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Lay Summary

The dire need for radioactive wastes disposal, especially spent nuclear fuel (SNF) being
the most hazardous, has increased with the ever-increasing accumulated amount
worldwide. This disposal must be safe, efficient, and long-term. Therefore, different
techniques have been employed to provide secure storage for these harmful wastes.
However, one technique has lately gained notable importance in the absence of a
permanent repository until now; which is the interim dry storage technique. This
technique guarantees secured long-term storage, with relatively low costs, for all kinds of
radioactive wastes.

Concrete, a reasonably cheap construction material, is one of the main components
existing in multiple faces of interim dry storage. As a result, continuous research aims to
develop concrete mixes with enhanced properties, especially radiation shielding
properties. This would lead to a reduction in the needed thickness/area, simplifying the
overall design requirements, and saving materials, thus decreasing the total costs.
Accordingly, developing concrete mixes with improved properties, specifically radiation

shielding properties, is the pivot of this research.
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Abstract

The demand for nuclear energy, which is marketed as zero-emission clean energy and a
secure source of electricity, is continuously rising globally. However, associated
radioactive waste such as spent nuclear fuel (SNF) presents a serious health and waste
management hurdle. Interim dry storage methods have emerged as a remedial measure for
the nuclear industry. This includes the concrete-based dry storage cask which is the focus
of this study.

The evolution and design requirements of SNF dry storage casks and interim storage
facilities were first reviewed, and the existing design and operation challenges were
identified. Accordingly, four comprehensive studies were undertaken: 1) quantify the
effects of minerals and other additives added to enhance radiation shielding concrete on
the concrete physical and mechanical properties; 2) develop a user-friendly computational
software, named MRCsC, for estimating fast neutron macroscopic removal cross-section,
Tr (in cm?), for shielding materials; 3) investigate experimentally and analytically the
effects of adding powder boron carbide on Portland cement hydration kinetics and
concrete compressive strength and radiation shielding properties; 4) study analytically the
effectiveness of aggregates such as barite and celestite on concrete radiation shielding
properties, and model the feasibility of developed concrete mixes as an overpack in a
sandwich-design storage cask using the software OpenMC.

Overall, the results reveal that sandwich-design concrete cask meets all the requirements
for SNF dry storage. The addition of powder boron carbide, up to 50% by weight of
cement, delayed the cement initial setting time by approximately 6 h, yielded a 15%
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increase in cumulative heat of hydration and a 28% increase in concrete compressive
strength after 3 days, and increased the thermal neutron absorption (Zaps) close to
62000%. Concrete mixes with barite and celestite, as coarse aggregates replacement,
significantly improve concrete radiation shielding efficiency and feasibility of sandwich-
design storage cask. The OpenMC model results revealed over 60% decrease in the total

dose rate.



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

Acknowledgements

All praise and gratitude be to Allah the Most Gracious, the Most Compassionate and the
Most Merciful with the blessings of whom the good deeds are fulfilled.

First, 1 would like to thank my supervisor, Prof. Dr. S. E. Chidiac, for his unlimited
support during my PhD study, and I’'m so grateful for his motivation, immense
knowledge, and most of all, for being a patient and understanding mentor for me. Also, |
would like to thank him for helping me transform into a grown-up researcher. Besides, |
greatly appreciate my PhD supervisory committee, Prof. Dr. D. Novog and Prof. Dr. P.
Guo, for their helpful comments and valuable guidance since the beginning of the study.
My sincere thanks also go to Prof. Dr. S. Razavi, who had the ability to de-stress me with
her calm smile and gentle manner through some crucial stages during my study, and Dr.
M. A. Zamora, who helped me immensely in doing some critical analytical calculations
related to the study.

Also, | would like to thank the Natural Science and Engineering Research Council of
Canada, McMaster University Centre for Effective Design of Structures, and Military
Technical College in Egypt, for their support, as well as LafargeHolcim Canada and
Feldco International USA for providing the needed materials for the experimental part in
the study.

My thanks extend to my colleagues, Mouna Reda, Mehdi Shafikhani, Sylvia Mihaljevic,
Shannon Guo, and Omar Ashry, and staff at Applied Dynamics Laboratory, especially

Mr. Kent Wheeler, for their assistance and encouragement during my study.



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

Finally, I am indebted to my family: Jana, Youssef, Judy, and my beloved wife, Asmaa,
for all the patience, love, and endless support. Also, words cannot express my gratitude to
my mother, Zohour, and my father-in-law, Ahmed, for their prayers, love, spiritual
support, and encouragement. Last but not least, | dedicate this thesis to my father's soul,

who taught me how to be a responsible person ready to face life's difficulties.

Vi



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

Publication list

This thesis contains the following papers:

Paper |

El-Samrah, M.G., Tawfic, A.F., and Chidiac, S.E. (2021). Spent nuclear fuel interim dry
storage; design requirements, most common methods, and evolution: A review. Annals of
Nuclear Energy, 160, 108408.

Paper 11

Chidiac, S.E., EI-Samrah, M.G., and Abdel-Rahman, M.A.E. (2021). Characterization of
natural and synthetic aggregates properties and their effect on the physical and
mechanical properties of radiation shielding concrete. Submitted to Physics of Particles
and Nuclei Letters.

Paper 111

El-Samrah, M.G., EI-Mohandes, A.M., El-Khayatt, A.M., and Chidiac, S.E. (2021).
MRCsC: A user-friendly software for predicting shielding effectiveness against fast
neutrons. Radiation Physics and Chemistry, 182, 109356.

Paper IV

Chidiac, S.E., El-Samrah, M.G., Reda, M.A., and Abdel-Rahman, M.AE. (2021).
Mechanical and radiation shielding properties of concrete containing commercial boron
carbide powder. Submitted to Construction and Building Materials.

Paper V

El-Samrah, M.G., Zamora, M.A A., Novog, D.R., and Chidiac, S.E. (2021). Radiation
shielding properties of modified concrete mixes and their feasibility in dry storage cask.

Submitted to Progress in Nuclear Energy.

Vii



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

Co-Authorship

This thesis has been prepared consistent with the regulations for the “Sandwich thesis” format
stipulated by the School of Graduate Studies at McMaster University and has comprised of
the following research papers that were co-authored as follows:

Chapter 2: Spent nuclear fuel interim dry storage; design requirements, most
common methods, and evolution: A review

By M.G. El-Samrah, A.F. Tawfic, and S.E. Chidiac

The idea was proposed by M.G. El-Samrah and refined by Dr. S.E. Chidiac. The Paper
was written by M.G. El-Samrah, edited by Dr. S.E. Chidiac, and revised by Dr. A.F.
Tawfic.

Chapter 3: Characterization of natural and synthetic aggregates properties and
their effect on the physical and mechanical properties of radiation shielding concrete
By S.E. Chidiac, M.G. El-Samrah, and M.A.E. Abdel-Rahman

The idea was proposed by M.G. El-Samrah and refined by Dr. S.E. Chidiac. The paper
was written by M.G. EI-Samrah and Dr. S.E. Chidiac and revised by Dr. S.E. Chidiac and
Dr. M.A.E. Abdel-Rahman.

Chapter 4: MRCsC: A user-friendly software for predicting shielding effectiveness
against fast neutrons

By M.G. EI-Samrah, A.M. EI-Mohandes, A.M. El-Khayatt, and S.E. Chidiac

The idea and the analytical model were proposed by M.G. EI-Samrah and refined by Dr.
A.M. El-Khayatt. Building the software was made by A.M. EI-Mohandes. The paper was

written by M.G. El-Samrah and edited by Dr. S.E. Chidiac.

viii



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

Chapter 5: Mechanical and radiation shielding properties of concrete containing
commercial boron carbide powder

By S.E. Chidiac, M.G. EIl-Samrah, M.A. Reda, and M.A.E. Abdel-Rahman

The experimental program was developed by Dr. S.E. Chidiac. Experiments and
analytical calculations were conducted by M.G. El-Samrah and M.A. Reda and enhanced
by Dr. S.E. Chidiac. The paper was written by M.G. EI-Samrah and revised by Dr. S.E.
Chidiac.

Chapter 6: Radiation shielding properties of modified concrete mixes and their
feasibility in dry storage cask

By M.G. El-Samrah, M.A.A. Zamora, D.R. Novog, and S.E. Chidiac

The idea was proposed by M.G. El-Samrah and edited by Dr. D.R. Novog. The analytical
calculations and writing the paper were made by M.G. El-Samrah and were edited and
revised by Dr. D.R. Novog and Dr. S.E. Chidiac. Conceptualization of the simulated
model and providing the needed values/parameters were done by M.G. El-Samrah. The

model simulation was conducted by M.A.A. Zamora.



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

Contents
Lay Summary 1
Abstract i
Acknowledgements \%
Publication List Vi
Co-Authorship VIl
Contents X
List of figures XV
List of tables XVl
1. Thesis Summary 1
1.1 Introduction 1
1.2  Background 3
1.2.1 Design considerations regarding dry storage casks 3
1.2.1.1 Safe enclosure 3
1.2.1.2 Structural integrity 4
1.2.1.3 Adequate radiation shielding 4
1.2.1.4 Subcriticality assurance 5
1.2.1.5 Decay heat dissipation 6
1.2.2 Metal-based and concrete-based casks 7
1.2.3 Radiation shielding analytical calculations 8
1.2.3.1 Mass and linear attenuation coefficients 8
1.2.3.2 Half value layer, tenth value layer, and mean free path 9



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

1.2.3.3 Effective atomic number 10
1.2.3.4 Exposure build-up factors 10
1.2.3.5 Fast neutron macroscopic effective removal cross-section 12
1.2.3.6 Thermal neutron macroscopic absorption cross-section 13

1.3 Impetus of research 14
1.4 Overall objective and scope 14
1.5  Summary of the papers included 15
1.6 Conclusions and recommendations for future work 19
1.6.1 Conclusions 19
1.6.2 Recommendations for future work 23
1.7  References 23

2. Spent nuclear fuel interim dry storage; design requirements, most common

methods, and evolution: A review 29

2.1  Abstract 29
2.2 Introduction 29
2.3 Design requirements 34
2.3.1 Safe enclosure of the contained SNF 34
2.3.2 Structural response and integrity 36
2.3.3 Radiation shielding 39
2.3.4 Subcriticality 43
2.3.5 Heat dissipation 44
2.4 Evolution and trends of SNF interim dry storage 49

