited 
to modeling the cylindrical portions of an RPV or biological shield, but not the fuel assemblies, 
core internals, or, in the case of the model used in this study, the steel support columns that are 
embedded in the bioshield concrete. 

B.1.2  Energy Discretization 

Energy discretization in discrete ordinates calculations is based on the use of multigroup cross-
section data. In this method, the variation of neutron and gamma cross sections is approximated 
by averaging the true (continuous energy) data over energy groups. The accuracy that can be 
obtained with a multigroup library is dependent on the energy variation in the CE data (which can 
be extremely complex) and on the ‘weighting function’ that is used to average the multigroup data.  
Figure B-1 shows the CE data for the total cross section for 56Fe (the predominant isotope in 
elemental iron) as a function of neutron energy, as well as multigroup data from the VITAMIN-B7 
and BUGLE-B7 libraries [32]. 
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Figure B-1 Total Cross Section for 56Fe from a CE Cross-Section Library and from Three MG 

Libraries 
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B.1.3  Angular discretization 

In discrete ordinates radiation transport calculations, the directional variation of the neutron or 
gamma flux is represented using a set of discrete directions (or ordinates) to represent the 
continuous angular variable. The angular flux is calculated along each of these ordinates. The 
scalar flux, which is the typical quantity of interest in radiation shielding calculations, is obtained by 
integrating the discrete angular flux values using numerical quadrature, with each angular ordinate 
having a specified quadrature weight. 

The selection of an appropriate quadrature set is dependent upon the characteristics of the 
problem being analyzed. Level-symmetric (SN) quadrature sets have been widely used for many 
years for discrete ordinates calculations. While SN sets are widely used for shielding calculations, 
they are not optimal for geometries where particle transport along directions near a coordinate 
axis, such as streaming of neutrons in the cavity gap between the RPV and the bioshield, is 
important. Abu-Shumays quadruple range (QR) quadratures [28], [29], [57] to provide superior 
accuracy for problems in which there are material discontinuities across octants of the unit sphere, 
such as the edges of fuel assemblies and gaps near any of the coordinate axes. 

Figure B-2 and Figure B-3 illustrate S8 and S16 level symmetric quadratures, and QR8T and 
QR12T quadruple range quadratures. Level symmetric SN sets all include (N/2) levels in each 
octant of the unit sphere. Thus, an S8 quadrature has four levels and an S16 quadrature has 
eight. These quadratures are rotationally invariant (i.e., they are invariant under arbitrary 90º 
rotations about the coordinate axes). 

The notation QRNT refers to a QR set with N polar angles (i.e., angles with respect to the Z axis) 
and a triangular arrangement of azimuthal angles on each polar level. Thus, a QR8T quadrature 
has the same number of polar levels and total angles as an S16 set. The QR sets are not 
rotationally invariant but instead have more angular ordinates near the coordinate axes. 

The QR12T quadrature shown in Figure B-3 serves as the reference quadrature for comparisons 
of Denovo solutions with different quadratures in Section 3.1  
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Figure B-2 Level Symmetric S8 and S16 Quadrature Ordinates (Directions) and Weights 

(The circles represent the direction vector cosines in x, y, and z on one octant of 
a unit sphere.  The quadrature weights are indicated by the size and color of the 
spheres.) 
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Figure B-3 Quadruple Range QR8T and QR12T Quadrature Ordinates (Directions) and 

Weights (The circles represent the direction vector cosines in x, y, and z on one 
octant of a unit sphere.  The quadrature weights are indicated by the size and 
color of the spheres.) 
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B.2  Stochastic (Monte Carlo) Calculations 

Radiation transport computer codes based on stochastic methods, including MCNP® and Shift, 
are generally referred to as Monte Carlo codes. Unlike discrete ordinates calculations, which solve 
a system of equations to obtain the flux distribution in space, energy, and angle, Monte Carlo 
calculations are based on the simulation of individual particle histories. Each history is based on 
sampling probability distribution functions (PDFs) that govern each event as a particle is born 
(e.g., a neutron is created by fission), undergoes various interactions (e.g., scattering) as it is 
transported through the model phase space, and is finally absorbed or escapes the boundary of 
the model.  