Xi



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

2.4.1 SNF dry storage casks 49

2.4.2 Pros and cons of full-metal, concrete-steel and sandwich dry storage casks 54

2.4.3 Dry storage facilities 55
2.5 Conclusion 63
2.6  References 66

3. Characterization of natural and synthetic aggregates properties and their effect

on the physical and mechanical properties of radiation shielding concrete 73

3.1  Abstract 73
3.2 Introduction 74
3.3  Concrete properties 75

3.4  Physical and mechanical properties of aggregates possessing radiation atten. 86
3.4.1 Properties 86

3.5  Case studies - RSC containing aggregates possessing radiation attenuation

properties 91
3.5.1 Natural aggregates 91
3.5.2 Synthetic aggregates 97

3.6  RSC design methodology 101
3.7 Conclusions 102
3.8 References 103

4. MRCsC: A user-friendly software for predicting shielding effectiveness against
fast neutrons 113

4.1  Abstract 113

Xii



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

4.2 Introduction 113
4.3  Theoretical background 116
4.4 Macroscopic Removal Cross-sections Calculator (MRCsC) 119
4.4.1 Program description 119
4.4.2 Analytical model 120
4.4.3 Program testing and validation 123
45  Conclusions 129
4.6  Acknowledgments 130
4.7  References 130

5. Mechanical and radiation shielding properties of concrete containing

commercial boron carbide powder 135

5.1 Abstract 135
5.2  Introduction 136
5.3  Materials and methods 140
5.3.1 Materials 141
5.3.2 Samples’ preparation and tests protocol 143
5.4  Results and Discussion 147
5.4.1 Powder characterization 147
5.4.2 Isothermal calorimetry 149
5.4.3 Radiation shielding 154
5.5 Conclusions 161
5.6  Acknowledgments 162

Xiii



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

5.7 References

163

6. Radiation shielding properties of modified concrete mixes and their feasibility in

dry storage cask
6.1  Abstract
6.2  Introduction
6.3  Materials and Methods
6.3.1 Design of experiment
6.3.2 Radiation shielding properties
6.3.2.1 Mass and Linear attenuation coefficients
6.3.2.2 Half value layer, Tenth value layer, and Mean free path
6.3.2.3 Effective atomic number
6.3.2.4 Exposure build-up factor
6.3.2.5 Fast neutron shielding properties
6.3.2.6 Thermal neutron shielding properties
6.4  Concrete-Based Dry Storage Cask (DSC) Model
6.5 Results and discussion
6.5.1 Gamma-rays shielding assessment
6.5.2 Neutrons shielding assessment
6.5.3 Dry Storage Cask model results
6.6  Conclusions
6.7  Acknowledgments

6.8 References

Xiv

169

169

170

172

172

175

175

176

177

177

179

180

181

185

185

193

197

201

203

203



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

List of Figures

Fig. 2.1 Vertical cross-sections of concrete-based cask design with welded lid (on the left) and
full-metal cask design with primary and secondary lids using O-ring gaskets (on the right),
adapted from (Saegusa et al., 2008; Wimmer et al., 2015) .......cccoeeviiiiiiie e 36

Fig. 2.2 Considered Scenarios for Aircraft Engine Crash onto a full-metal cask, adapted from
(Saegusa €t @l., 2010) . .ciueeeiirei ettt e e rreeanraeennees 38

Fig. 2.3 Schematic diagrams for CASTOR V/19 dual purpose cask in transport configuration with
impact limiters (on the left) and vertical CONSTOR dry cask (on the right), adapted from
(WIMMET €t al., 2015) ....uiiiiiiiiiiiie ettt 42

Fig. 2.4 Basket design for CONSTOR V/32 dry storage cask, adapted from (Funke and Diersch,

Fig. 2.6 Half section of a concrete based cask showing air inlet, outlet, thermal shield and fins

along with the concrete vessel, adapted from (Saegusa et al., 2008)...........ccccevvvveeviieiiie e, 48

Fig. 2.7 CASTOR Ic- DIORIT Dry Cask for SNF transport and storage, adapted from (Droste,

Fig. 2.8 The basic configuration of the TN-24 transportable cask manufactured by Orano
(previously Areva), adapted from (Roland et al., 2003)..........ccccveeiiiiiiiiie i 52

Fig. 2.9 Arranged CASTOR V/21 vertical casks at Surry Nuclear Power Station, Virginia, USA,
(Skrzyppek and Kim, 2015) .....cciuiiiiieiciiee et 56

Fig. 2.10 A site view for Gorleben interim dry storage facility (on the left) and an interior view
that shows arranged vertical CASTOR casks stored indoor in the same facility (on the right)
(T2 A0 I ) PSSP 57

Fig. 2.11 Interim dry storage sites in Canada (NWMO, 2019) .........ccoceeeviieiiie e 58

Fig. 2.12 HI-STORM UMAX design features (on the left) and the site view of Callaway NPP
UMAX Facility in the U.S (on the right), adapted from (Woodward, 2015) ............cccoeeevveennnnnn 60

XV



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

Fig. 2.13 The NUHOMS storage system with monolithic one layer structure, adopted from
(OFaN0, 2020) ....ceveeiieeeie ettt 61

Fig. 2.14 The NUHOMS Advanced Matrix with its unique two-story structure, adopted from
(O ST\ L (O 0 ) ISP P TSR 63

Fig. 3.1 Definition of the Cell [20] ........ooiviiiiiiiiii e 77

Fig. 3.2 Rheological properties versus packing density of 0.4 w/c concrete mixture with a) 14 mm

and b) 20 MM MaX AQQIEGALE SIZE.......ccuieiiieriie ittt 79
Fig. 3.3 Effects of particle shape and S/A on concrete’s yield stress and plastic viscosity [25] ... 80

Fig. 3.4 Compressive strength and packing density of aggregate versus packing density of 0.4 w/c

concrete mixture with a) 14 mm and b) 20 mm coarse aggregate SiZe ..........coccevveriverieeneenineans 82
Fig. 3.5 Tortuosity factor versus aggregate volume fraction [24] .........ccoccviiiieiiiiiieiceeee, 84
Fig. 3.6 Interfacial transition zone factor (fitz) Versus Vitz [23] ...cccoveoveiieniiiiieiicceeee e 85
Fig. 3.7 Display of RSC aggregates physical and mechanical properties........cc.cccocvevvvveviveeennnn. 88

Fig. 3.8 RSC compressive strength containing dolomite (D), hematite (H), ilmenite (IL) and air-

cooled slag (ACS) as coarse (c) and fine (f) aggregates versus curing time [2] ........c..cccoveevnnenene, 92
Fig. 3.9 RSC compressive strength versus curing time [36] .......cccocveviveeiiieiiie e 94

Fig. 3.10 Unit weight, compressive strength, and splitting tensile strength of concrete containing
(000 LT g g YT (= [ PSSR PTS 95

Fig. 3.11 Hydration reaction of cement containing fine colemanite reported in two different

studies; (a) Colemanite percentage relative to the cement weight, (b) Percent of boron relative to

CEMENE MASS [B0, 3L vvriiiieiiiie ittt e et e e et e e s b e e et e e e ba e e e aaeeanree e e 96
Fig. 3.12 Slump flow of mortar containing HDPE, PP and UPE [68] ............cccccovvvieviiveivieecnen, 99
Fig. 3.13 Compressive strength of mortar containing HDPE, PP and UPE [68]..............ccccoue.... 99
Fig. 4.1 MRCSC USEI INEITACE .....cvviiiiie ettt sare e aee s 120

Fig. 4.2 The Cf-252 neutron energy spectrum derived from measured TOF spectrum, reproduced
FrOM (LEE EL AL, 2016)....cccuiiiiiieiiiie ettt et e e et e e et e et be e e e e e aee s 121

Fig. 4.3 *'Am-Be source neutron energy spectrum, reproduced from (Baginova et al., 2018) ..122

XVi



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

Fig. 4.4 ?°Pu-Be source neutron energy spectrum, reproduced from (Vega-Carrillo and Torres-
Y0 Lo o 002 RSP 122

Fig. 4.5 The relation between the calculated results obtained from MRCsC program (a), NXCom

program (b) and the corresponding Measured VAIUES...........coovuveiiieeiiiee e esiee e seee e 129
Fig. 5.1 Boron carbide particle Size diStribUuLION............ccoiiiiiiiiieiicee e 147
Fig. 5.2 XRD mineral spectrum of boron carbide powder .............cccooiriiiiiiniiiiiee e 148
Fig. 5.3 Cement pastes’ mean heat flow rate CUrVes............ccocooviiiiiiiiiiiiicee 150
Fig. 5.4 Cement pastes’ mean cumulative Neat CUNVES .............cccovveiiiieiiniiciiee e 150
Fig. 5.5 Concrete w/p, n, HVL and MFP calculated using WinXCom program ...........c.ccceeueenne. 156
Fig. 5.6 Concrete effective atomic number with photon energy ........ccccvvveiieniiniiniene e 158
Fig. 6.1 Model of sandwich-design concrete-based dry storage cask............cccocvvvveiieiiernnenn 182
Fig. 6.2 Flux to dose conversion factors adopted from (McFerran et al., 2020) .............cccvee...e. 184

Fig. 6.3 Concrete mixes total mass attenuation coefficient and partial contribution of the three

Main iNteraction MECNANISIMS ........uiiiiiiiiiiet e 186
Fig. 6.4 p, HVL, TVL, and MFP for the eight concrete mixXes .........cccocvevvveeviee v, 188
Fig. 6.5 Percent increase in p from Mix design no. 2 over u from Mix designno. 1.................. 191
Fig. 6.6 Concrete mixes effective atomic NUMDEE (Zef).....oveevivveeiieeiiiee e 191

Fig. 6.7 EBFs for the mixes prepared using mix design no. 1 (a) and those mixes designed using

T o e [o L I g o T2 (o) ISR OTR 193
Fig. 6.8 Fast neutron effective removal cross-sections for the 8 concrete mixes............cccee.nee. 194
Fig. 6.9 Thermal neutron macroscopic absorption cross-sections for the 8 concrete mixes........ 196

Fig. 6.10 Photon flux variation from the centre of the cask and from the start of the concrete layer

XVii



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

List of Tables

Table 2.1 Comparison between wet storage and dry storage for SNF ...........cccoooiviiiiiiniiiiinns 31
Table 2.2 The main features of the HI-STORM UMAX SYSIEM ........ccoiiviiiiiiieiienieeieesienieen 60
Table 3.1 Aggregates typically used in RSC [9, 10] ......coiiiiiiiiiiiiiieceeeee e 75
Table 3.2 Physical and mechanical properties of aggregates typically used in RSC .................. 87
Table 3.3 Compressive strength of concrete containing barite and magnetite (MPa) [67]........... 97
Table 3.4 Physical properties of the used synthetic resins [68] ..........cccoovveriiiiiiiieniiiieienn 98
Table 4.1 Description and density of concrete samples collected from the literature.................. 124
Table 4.2 Samples elemental cCOMPOSITION (W0) .......ovuviiiieiiiiii e 125

Table 4.3 Measured and calculated effective removal cross-sections of the studied samples.....126

Table 4.4 Theoretically calculated values of effective removal cross-sections Xz (cm™) for FCL
concrete based on MRCsC and NXCom libraries for Zr/p...c.ccovvvveviieiiiie i, 127

Table 4.5 Theoretically calculated values of effective removal cross-sections Zr (cm™) for BRS-

composite based on MRCsC and NXCom libraries for Zr/p .....ccccevvveeiiieiiieiiic e, 128
Table 4.6 Results from the paired samples t-test and the regression analysis............ccccccoveevunnnn 129
Table 5.1 Cement paste MiXtUreS ProPOITIONS.........eciivieeiireeiiee e e st sre e sre et e e e e e saeeenaneas 141
Table 5.2 Concrete MiXtures ProPortioNS .......c..cocveeiiueeiiieeiiee e s e esie e e e se e e e e ssaeesareesreee s 141
Table 5.3 Concrete elemental analysis, percent weights, and density ............ccccoeeeeviveeiieeennnen. 141
Table 5.4 Physical properties and chemical composition of Portland cement type GU .............. 142
Table 5.5 Physical and mechanical properties of boron carbide powder...........ccccoevvveevieeenen. 143
Table 5.6 Boron carbide powder mineral composition and corresponding weight percent......... 149
Table 5.7 Cement paste hmax, Time of hmax, and H determined by isothermal calorimetry.......... 150
Table 5.8 Estimated cement paste initial Setting time ... 151
Table 5.9 Cement paste temporal degree of hydration ..........cc.ccoveiiiiiiii i 154

Xviii



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

Table 5.10 Concrete compressive strength (MPa) .........cooveiiiiiiiiieiie e 154
Table 5.11 Concrete mass and linear attenuation coefficients at selected photon energies.......... 157

Table 5.12 Deduced concrete half-value layer and mean free path at selected photon energies .157

Table 5.13 Concrete mixes calculated Zr and HVLn VaIUES .........ocoviiiiiiiiiiiiiiic, 160
Table 5.14 Concrete mixes calculated Xa and HV L VAIUES..........c.ooiiiiiiiiiiiiciiceiece 161
Table 6.1 Chemical and physical properties of cementing materials and aggregates ................. 174
Table 6.2 Concrete mix proportions [KG/M] ......c.ccvcveviiiiiiieccccee e 174
Table 6.3 Concrete mix elemental COMPOSITION.........cooviiiiiiiiiie e 175
Table 6.4 Element’s weight percentage and denSity ..........cccovevveriieiiieiieeniesee e 182
Table 6.5 Photon and neutron spectra used to define the radioactive sources ...........c..ccccveevunennn 184
Table 6.6 Values of u and HVL for selected photon energy values...........cccooevieiiienieiinnnnnn. 189
Table 6.7 Detailed calculations of the 8 concrete mixes Xr, HVLfn, and Afn.....coooveveeveriiriennnnn, 194
Table 6.8 Detailed calculations of the 8 concrete mixes Zaps, HVLthn, and Athn.eeevverveeveiveiennnen 197

Table 6.9 Neutron, photon, and total dose rates at the cask’s outer surface for the 8 concrete

XiX



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

1. Thesis Summary

1.1 Introduction

Safe and long-term disposal of radioactive wastes was always crucial and challenging for
the nuclear industry. With the increased global use of nuclear technology, a need for a
permanent solution is essential for a sustainable industry (Vitkova et al., 2006; Ewing,
2015). Spent nuclear fuel (SNF) discharged from operating reactors is temporarily stored
at the reactor secondary pool for a short period before being moved to a storage pool,
usually for 5 to 10 years, referred to as a wet storage period. Subsequently, the SNF is
transferred to an interim dry storage stage using either above ground or underground dry

storage facilities (Fukuda et al., 2003; Haire and Swaney, 2005; Bruno and Ewing, 2006).

Wet storage being a costly process, and with the absence of a permanent geological
storage repository for SNF and high-level wastes (HLW), interim dry storage has evolved
as a viable alternative. It provides safe long-term storage for SNF, easy transportation
when needed, efficient passive decay heat removal process, and high degree of robustness
under accidental conditions (Ratiko et al., 2018). Moreover, the phasing out of nuclear
power by countries that depended greatly on it as a part of the total energy production has
significantly amplified the need for the reliable interim dry storage facilities (Fairlie,

2016).

Nevertheless, dry storage must meet rigid requirements to ensure safe, efficient, and
reliable long-term storage for SNF. As such, the research to improve the performance of

the dry storage casks is ongoing. This includes coming up with techniques to attain better
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containment for this kind of waste and better confrontation with extreme events like
tsunamis, tornados, flooding and earthquakes, and terrorist acts. In short, the challenges
are multifaceted, social, economic, and technical (Wimmer et al., 2015; Shimizu, 2016;

Almomani et al., 2017; Vicek, 2018).

The design and construction requirements of dry casks to store SNF or HLW, include
structural capacity and durability, efficient enclosure of the stored SNF, radiation

shielding, and heat dissipation (Wimmer et al., 2015; IAEA, 2020).

Each part or component in the dry storage cask has a distinctive role. However, some
components can play multiple roles and can describe the overall behavior of the storage
cask. One of these components is the concrete layer or overpack, which can help
significantly in enhancing the cask’s overall durability and heat decay removal, besides
its primary function in radiation shielding (Fukuda et al., 2003; Vitkova et al., 2006;

Wimmer et al., 2015).

This chapter introduces a background of the performed studies in this thesis along with
the impetus that provided the required motivation to conduct this research. Moreover, it
presents the overall objective and scope of this study and summarizes the research papers
presented in this thesis. Last but not least, it briefs the obtained conclusions and gives

some recommendations for future work that can be beneficial for the current research.
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1.2 Background

The dry storage cask is the most common shape of SNF interim dry storage. This section
deals with the considerations of the design and construction of dry storage cask in brief.
The main differences between Steel-based and concrete-based casks are introduced.
Furthermore, the required analytical calculations employed to assess various radiation

shielding properties of the shielding material are also covered.

1.2.1 Design considerations regarding dry storage casks

1.2.1.1 Safe enclosure

The cask needs to prevent any possible leakage and protect the spent fuel cladding from
any damage or degradation throughout its service life. The loss of fuel integrity during the
storage period may cause critical radiological concerns (Droste, 2013; Wimmer et al.,
2015). Some of the causes that affect the integrity of the stored SNF and its cladding are;
cladding creep under internal gas pressure, stress corrosion cracking, and corrosion of the

cladding due to possible fuel oxidation (Vitkova et al., 2006).

The canister steel shell, in canister-based designs, or the outer overpack directly in other
designs along with effective decay heat dissipation, and anti-oxidation protecting
methods, protect the fuel and its cladding. Also they prevent any possible radioactive
material leakage during the cask’s service life. Thus, material selection, proper
geometrical design, and precise welding for the canister and the surrounding cylindrical

shell are essential (Saegusa et al., 2008; Wimmer et al., 2015).
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1.2.1.2 Structural integrity

The structural integrity of the cask depends mainly on the overpack, which is a licensing
requirement and needs to be evaluated solely before assessing the entire cask. The most
common tests for examining the structural integrity are; vertical and horizontal fall from
different heights with and without impact limiters, tipping over, seismic analysis, and
aircraft or missile horizontal and vertical impacts (Haire, 2006). Some of these tests can
be performed using a full-scale cask, while others are conducted either on a reduced scale
or through analyzing simulated models using approved software tools (Almomani et al.,

2017; Hanifehzadeh et al., 2018; Ratiko et al., 2018).

The obtained results are analyzed to assess the structural integrity of the cask with
emphasis on some components that ensure leak tightness and safety of the contained SNF.
These components are; the lid(s), the welds, the overpack, whether it is metal or concrete

based, and the canister (Saegusa et al., 2010; Almomani et al., 2017).

1.2.1.3 Adequate radiation shielding

The radiation shielding requirements of the SNF dry storage cask are determined from the
fuel starting from its fresh state until the complete burnup and the wet storage duration.
Thus, the details of the initial loading of each fuel assembly, number of assemblies, fuel
type (UO2 or MOX), burnup value of the fuel, length of the cooling period in wet storage
pools, SNF whether it is stored intact or after reprocessing, and the fuel assemblies
whether they are stored with or without the structural components, are needed (Ko et al.,

2014; Hu et al, 2016).
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The main hazardous radiated emissions from the SNF stored during interim dry storage
are gamma rays other than relatively little emissions due to fast neutrons (Ko et al., 2014;
Hu et al., 2016). Therefore, providing adequate radiation shielding is achieved with the
thick shell that encapsulates the canister or the basket. This envelope can be pure metallic
using steel or ductile cast iron with a resin layer added on the outer surface, a thick
concrete shell with an inner steel liner, or “sandwich” concrete shell with both internal

and external steel liners (Droste, 2013; Wimmer et al., 2015; IAEA, 2020).

1.2.1.4 Subcriticality assurance

Sustained subcriticality should be ensured throughout the entire service life of the cask.
To achieve an adequate margin of subcriticality, comprehensive calculations are made to
keep the neutron multiplication factor and the reactivity at minimal levels even under
extreme events like flooding, earthquakes, or overheating (Ko et al., 2014; Hu et al.,
2016). Formerly, SNF was treated as an unirradiated fresh fuel regarding criticality and
reactivity calculations which exaggerated the safety limits regarding the basket
geometrical dimensions and the required flux traps, thus adding unnecessary costs (Parks,
2000; Fukuda et al., 2003; Clarity et al., 2017). In 2000, a new concept emerged called
(burnup credit), which accounts for reducing reactivity due to fuel burnup while in
service. Employing this concept led to a reduction in the overall dry cask's size and
weight and carrying more SNF assemblies (Parks, 2000; IAEA, 2012; Clarity et al.,

2017).