As particle histories are accumulated, the model phase space is populated with a distribution of 
particle positions, energies, and directions. The population in one or more regions of interest 
can be obtained through the use of particle tallies. These tallies, which are discussed below, 
can be very localized or can encompass large portions of the model. 

Monte Carlo calculations inherently provide higher-fidelity solutions than discrete ordinates 
calculations, as they do not require the discretizations in energy, space, and angle that are 
imposed by all discrete ordinates codes. Because of this, Monte Carlo simulations are generally 
considered to be the most accurate method for high-fidelity radiation transport calculations.  

Monte Carlo calculations can use either CE or MG cross section data. Continuous energy cross-
section libraries are generally used, as they eliminate the approximations encountered with MG 
libraries and hence provide more accurate solutions.  

Unlike discrete ordinates calculations, in which the problem geometry is defined based on a 
mesh grid, Monte Carlo calculations provide the ability to exactly model the majority of the 
geometric features in most radiation transport problems. Both MCNP® and Shift allow modeling 
of linear and quadratic surfaces (planes, spheres, cylinders, cones, ellipsoids, hyperboloids, 
paraboloids) as well as elliptical or circular torii with axes parallel to the X-, Y-, or Z-axis.  

This aspect of Monte Carlo modeling is particularly beneficial in fluence, heating rate, and dose 
rate analyses in the bioshield for the model used in the current study, as the concrete, liner (if 
present), rebar, embedded support columns, and cantilever beams can all be represented with 
none of the meshing artifacts that occur with discrete ordinates codes. For example, the 
embedded support columns could not be properly represented using either a cartesian or 
cylindrical mesh in a discrete ordinates code. 

B.2.1  Monte Carlo tallies 

The population in one or more regions of interest can be obtained through the use of particle 
tallies. Typical tally types in Monte Carlo codes include cell tallies, surface tallies, and mesh 
tallies. 

Cell tallies are used to obtain the particle flux or response in one or more cells that are part of 
the model geometry definition. For example, if a segment of rebar in the biological shield is 
modeled as a single cell, a cell tally for that rebar will provide the average flux (or heating rate or 
dose rate) for the entire rebar segment. 
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Surface tallies are used to obtain the particle flux or response crossing a given surface that is a 
boundary between two adjacent cells.  

Mesh tallies provide estimates of the flux in every voxel of a cartesian or cylindrical mesh that is 
superimposed over the problem geometry. MCNP® allows mesh tallies to be translated and 
rotated relative to the origin of the coordinate system. This allows cartesian mesh tallies to be 
used for the embedded steel columns and cantilevers, which are not orthogonal to the 
coordinate axes, in the current analysis.  

In the limiting case, a mesh tally can provide a global solution with spatial resolution that can be 
comparable to, or even finer than, the spatial mesh of a discrete ordinates calculation of the 
same model. Until fairly recently, the use of mesh tallies in many Monte Carlo simulations was 
impractical because the problem run times that would be necessary to achieve acceptable 
convergence were unacceptably long. With the advent of hybrid radiation transport methods 
(see B.3 ), highly detailed mesh tallies are now feasible for many shielding analyses.  

Monte Carlo tallies provide estimates of the mean (µ) and variance (σ2) for the tally quantities of 
interest. The standard approach for reporting tally results is to provide the mean and the relative 
error. The tally relative error RE is defined as   

𝐷𝐷𝑅𝑅 =  
𝜎𝜎
𝜇𝜇

 , 

where σ, the standard deviation, is the square root of the variance. It is also common to report 
confidence intervals based on the estimated mean and standard deviation. A typically reported 
quantity is the 95% confidence interval CI95, where 

𝐶𝐶𝐶𝐶95 = [𝜇𝜇 − 1.96𝜎𝜎, 𝜇𝜇 + 1.96𝜎𝜎].  

Monte Carlo cell, surface, and mesh tallies are generally considered to be reliable provided the 
relative error for each tally value is less than 10%. In the present analysis, relative errors of less 
than 2% were typically obtained, and relative errors of less than 1% were common in the 
locations where the peak flux, heating rate, and dose rate values occur. An example of a dose 
rate tally at an elevation that includes vertical and hoop rebar as well as embedded support 
columns is discussed in Section B.4  

B.3  Hybrid Radiation Transport 

The primary limitation in the use of Monte Carlo radiation transport analyses has historically 
been the amount of computer time required to obtain a well-converged solution (i.e., a solution 
with acceptable relative errors), particularly for deep penetration shielding calculations that use 
mesh tallies to obtain the solution over a large portion of the calculational model. A variety of 
variance reduction (VR) methods have been developed over the years in an attempt to reduce 
the computational time required to obtain satisfactory relative errors. 

Hybrid radiation transport methods refer to a class of techniques that are used to obtain a 
solution to the Boltzmann transport equation using a combination of deterministic and stochastic 
calculations. The deterministic calculations in a hybrid calculation sequences are used to 
generate VR parameters that are then used in a Monte Carlo transport calculation to obtain the 
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desired quantities of interest. Details of the hybrid radiation transport method can be found in 
[58]. The hybrid calculations in the current analysis were performed using the ADVANTG and 
MCNP® codes. 

B.4  Example Mesh Tally Results 

A combination of cylindrical and cartesian mesh tallies was used for the neutron flux, total heating 
rate, and gamma dose rate calculations.  Values in the bioshield concrete were obtained using a 
cylindrical mesh tally with radial intervals of 1 cm from the inner surface of the concrete to a depth 
of 60 cm, axial intervals of approximately 2.5 cm, and azimuthal intervals of 1º. The cylindrical 
mesh tallies for the rebar hoops have a single radial interval, axial intervals of approximately 2.5 
cm, and azimuthal intervals of 1º. The cylindrical mesh tallies for the vertical rebar have a single 
radial and azimuthal interval, and axial intervals of approximately 2.5 cm.  The cartesian mesh 
tallies for the embedded support columns and cantilever beams have intervals that are typically in 
the range of 2–2.5 cm.  

Figure B-4 shows the gamma dose rate at an elevation of 245 cm for a case with Type 04 
concrete and #8 rebar with a 3-inch concrete cover. This view includes vertical and hoop rebar 
segments and an embedded support column. The radial and azimuthal mesh lines are shown in 
light gray. The data are presented using a flooded contour plot, in which the color in each mesh 
tally cell indicates the magnitude based on the colorbar at the top of the plot. Contour lines are 
also shown, with the number of each contour line corresponding to the parenthetical values on the 
colorbar scale.  

The relative errors in the gamma dose rate for this location are shown in Figure B-5. As noted in 
Section B.2.1 the relative errors for this tally data are less than 2%, and typically less than 1%.  
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Figure B-4 Gamma Dose Rate (rad/s) at an Elevation of 245 cm (Type 04 concrete with #8 

rebar and a three-inch concrete cover.  The data is based on cylindrical mesh 
tallies for the hoop and vertical rebar and a cartesian mesh tally for the support 
column. The value shown for each mesh cell is the average gamma dose rate in 
that cell. The values marked with a star are the maximum gamma dose rates in 
the concrete, rebar hoop, vertical rebar, and embedded support column. Note 
the ’break’ in the rebar hoop to avoid interference with the support column.) 

 

Rebar  

Embedded 
Support Column  
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Figure B-5 Relative Error in the Gamma Dose Rate at an Elevation of 245 cm (Type 04 

concrete with #8 rebar and a three-inch concrete cover. The data is based on 
cylindrical mesh tallies for the hoop and vertical rebar and a cartesian mesh tally 
for the support column. The value shown for each mesh cell is the relative error 
(RE) at the 1σ level in that cell.) 
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