Adopting proper geometrical design, especially for the basket, besides adding neutron

absorbers to the design, are responsible for achieving sustained subcriticality. For
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instance, borated stainless steel and borated aluminum are used for manufacturing the
partitions of the SNF basket (Funke and Diersch, 2004; Vitkova et al., 2006; IAEA,

2012).

1.2.1.5 Decay heat dissipation

Decay heat removal is essential to protect the integrity of the stored fuel and its cladding.
During the first five years, when SNF is usually stored in water pools, the decay heat
emission decreases by more than 90% (Hu et al., 2016; Poskas et al., 2019). In SNF dry
storage casks, decay heat dissipation depends on conduction, natural convection, and
thermal radiation mechanisms. The cask design should assure efficient decay heat
dissipation in the long run, and keep on the stored spent fuel and its cladding within the
standard safety limits under usual and accidental conditions (Vitkova et al., 2006;

Saegusa et al., 2010; IAEA, 2012).

High temperatures, differential pressures, and corresponding stresses on the fuel cladding
during the dry storage period can result in permanent creep deformation or even cracking
of the fuel cladding (Vitkova et al., 2006; U.S.NRC, 2010). Therefore, it is necessary to
keep SNF cladding temperatures below the expected damage threshold in normal
operating conditions with a proper margin of safety. The decay heat dissipation in dry
storage casks is efficiently achieved through a multi-layered passive process starting with
the basket and ending with the overpack or the radially machined fins located on the outer
surface of the cask (IAEA, 2012; Vicek, 2018; Wu et al., 2018). Although the primary
role of the overpack, whether it is steel or concrete-based, is to provide adequate radiation

shielding, some modifications are usually made to enhance the overpack thermal
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conductivity to attain a better decay heat removal process (Droste, 2013; Wimmer et al.,

2015).

1.2.2 Metal-based and concrete-based casks

There are various classifications of SNF dry storage casks; however, classifying them
according to the material and the design of the external overpack is most common
(U.S.NRC, 2010; IAEA, 2012). Metal-based cask has a full-metallic cylindrical overpack
made of stainless steel or ductile cast iron. The required overpack thickness is smaller
than that in the concrete-based cask; thus, the metal-based cask has a smaller diameter
and footprint than the concrete-based cask (Roland et al., 2003; Saegusa et al., 2008). Also,
metal-based cask is robust and reliable for transporting SNF with shorter cooling periods.
However, manufacturing metal-based cask is complicated and expensive. The metallic-
overpack thickness is 40 cm or more and needs precise welding using advanced welding
techniques like friction stir welding that is not an easy process knowing that the layer to
be welded is significantly thick (Droste, 2013; Wimmer et al., 2015). Moreover, although
the thick metallic overpack provides adequate shielding against gamma rays, it cannot
provide adequate shielding against neutrons. So, special modifications should be made,
such as drilling symmetric axial holes into the thick shell and filling them with
polyethylene or adding a specific resin layer with a protective steel shell to the outer

overpack surface (Roland et al., 2003; Wimmer et al., 2015).

On the other hand, concrete-based casks are much easier to manufacture and much
cheaper. The overpack formed of concrete can be designed and poured on-site or offsite

and can be modified easily to effectively attenuate gamma rays and neutrons without
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needing any additional layers (Roland et al., 2003; Saegusa et al., 2008). Concrete is
considered one of the most optimum radiation shielding materials, as it is a proper
construction material that can be modified easily using certain additives and aggregates to
shield against all harmful kinds of radiation efficiently (Kaplan, 1989; Ouda, 2015).
Besides, the contained water alone plays a significant role in moderating energetic
neutrons, unlike metallic shields that can protect from energetic photons but cannot

provide sufficient protection against neutrons (Roland et al., 2003; Saegusa et al., 2010).

Concrete-based cask that utilizes an inner steel liner alone and has a bare surface, has
shown aging and degradation problems, especially when placed in coastal sites (Gray,
2015). As such, the sandwich overpack design, which comprises of a concrete cylindrical
layer with both inner and outer steel liners, is considered a robust and reliable alternative.
It is comparatively inexpensive and easy to manufacture, and can be used for SNF
transportation under specific regulations (Wimmer et al., 2015; Hu et al., 2016; IAEA,

2020).

1.2.3 Radiation shielding analytical calculations

1.2.3.1 Mass and linear attenuation coefficients

Mass attenuation coefficient (u/p), in cm?/g, is an essential parameter to assess the
radiation shield as it characterizes the resistance of the shield to be penetrated by
energetic photons based on the shield constituents only and independent of its density
(Gerward et al., 2004). It is calculated as a summation of the cross-sections of
photons/matter interaction mechanisms, as shown in Eqg. 1.1, especially the three main

mechanisms; photoelectric absorption, Compton scattering, and pair production. For
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compounds and mixtures, (uw/p) is calculated employing the corresponding elemental

analysis according to Eq. 1.2 (Lamarsh and Baratta, 2001, Gerward et al., 2004):

(u/p) = (u/p)pe + (.u/p)Compton + (u/p)pp (1.1)

(u/p) = Xiwi(1/p); (1.2)

where (1/p)pe, (U/P)compton, aNd (u/p)pp are photoelectric, Compton scattering, and
pair production cross-sections, respectively. w; and (u/p); are weight fraction and mass

attenuation coefficient of the i element.

Linear attenuation coefficient (), in cm™, describes the fraction of attenuated incident
photons in a mono-energetic beam per unit thickness of the shield. It depends on both
composition and density of the shielding material and can be better used to compare
between the studied shields (Huda and Slone, 2003). u« is calculated from mass

attenuation coefficient («/p) as follows (Lamarsh and Baratta, 2001):
1= Pmix(1t/P) (1.3)

where pmix, in g/cm?, is the density of the shielding material.

1.2.3.2 Half value layer, tenth value layer, and mean free path

Half value layer (HVL), tenth value layer (TVL), and mean free path (MFP), in cm, are all
considered necessary parameters that evaluate the radiation shielding efficiency of the
studied shield through defining the required thicknesses to attenuate the incident radiation

to 50%, 10%, and = 37%, respectively (Lamarsh and Baratta, 2001; Oto et al., 2015). The
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mentioned parameters are derived from linear attenuation coefficient (x) using the

following equations (Kaplan, 1989; Lamarsh and Baratta, 2001):

n2

HVL =2 (1.4)
TVL = ”‘% (1.5)
MFP =2 (1.6)

1.2.3.3 Effective atomic number

Effective atomic number (Zex) is an important parameter to assess shielding against
energetic photons, as it describes the electronic cloud that controls the photon/atom
interaction process (Taylor et al., 2012; Hosamani and Badiger, 2018). In general, Zes is

calculated using the following equation (Akman et al., 2015):

7 % _ ZfiAi(%)i
=% 2700
I T prgihy

(1.7)

where g, and g, are atomic cross-section and electronic cross-section of the shield, Ai, Zi,
fi, and (wp)i are atomic mass, atomic number, atomic fraction, and mass attenuation

coefficient of the i element.

1.2.3.4 Exposure build-up factors
Beer-Lambert law given in Eq. 1.8 (Kaplan, 1989) is only valid with the narrow-beam
geometry. However, most real situations depend on the broad-beam geometry that

requires an adjustment to be made to the Beer-Lambert law as represented by Eq. 1.9

10



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

where B is called the build-up factor (Kaplan, 1989; Lamarsh and Baratta, 2001). The
build-up factor can be represented by exposure build-up factor (EBF) or energy
absorption build-up factor (EABF); yet, EBF is most common to use in radiation

shielding applications (Singh and Badiger, 2012; Oto et al., 2015; Kaur et al., 2019).
L, = I,e ™ (1.8)
I, = Blje™#* (1.9)

where (lo) is the intensity of incident beam of photons, (Ix) is the photons’ intensity after

passing a thickness of the shielding material that equals (x), in cm.

The calculations take three primary steps in case of dealing with the composite shield.
The first step is calculating the equivalent atomic number (Zeq) for the shielding material,
which depends on the ratio (R) between the partial mass attenuation coefficient due to
Compton scattering (u/p)compton and the total mass attenuation coefficient (Ww/p)total, USING

the interpolation method indicated by Eq. 1.10 (Harima, 1983).

__ Z1(log Ry—log R)+Z,(log R—log Ry)

Z
eq log R, —log R4

(1.10)

where Z; and Z» are the atomic numbers of the two elements corresponding to the ratios
R1 and Rz, respectively, and R is the ratio for the composite shield, at specific energy, that

lies between R; and Ro.

The second step is to calculate the five G-P fitting parameters (a, b, ¢, d, Xk) using the
interpolation method similar to Zeq but this time based on the calculated Zeq obtained in

the first step as shown in the following equation (Harima, 1983):
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_n (log Z,-log Zeq)+Y2(log Zeq—log Zl)

Y
log Z,-log Z;

(1.11)

where Y represents the fitting parameter (a, b, ¢, d, or Xk) and Y1 and Y. are the
corresponding fitting parameters for the two elements with atomic numbers Z; and Z,
respectively. The elemental fitting parameters are usually collected from the

“ANSI/ANS-6.4.3” standard data set (ANSI/ANS-6.4.3, 1991).

The last step is calculating EBF, B(E,X), at the studied energy, employing the G-P fitting

parameters obtained using the following equations (Harima et al., 1986):

1+E(KX—1)forK +1

B(E,X)z{
1+(b-1)X forK =1

(1.12)

X
——2)—t h(-2
n < anh(-2)

ta h(
_ a X
K(E,X)=CX*+d 1 —tanh(—2)

for penetration depth (X) < 40 MFP (1.13)

where E is the energy of the incident photons, X is the penetration depth measured by

MFP, and K is the dose multiplicative factor that describes the shape of the curve.

1.2.3.5 Fast neutron macroscopic effective removal cross-section

The shielding effectiveness of the composite shield in attenuating fast neutrons is
assessed by computing the macroscopic effective removal cross-section (2r) (El-Samrah
et al., 2021). Elemental composition and the corresponding density of the shield are used

to calculate Zr based on the following equation (Kaplan, 1989):
Zp = X1 pswi(Zr/p)i = XY pi(Zr/p)i (1.14)

where p, and p; are the shield density, in g/cm?, and the partial density of the i" element.
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To get a better conception, the half value layer that is required to attenuate half of the
incident fast neutrons beam (HVL), in cm, and the relaxation length (4m), in cm, which is
the average distance traveled by a fast neutron before interacting with the medium, can be

calculated based on Zras follows (Kaplan, 1989; Lamarsh and Baratta, 2001):

in2
(1HVLg, = ;—R (1.15)

App = — (1.16)

1.2.3.6 Thermal neutron macroscopic absorption cross-section

The shield’s ability to absorb thermalized neutrons is evaluated by calculating thermal
neutron macroscopic absorption cross-section (Zans) (Soppera et al., 2014). Thermal
neutron macroscopic absorption cross-section for composite shields, X, (E, =

0.025 eV), in cm, can be calculated as follows (Madbouly and EI-Sawy, 2018):

N
(Zabs/p)i = Z (Ga)i (1-17)
N =£da (1.18)
Zaps(En = 0.025eV) = ?pswi(zabs/p)i (1-19)

where (6,);, M;, (Zaps/p)i, Na, and N are microscopic absorption cross-section for
thermal neutrons, (cm?/atom), molar mass, (g/mol), and macroscopic mass absorption
cross-section for thermal neutron, (cm?/g), Avogadro’s constant, (atom/mol), and the

atomic density of the element, (atom/cm?q), respectively.
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Like the case with fast neutrons, half value layer (HVLn) and relaxation length (Awnn),

regarding thermal neutrons, can be calculated from (2,;,) as follows:

HVLpy = 22 (1.20)

Zabs

1

/1 =
th
n Zabs

(1.21)

1.3 Impetus of research

Due to the absence of a permanent geological repository until now and as the wet storage
technique is impractical for storing radioactive wastes and SNF for long periods, interim
dry storage has shown superiority as a reliable long-term storage technique for radioactive
wastes, especially SNF, considering concrete-based cask is the most employed all over
the world. Based on the former, improvement of the concrete overpack has become a spur
for this research. Improving the properties of the concrete layer, especially the radiation
shielding properties, leads to a general improvement in the properties of the storage cask.
It also leads to a decrease in the required thickness, cross-sectional area, and the needed

materials, thus minimizing the total storage area and associated costs.

1.4 Overall objective and scope

The intended objective of this study is to develop a concrete mixture for the outer
overpack in the concrete-based dry storage cask with enhanced mechanical and radiation
attenuation properties. The scope is limited to the concrete overpack and the effects of

using certain aggregates on its properties. Detailed mechanical and thermal
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characterizations, as well as long-term effects of continuous irradiation and heating on the

concrete, are not included in this study.

1.5 Summary of the papers included

This thesis comprises of five research papers that are summarized as follows;

Paper I: Spent nuclear fuel interim dry storage; design requirements, most common
methods, and evolution: A review

This study aims to shed light on the importance of the SNF interim dry storage technique
and tries to cover, in a detailed fashion, the essential considerations relevant to the design
and construction of dry storage casks. These considerations are referred to as follows;
ensuring safe and reliable enclosure of the stored SNF assemblies, providing adequate
radiation shielding, assurance of sustained subcriticality for the stored SNF throughout
the service life of the cask, and achieving efficient and sustainable decay heat dissipation
for the entire storage period. The review also captures the ongoing evolution of dry
storage casks and facilities, considering the pros and cons of metal-based and concrete-
based casks that show the superiority of sandwich-based concrete cask. Furthermore, it

discusses two of the most recently launched interim dry storage methods.

Paper Il: Characterization of natural and synthetic aggregates properties and their
effect on the physical and mechanical properties of radiation shielding concrete

Concrete is considered an effective shield that can be effectively used in attenuating all
kinds of harmful radiations. However, to achieve the optimum protection against these
harmful radiations and reduce the required shield thickness, which saves time, cost, and

area, some modifications regarding the main components of the traditional concrete mix
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must be done. This includes replacing the traditional aggregates with specific natural or
synthetic aggregates or adding certain additives that possess unique radiation attenuation
properties. This study provides a detailed characterization of these aggregates. Also, it
investigates the concerns about the physical and mechanical properties of the produced
concrete upon conducting these modifications by critically reviewing some reliable
studies in preparation and assessment of radiation shielding concrete (RSC). Furthermore,
a design methodology is set to get an optimum design for radiation shielding concrete

through this critical review.

Paper I1l: MRCsC: A user-friendly software for predicting shielding effectiveness
against fast neutrons

In order to evaluate the fast neutron shielding properties of the proposed mixes during this
research and in the absence of a reliable and uncomplicated tool to provide the needed
parameters, the idea of this study came to mind. This paper presents developing a new
computer program named MRCsC, which is constructed to produce accurate macroscopic
effective removal cross-sections, Xr, of fast neutrons for different shielding materials.
MRCsC program is a user-friendly software that is written and programmed using C-
sharp language. Moreover, a modified calculation method is adopted to build up its built-
in database based on the most recently updated microscopic total neutron cross-section
values provided by the latest version of the Evaluated Nuclear Data Library “ENDF/B-
VIII”. The program database contains the mass removal cross-sections, Xr/p, of all
naturally occurring elements, including elements with insignificant natural abundance.

For validation, results obtained from the developed program are compared with published
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experimental data and other theoretically calculated results from the NXCom program. A
good agreement between the MRCsC results and those experimentally measured is
observed. Upon comparing the program results with the corresponding NXCom results,
the effectiveness and precision of the MRCsC program can be proved. Finally, the
MRCsC program can be used as a reliable design/assessment tool for any shielding

material dealing with fast neutron attenuation.

Paper 1IV: Mechanical and radiation shielding properties of concrete containing
commercial boron carbide powder

Boron-containing compounds have a significant role in radiation shielding applications as
they own a splendid ability to shield against thermal, epithermal, and slow neutrons.
However, most of them show a lack of compatibility when using in cementitious
mixtures. In this study, commercial fine-powdered boron carbide (B4C) is investigated to
determine its impact on Portland cement hydration reaction and concrete compressive
strength upon addition with increasing percentages based on isothermal calorimetry and
analytical models. To assess radiation shielding properties, needful shielding parameters
concerning photons and neutrons are calculated for concrete mixes containing different
percentages of the studied powder. Mass attenuation coefficient, pW/p, and effective atomic
number, Zes, are calculated for the studied mixes for photon energy range; 10 KeV to 10
MeV. Then, linear attenuation coefficient (p), half-value layer (HVL), and mean free path
(MFP) are derived. Moreover, fast neutron macroscopic effective removal cross-section
(2r) and thermal neutron macroscopic absorption cross-section (Zans) are calculated for

the studied concrete mixes, and the corresponding half-value layers (HVL and HVLnn)
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are derived. The obtained results reveal that the studied fine-powdered boron carbide
shows a beneficent effect on Portland cement hydration reaction, concrete compressive
strength, and a noticeable improvement regarding neutron shielding capabilities upon
employing in cementitious composites. However, the existence of soluble boron
impurities leads to significant retardation in Portland cement initial setting time that

increases with boron content increase in the mix.

Paper V: Radiation shielding properties of modified concrete mixes and their
feasibility in dry storage cask

In this study, eight concrete mixes are prepared using two different cementing material’s
contents based on four different types of coarse aggregates; dolomite (Do), barite (Ba),
ilmenite (1lm), and celestite (Cel). The main objective is to assess the radiation shielding
properties of the prepared concrete mixes in a detailed fashion by obtaining the following
radiation shielding parameters; mass attenuation coefficient (u/p), effective atomic
number (Zet), linear attenuation coefficient (u), half value layer (HVL), tenth value layer
(TVL), and mean free path (MFP) for energies ranging from 10 keV to 10 MeV.
Exposure build-up factor (EBF) is calculated for the studied concrete mixes using the
Geometric Progression (G-P) approximation method up to 40 mean free paths (mfp) for
energies range from 15 keV to 10 MeV. Fast neutron macroscopic effective removal
cross-section (Xr) and thermal neutron macroscopic absorption cross-section (Zans
(En=0.025eV)) are also calculated to evaluate the mixes’ neutron shielding capability.
Moreover, the studied mixes are assessed upon employing as a concrete layer in a dry

storage cask (DSC) with the help of a (DSC) model developed/simulated using OpenMC
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code. All heavy concrete mixes are found to have better radiation shielding properties
than that for traditional Do.C mixes especially Ba.C and Cel.C mixes that also show a
great reduction in the total dose rate when simulated as an overpack in a sandwich-based
storage cask. Furthermore, the differences between the mixes prepared using mix design

no. 1 and those mixes employed mix design no. 2 are insignificant.

1.6 Conclusions and recommendations for future work

1.6.1 Conclusions

Critical review and experimental and analytical results presented in this dissertation
reveal the importance of the interim dry storage technique and concrete as one of its
essential components, especially in sandwich-based concrete dry storage cask. The results
also show the improvements that can be achieved when choosing proper materials and
reliable mix design for preparing radiation shielding concrete used in SNF interim dry
storage. Based on the abovementioned studies that constitute this dissertation, the

following conclusions are obtained:

e Interim dry storage for SNF has become very important, as growing amounts of
SNF around the world cannot be retained in wet storage over long periods and due
to the absence of a permanent storage repository.

e To design and build a reliable dry storage cask that provides efficient storage for
these harmful radioactive wastes, some considerations such as safe containment,
adequate radiation shielding, subcriticality assurance, and efficient decay heat

removal must be achieved in the long range.
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The development in dry storage techniques has not stopped dealing with the
conclusions and lessons learned from significant incidents such as Sept. 11" and
the Fukushima Daiichi disaster. Moreover, adopting modern welding techniques
and nano-technology leads to robust casks carrying more heat loads and having a
longer service life.

Through this evolution, developing the concrete layer in concrete-based casks is
found to minimize the overpack thickness, the size and weight of the entire cask,
and the total storage area thus, saving materials and reducing the total costs.
Sandwich-design concrete-based cask has shown evident reliability and
feasibility as a SNF storage cask that can be used for SNF transportation.
Radiation shielding concrete usually depends on using specific aggregates to
achieve the optimum attenuation capability against the incident radiation and
reduce the required thickness, leading to economic benefits due to materials’
saving and area reduction.

Upon employing some of these aggregates, some physic-mechanical
considerations are observed for the produced concrete.

Petrographic analysis and mechanical characterization of the aggregates before
use are essential as aggregates’ physical and mechanical properties play a notable
role in characterizing the final properties of the produced concrete.

Physical and mechanical properties for the same ore are highly dependent on the

mine from where it is extracted.
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Using an optimum aggregates’ volume fraction and proper gradation enhances the
ratio between packing density and maximum packing density, leading to an
overall enhancement in the mechanical properties of the produced radiation
shielding concrete.

Developing a design methodology for radiation shielding concrete helps prepare
efficient concrete with optimum physical, mechanical, and radiation shielding
properties.

MRCsC program is a user-friendly software developed through this study and can
precisely compute fast neutron macroscopic effective removal cross-section for
shielding materials using only the elemental analysis and the density.

It was found that adding commercial fine-powdered B4C with high purity
improves Portland cement hydration reaction and concrete compressive strength
due to the filler effect.

The presence of soluble boron compounds as impurities causes a retardation effect
on Portland cement hydration reaction.

The addition of B4C, as fine aggregate replacement, to cementitious mixtures has
an insignificant effect on y-rays attenuation properties.

Adding B4C powder to cementitious mixtures in perceptible proportions enhances
the fast neutron shielding properties. However, adding it even as a small percent
would significantly increase the thermal neutron absorption capacity of the

composite shield.
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Obtaining an appreciable linear attenuation coefficient (p) for the shield is not the
only indicator of a shield's effectiveness in attenuating gamma rays as exposure
build-up factors have a significant role besides (p) in evaluating the shielding
effectiveness. An obvious example is Cel.C mixes' superiority compared to IIm.C
mixes as elaborated through the study.

Heavy concrete containing heavy minerals consisting of high-Z elements
possesses radiation shielding properties better than that for traditional concrete.

Ba concrete is the best among the studied concrete mixes in attenuating X-rays
and y-rays for both narrow-beam and broad-beam geometries.

Cel concrete, which is studied for the first time as radiation shielding concrete, has
reliable radiation shielding properties.

Ilm concrete has good y-rays shielding capability in addition to the considerable
neutron shielding properties.

SNF storage cask as a nuclear application needs protection against multiple
sources of radiation with the override being reliable y-rays shielding capabilities.
An overpack slightly thicker than 50 cm of Ba concrete or Cel concrete is
potentially feasible to use in SNF concrete-based storage cask as their calculated
total dose rates are slightly above the recommended safety limit of 20 - 400

mrem/h.
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1.6.2 Recommendations for future work

Considering the research findings reported in this dissertation; this section presents
possible research extensions for further improvement and better knowledge regarding the
employed concrete in SNF interim dry storage.

e Assessing the physic-mechanical and thermal properties, in detail, for the prepared
radiation shielding concrete mixes presented in this study will give a clear image
about the overall behavior of these mixes, and their feasibility, in various SNF
interim dry storage types.

e Studying the effects of continuous irradiation and heating simultaneously on these
proposed mixes can conceptualize the long-term behavior of these mixes if
employed as a concrete overpack in a concrete-based dry storage cask.

e Investigating the shielding requirements of the storage cask, considering the
proposed concrete mixes, upon increasing the radioactive load i.e., the number of

fuel assemblies to be stored.
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2. Spent nuclear fuel interim dry storage; design
requirements, most common methods, and evolution:

A review

2.1 Abstract

This review discusses the importance of interim dry storage of spent nuclear fuel. It
addresses the requirements to achieve safe and efficient enclosure of spent nuclear fuel
assemblies, including providing adequate radiation shielding, maintaining subcriticality,
and achieving reliable and efficient decay heat removal process throughout the entire
storage period. The review also covers the evolution regarding the dry storage casks and
facilities and considers the pros and cons of metal-based and concrete-based casks.
Furthermore, two of the most recently deployed techniques for spent nuclear fuel interim

dry storage are also addressed.

Keywords: Spent nuclear fuel; Interim dry storage; Dry storage cask; Design
requirements

2.2 Introduction

Safe disposal of radioactive wastes remains a critical hurdle for the nuclear industry. The
requirements for safe long-term disposal of radioactive wastes represent significant
engineering challenges. A demonstrated permanent disposal solution is pivotal for a
sustainable industry (Vitkova et al., 2006; Ewing, 2015). Per the US Nuclear Regulatory

Commission 10CFR60.2 definition, High-level waste includes (1) Irradiated reactor fuel,
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(2) liquid wastes resulting from the operation of the first cycle solvent extraction system,
or equivalent, and the concentrated wastes from subsequent extraction cycles, or
equivalent, in a facility for reprocessing irradiated reactor fuel, and (3) solids into which
such liquid wastes have been converted. The dry cask designs reviewed here only apply
to storage of irradiated (spent) nuclear reactor fuel, not liquid first cycle raffinates,

concentrated solutions, or solidified HLW (U.S.NRC, 1981; Krause, 1984).

International waste classifications are based on specific values of radioactivity to define
low, intermediate and high-level radioactive wastes. Reactor sites may use dry cask
storage for non-fuel high activity radioactive waste that must be disposed in a deep

geologic repository (U.S.NRC, 1981; Heinonen and Malasek, 1984).

In general, spent nuclear fuel (SNF) that is discharged from operating water-cooled
reactors is temporarily stored at the reactor secondary pool, referred to as at-reactor (AR)
pool, for a short period before being moved to a storage pool for a period of 5 to 10 years.
For commercial power reactors that have a licensed Independent Spent Fuel Storage
Facility (ISFSI), the SNF is then transferred to an interim dry storage system (Fukuda et

al., 2003; Lewis, 2003).

Wet storage being an active and costly process and with the absence of permanent
geological storage repository for SNF, interim dry storage has evolved as a viable
alternative given its advantages as listed in Table 2.1 based on (Vitkova et al., 2006;

IAEA, 2012; Ratiko et al., 2018).
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Table 2.1 Comparison between wet storage and dry storage for SNF

Wet storage

Dry storage

Water usually contains radioactivity especially
due to the formation of tritium

Water continuously needs to be chemically
treated and monitored to adjust the
concentration of some ingredients like boric
acid

Higher corrosion probabilities

Active decay heat removal system based on the
continuous circulation of the pool’s water on
heat exchangers and continuous monitoring to
maintain adequate temperatures

Wet storage facilities are fixed and fuel
assemblies must be removed carefully via
transportable shielded systems for further
reprocessing or final disposal

Higher risks regarding the release of a greater
amount of radioactivity in case of extreme
accidents or terroristic events

No generation of liquid waste

No need for a complex and expensive
purification system

Lower corrosion probabilities

Passive decay heat removal system based
on natural convection, conduction,
and thermal radiation

Easier to transport if in the future the
storage needs to be sent to a
permanent repository

Release of radioactivity is with lower
probability and lower amounts like the
case with separate dry casks or
underground dry storage facilities

These systems are generally metal dual-purpose casks or two-part systems with metal

canisters that contain the radioactive material that are placed in shield structures that are

commonly made of concrete. Casks and canisters may be stored in a vertical or horizontal

orientation (Haire and Swaney, 2005; Bruno and Ewing, 2006).

The term cask typically refers to packages with thick walls that provide integral radiation

shielding for each container. The metal walls may be steel that has been formed into a

cylindrical vessel with welded seams and ends with gamma ray shielding using lead, steel
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or specialized high-density concrete. Other common designs use thick-wall forged steel
rings and heads to form the cask body. In some designs, the body of the cask is fabricated
as a single casting of ductile iron. Secondary components are added to provide neutron
shielding. Metal-shielded casks are intended to function as dual-purpose designs that meet
the requirements for both storage and transportation (IAEA, 2018). In onsite operation,
the cask is loaded in the fuel cooling pool and then moved to the storage pad using a

heavy transport vehicle (Krause, 1984; Husain and Choi, 2003).

Due to the geometry of the fuel being stored and structural design needs, all of the cask
and canister designs reviewed in this document are right circular cylinders of varying

lengths and wall thicknesses.

The term canister is usually applied to designs where the majority of the containment
package has a thin metal wall that does not provide radiation shielding or impact
structure. These designs depend on a secondary structure that is either a reinforced
concrete vault or a metal and concrete annulus to provide radiation shielding.
Horizontally-loaded systems use a canister with shielding in the ends of the canisters to
minimize personnel exposure during loading. Some systems that use the canister-vault
approach are deployed with the canister axis in a vertical orientation, while others load

the canister into a horizontal vault (Roland et al., 2003; IAEA, 2012; WNN, 2017).

Most recent vertical shield units have metal external and internal shells filled with
concrete shield material. Transportation of canisters requires use of a separate metal
shielding cask as an overpack that meets the impact criteria for shipping. In general, the

concrete-shielded canister systems have lower initial cost because of the reduced cost of
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concrete when compared to fabricated metal shield components (Saegusa et al., 2008;
Droste, 2013). Onsite handling of the canister involves loading in the pool inside a
transfer shield and removing the canister and transfer shield unit from the pool for
welding. For horizontal storage systems, a special onsite shielded transfer cask is used to
move the canister from the pool to the concrete storage module. For vertical storage
systems, the canister is transferred into the shield unit inside the fuel storage building
using the transfer shield unit. The vertical storage shield containing the canister is then
moved to the outdoor storage pad in the vertical position using a specialized heavy-haul

transporter (IAEA, 2000).

In the US, the economics of the concrete-shielded storage has made the various versions
of this concept that become the dominant means of storage, with over 1900 canisters
containing more than 70,000 fuel assemblies versus 200 metal dual purpose casks
containing more than 9000 assemblies as of 2016 (Connolly and Pope, 2016; Hu et al.,

2016).

The phasing out of nuclear power by countries that depended on it for energy production
has amplified the need for robust, safe and reliable interim long term dry storage
facilities. Dry storage must meet rigid requirements to ensure safe, efficient and reliable
long-term storage for SNF. As such, storage system vendors continue to improve the
performance of dry storage technology against extreme events like tsunamis, tornados,
flooding and earthquakes, and terrorist acts (Wimmer et al., 2015; Shimizu, 2016;

Almomani et al., 2017; Vicek, 2018).
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This paper provides a critical review of the on-going development including the
requirements and considerations pertaining to the design and implementation of dry

storage casks and some known dry storage facilities.

2.3 Design requirements

The design and construction requirements of dry storage casks to store SNF, which
encompass safety and longevity, include reliable containment of the radioactive wastes
under any possible mechanical loads, radiation shielding, subcriticality, and heat

dissipation (Wimmer et al., 2015; U.S.NRC, 2020).

2.3.1 Safe enclosure of the contained SNF

For SNF, it is assumed that the material being stored is generally intact fuel assemblies.
The first requirement of a storage cask or canister is to assure that there is no leakage of
any radioactive material during the entire service life of the storage system. Because the
fuel structure is expected to provide a first barrier against dispersal, the system should
also be designed to protect the spent fuel cladding against damage or degradation during
the storage. Some of the possible factors that can affect the integrity of the stored spent
fuel and its cladding are; thermal creep, cladding creep under internal gas pressure, stress
corrosion cracking, delayed hydride cracking of the cladding, hydride reorientation,
corrosion of the cladding due to possible oxidation and defect propagation of the cladding
due to oxidation of UO- to UzOg in case of defective fuel (IAEA, 1995; Vitkova et al.,

2006).
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The cask or canister functions as another barrier that prevents radioactive material
leakage through a specified lifetime. Thus, material selection, reliable geometrical design
and proper manufacturing of the cask or canister are of the utmost importance. Precise
fabrication of the cask or canister and use of welded or bolted primary and secondary lids
with metallic seals are widely used to ensure leak-tightness (Saegusa et al., 2008;

Wimmer et al., 2015).

Integral metal-shielded casks commonly have primary and secondary lids that use O-ring
metal seals. Assurance of leak tightness is done by monitoring that the pressure between
the lids is higher than the atmospheric pressure. For canisters used with the concrete-
shielded storage systems, the canister lids are seal-welded and there is no monitoring of
the pressure between the lids. Fig. 2.1 presents vertical cross-sections showing both the

metal and the concrete-shielded designs (Saegusa et al., 2008; Wimmer et al., 2015).

To ensure long term integrity of the canisters, many studies investigated the effects of
environmental conditions at sites that have high atmospheric chloride concentration (e.g.,
coastal storage sites). These studies were to evaluate potential for pitting corrosion and
Stress Corrosion Cracking (SCC) resistance of the steel canister. For concrete shielded
systems, the durability of the concrete layer was evaluated on the basis of chloride

diffusion (Saegusa et al., 2008; Gray, 2015).

These studies recommended using SCC-resistant grades of stainless steel like ferritic
stainless steel and duplex stainless steel for the casks to be installed in coastal sites. In

addition, they emphasized on the importance of the frequent inspection and maintenance.
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It has been recommended that concrete shielding structures should be constructed with
very low chloride content to reduce the permeability and diffusivity of chloride ions thus,

protecting the concrete reinforcement steel and the inner liner (Saegusa et al., 2008; Gray,

2015).
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Fig. 2.1 Vertical cross-sections of concrete-based cask design with welded lid (on the
left) and full-metal cask design with primary and secondary lids using O-ring gaskets (on
the right), adapted from (Saegusa et al., 2008; Wimmer et al., 2015)

2.3.2 Structural response and integrity

Casks and canisters are moved from the fuel storage pool to the interim storage site
following being loaded with spent fuel. Eventually the storage packages are intended to
be transported to a final disposal site. The casks and canisters must be able to contain the
radioactive material in the event of accidents during handling. These accidents range from

drops when the loaded package is being removed from the pool to high-speed impact
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accidents that could occur in cross country transportation (Stahmer, 2009; Saegusa et al.,
2010). Because canisters have minimal shielding, they must be moved using a shielded
overpack, whether as part of the storage system or a specifically-designed, shielded
transportation package (IAEA, 2018). Transportable packages add impact limiters to
absorb kinetic energy to minimize damage to the primary containment component,
whether it is a full metal cask or a canister-overpack design. In the event of an impact
accident, the cask or canister may be deformed, but must contain its radioactive payload
without leaking greater than specified values (Wimmer et al., 2015; Hanifehzadeh et al.,

2018; 1AEA, 2020).

Analytical models and scale model tests are used to evaluate the structural response and
integrity of SNF dry storage casks. Accident analyses address vertical drop from different
heights (with and without impact limiters), horizontal drop, tipping over, earthquake
testing (or seismic analysis) and aircraft or missile horizontal and vertical impacts (with
and without impact limiters) as shown in Fig. 2.2 (Saegusa et al., 2010; Almomani et al.,

2017; Hanifehzadeh et al., 2018; IAEA, 2020).

Some of these tests are performed using a full-scale cask. Some other tests that are
usually difficult or very expensive to be performed experimentally with the full scale can
be performed using reduced scale or can be replaced by well-validated analytical models.
Models are commonly used for seismic analysis and aircraft impact simulation scenarios

(Saegusa et al., 2010; Almomani et al., 2017; Hanifehzadeh et al., 2018).
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Fig. 2.2 Considered Scenarios for Aircraft Engine Crash onto a full-metal cask, adapted

from (Saegusa et al., 2010)
The mentioned tests are reviewed to assess the structural response and integrity of the
cask components that provide leak tightness. These components are; the lid(s), the welds,
the transportation overpack, and the contained canister (Saegusa et al., 2010; Almomani

et al., 2017; Hanifehzadeh et al., 2018).

Metal based casks usually show higher degree of robustness and reliability under these
tests than concrete based casks do. However, cask designs such as the GNS CONSTOR
that use specialized concrete shielding encapsulated in structural steel show acceptable
response and reliability under these structural evaluations and may be utilized for both

SNF storage and transportation (Droste, 2013; Wimmer et al., 2015).

Testing of a metal-based cask without impact limiters against severe horizontal impact of

an aircraft engine showed that the leak rate value from the lid immediately increased by 5
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orders of magnitude during the impact. However, the measured leak rate was less than

1.0x10° Pa.m?/s. which indicates a high quality of leak-tightness (Saegusa et al., 2010).

2.3.3 Radiation shielding

Radiation shielding requirements of dry storage casks are a function of total number of
assemblies, the fuel type (UO. or MOX), the length of the cooling period in the storage
pools and the burnup value of the spent fuel to be stored (Connolly and Pope, 2016; Hu et
al., 2016). The dose rate for each fuel assembly is based on; the amount of fuel fission,
activation products, its activated structural components and its time out of reactor.
According to US-NRC regulations, the preliminary cooling, and storage period in the
auxiliary storage pools should be at least 5 years prior to transfer of intact SNF to dry
storage (Connolly and Pope, 2016; Hu et al., 2016). Some recently deployed storage
system designs reduce this period to only three years (HOLTEC, 2013). Historically, the
preferred period of wet storage is 7 — 10 years before transferring to interim dry storage
facilities to be sure that most of the decay heat is released and the short-lived isotopes

have decayed (Wegel et al., 2017; U.S.NRC, 2020).

The design life for interim dry storage is projected to be 10 to 50 years. During this
period, fission products such as Sr-90, which is a pure beta emitter, (t12= 28.9 years) and
Cs-137 (30.2 years) account for the most of decay heat and radiation, respectively. For
shielding purposes, Cs-137 is the main gamma emitter for the stored SNF up to 100 years.
Other gamma dose contributors include fission products like Cs-134, Eu-154. Co-60 is

present as an activation product in the steel structural components of fuel assemblies. It
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produces a high energy gamma emission, but only has a 5.27 year half life (Hu et al.,

2016; Poskas et al., 2019).

In practical terms, only neutron and gamma radiation require specific shielding. Alpha
and beta particle energy is absorbed within the fuel, and any Brehmstrahlung radiation
will be absorbed by the massive gamma shielding (Chilton et al., 1984; Fukuda et al.,

2003).

Although the main hazardous doses that need to be shielded are due to gamma radiation, a
detectable amount of the total dose is due to fast neutrons. This dose increases with;
decreased cooling (wet storage) period, increased burnup value, use of low-enriched fuel

and using mixed oxide fuel (MOX) (Hu et al., 2016; Bruno et al., 2020).

The main source of the neutron dose in SNF is due to minor actinides and transuranic
isotopes of curium or californium that undergo spontaneous fission. Most curium isotopes
have short half-lives (Cm-240 and Cm-242, 26.7 days and 160 days, respectively). Cm-
244, however has an 18.1 year half-life and is considered the most important neutron dose
contributor in the interim storage stage (Audi et al., 2003; Ewing, 2008). Fissile
plutonium isotopes, in case of non-processed fuel, participate in the neutron dose through
fission and alpha-neutron reactions, (n, f) and (o, xn) reactions, but with less degree

(Ewing, 2008; Hu et al., 2016; Bruno et al., 2020).

Adequate radiation shielding against gamma rays requires massive shield structure that
envelopes the radioactive material with a thickness depends on the density of the material

used and its elemental composition and the activity of the radioactive material (Chilton et
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al., 1984). This envelope is usually steel or ductile iron for all-metal dual purpose casks.
For all-metal designs, neutron shielding in the form of borated polyethylene or another
specialized resin layer is added as a component of this envelope (Droste, 2013; Wimmer

et al., 2015; IAEA, 2020).

For concrete shielded canister storage systems, the shielding envelope can be concrete
with an inner steel liner, reinforced concrete or a steel-concrete-steel annulus with
internal and external steel shells. Due to the lower density of concrete, the shield
components are thicker than their metal counterparts however, concrete can provide
adequate shielding against both gamma rays and neutrons via selecting proper
materials/mix design and water content incorporated in it (Kaplan, 1989; Masoud et al.,

2020).

These configurations are represented by some well-known storage systems that are
already in service. For example, Gesellschaft fur Nuclear Service (GNS) produces the
widely-used CASTOR dual-purpose full-metal cask and CONSTOR casks that use
integral concrete shielding inside a steel shell that are used for open air and indoor storage
facilities (Wimmer et al., 2015; Poskas et al., 2019). Both designs are intended to be used
for storage and transportation purposes, although the CASTOR casks are not certified for

transportation by the US NRC (Connolly and Pope, 2016; Hu et al., 2016).

For dual-purpose casks (CASTOR V/19 and V/21), the cask generally consists of a thick-
walled (about 40 cm) monolithic body made of single ductile iron casting. The cask body
and lids provide the desired shielding against gamma-radiation. For neutron moderation,

axial bore holes are drilled into the cask walls and filled with polyethylene rods. Neutron
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shielding on the ends of the cylinder is present as plates of polyethylene at the bottom end
and on the underside of the secondary lid (Funke and Diersch, 2004; Wimmer et al.,

2015).

For CONSTOR casks, the cask body composed of a hybrid structure, having an inner
liner and an outer liner both made of steel. The space between the liners is filled with
CONSTORIT which is heavy concrete based on iron aggregates and copper heat-
conducting elements. Other specialized shielding concretes use heavy barite aggregates
with dispersed steel granules. Fig. 2.3 shows schematic diagrams for both CASTOR V/19

and CONSTOR casks (Funke and Diersch, 2004; Wimmer et al., 2015).

Bottom impact
Spent fuel basket limiter

—— Welded secondary lid
(boron steel)

Trunnion %
Metallic O-rings

(Al Inconel) Welded seal plate

Bolted primary lid
Spent fuel basket

with hexagonal cells
Trunnion

Sandwiched concrete
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Axial fins

Cask body
\ Primary lid (ductile cast iron)
\ (forged steel)

Seéondary lid
(forged steel)

Top impact
limiter

Fig. 2.3 Schematic diagrams for CASTOR V/19 dual purpose cask in transport
configuration with impact limiters (on the left) and vertical CONSTOR dry cask (on the
right), adapted from (Wimmer et al., 2015)

Determination of the dose rate limit on the cask surface and at specified distances is used

to specify the cask spacing in the storage system. The dose rate affects exposure to
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radiation workers during the installation process as well as general maintenance during
storage such as visual examination and radiation monitoring. General dose rate limits on
the surface of the individual cask and storage systems range from 0.2 to 4 mSv/hr (20 to
400 mrem/hour) under 10CFR Part 72. However, 2 mSv/hr (200 mrem/hour) is common

as a specified limit (U.S.NRC, 2010; Ko et al., 2014; IAEA, 2020).

2.3.4 Subcriticality

Sustained subcriticality must be guaranteed over the entire dry storage period. To achieve
an adequate margin of subcriticality, intensive calculations are made to keep the neutron
multiplication factor and reactivity at the minimum possible values even under credible
accidents like flooding or overheating. As in all cases, criticality is prevented by
maintaining the fissionable material in a specific geometry and the presence of neutron
moderating and neutron absorbing material (neutron poisons) (Parks, 2000; Clarity et al.,

2017).

In earlier designs, the spent fuel was treated as unirradiated fresh fuel regarding criticality
and reactivity calculations. This approach exaggerated the required safety limits for
basket geometrical dimensions and the needed flux traps thus unnecessary costs were

being added (Parks, 2000; Fukuda et al., 2003; Clarity et al., 2017).

The concept of “burnup credit” has been applied since 2000 to take credit for the
reduction in reactivity due to fuel burnup during its service history. It has been used to
optimize canister size by reducing the intermediate spaces between spent nuclear fuel
assemblies in the fuel basket to increase storage system capacity to hold greater number

of SNF assemblies (Parks, 2000; IAEA, 2012; Clarity et al., 2017).
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Storage geometries and designs for the basket that contains the spent fuel assemblies are
limited by the need for heat conduction for decay heat removal. The overall design of the
cask assures that subcritical geometry is maintained in normal operating conditions and

also in case of accidents (Vitkova et al., 2006; IAEA, 2012; Clarity et al., 2017).

Proper geometrical design to ensure subcriticality is supplemented by considering the use
of neutrons moderators and absorbers in the design. Neutron absorbers include boron-10,
cadmium and gadolinium. Borated stainless steel and/or borated aluminum are used for
manufacturing the fuel baskets. Borated aluminum is typically encapsulated in stainless
steel for structural and corrosion protection (Funke and Diersch, 2004; Vitkova et al.,

2006; IAEA, 2012; Wimmer et al. 2015).

2.3.5 Heat dissipation

Decay heat removal is essential to protect the integrity of the stored fuel cladding. The
typical allowable maximum temperatures for LWR zirconium alloy fuel cladding in dry
storage are in the range of 350 to 410°C. CANDU stored spent fuel the licensed

temperatures is limited to 160°C (U.S.NRC, 2010; IAEA, 2012; Vi¢ek 2018).

During the first five years of cooling in water pools, decay heat release decreases by
greater than 90% (Hu et al., 2016; Poskas et al., 2019). Unlike wet storage which needs
an active process for decay heat removal using water circulation and heat exchangers, dry
storage systems depend on passive conduction, natural convection, and thermal radiation
mechanisms. The design of the dry cask should provide effective decay heat removal to

keep on the stored spent fuel cladding within the standard safety limits under normal,
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abnormal and accidental conditions (Vitkova et al., 2006; Saegusa et al., 2010; IAEA,

2012).

The relatively high temperatures and differential pressure during storage create stresses
on the fuel cladding that can result in permanent creep deformation or cracking of the fuel
cladding. Threshold temperature limits have been set for normal operating and accident
conditions to protect spent fuel and cladding (Vitkova et al., 2006; U.S.NRC, 2010;

IAEA, 2012; Vicek, 2018).

To achieve efficient heat removal, a decay heat must be conducted from the fuel to the
basket and backfill gas and be dissipated at the outer surface of the cask. Material
selection and geometrical design of the basket affects the heat removal process. In the
recent GNS CONSTOR and Holtec HI-STAR licensed designs, baskets constructed of
forged steel with borated aluminum plates, using what referred to as an egg-crate
configuration where the plates form an array of square cells into which the fuel
assemblies are placed, have been used to achieve enhanced thermal properties. This

design can be seen in Figs. 2.4 and 2.5 (Funke and Diersch, 2004; HOLTEC, 2013).
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Fig. 2.4 Basket design for CONSTOR V/32 dry storage cask, adapted from (Funke and
Diersch, 2004)
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Fig. 2.5 Completed MPC-89, Metamic-HT Spent Fuel Storage Basket, adapted from
(HOLTEC, 2013)
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Holtec International (USA) has applied nanotechnology and friction stir welding to
produce METAMIC-HT spent fuel storage baskets, shown in Figure 5 (HOLTEC, 2013),
that incorporate uniformly dispersed nano-particles of alumina and boron carbide powder
in an aluminum matrix to improve thermal conductivity and reduce the basket weight.
This improvement allowed development of a cask with increased capacity, 89 storage
cells for BWR spent fuel and 37 storage cells in case of PWR spent fuel (HOLTEC,
2013). The improved heat conduction of this design allows safe removal from wet storage

to dry storage after only a 3-year cooling period (HOLTEC, 2013; IAEA, 2020).

The internal void volume of the cask or canister is typically filled with an inert gas such
as helium. The inertness and the thermal conductivity of the selected gas play an
important role in the heat removal process in addition to the protection of the fuel
cladding. Helium has excellent heat capacity and is the most common choice. Nitrogen
may be used in some applications, but its heat transfer effectiveness is lower than that of
helium. Inertness is important to minimize corrosion potential within the storage package

(Anderson, 2018; Poskas et al., 2019; Bruno et al., 2020).

In ventilated steel-concrete canister systems, heat removal is primarily achieved by
convective means as air circulates through the gap between the outer surface of the
canister and the inner surface of the concrete shield structure. By natural convection,
ambient air is drawn through the inlet at the base of the shield structure, absorbs heat
from the canister and is ejected from the outlet at the top of the shield structure. To

maintain the radiation shielding properties of the structure, the path between the inlet and
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the outlet has vertical and horizontal offsets to eliminate any direct radiation shine path

(Saegusa et al., 2008; U.S.NRC, 2010; Droste, 2013).

A thermal shield plate may be installed in the annular cooling path between the canister
and the concrete shield structure to minimize the transfer of heat to the concrete layer.
The cooling path of the air between the inlet and the outlet and the thermal shield is

shown via a simple cross-section of a concrete cask in Fig. 2.6 (Saegusa et al., 2008).

Concrete vessel

Cooling
air outlet

H— Fins

Cooling
air inlet

Fig. 2.6 Half section of a concrete based cask showing air inlet, outlet, thermal shield and

fins along with the concrete vessel, adapted from (Saegusa et al., 2008)
The outer surface of the steel overpack or the concrete shield usually has a maximum
temperature ranges between 72°C and 78°C with solar insolation. However, some
licensing conditions specify that the maximum temperature of the concrete surface should

not exceed 110°C and maximum temperature differential through the concrete layer

thickness should be less than 60°C to avoid cracking. This is sometimes incorrectly
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ignored by some studies (Vitkova et al., 2006; U.S.NRC, 2010; IAEA, 2012; Wang et al.,

2014).

The concrete vessel that contains the canister is mainly to achieve the necessary radiation
shielding and protection, however, some modifications are usually made to the mix
design to enhance its thermal conductivity like impregnation with copper fibers or
particulates and using aggregates with higher thermal conductivity (Droste, 2013;

Wimmer et al., 2015; EI-Samrah et al., 2018; Vi¢ek, 2018).

The last barrier in the multi-layered heat removal process is the machined fins that are
radially fixed and homogeneously distributed on the outer surface of the cask. These fins
can increase the overall surface area up to 3 times the original one thus, the thermal
conductivity and the heat removal depending on thermal radiation and conduction can be
greatly enhanced. These fins can be observed in many designs like those used for
Westinghouse MC-10, CASTOR and CONSTOR casks (Wimmer et al., 2015; Wu et al.,

2018).

2.4 Evolution and trends of SNF interim dry storage

2.4.1 SNF dry storage casks
In the late 1970s and early 1980s, a high interest in dry storage techniques led to research

and development of effective and dry storage cask designs.

In one of the earliest designs, concrete was used to completely encapsulate spent nuclear
fuel or radioactive wastes while achieving decay heat removal and shielding against

neutrons and gamma radiation. In this design, a concrete vessel with steel liner was used
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as the container for the contained spent fuel. The concrete mixture contained copper or
aluminum fibers to enhance thermal conductivity. Polymers containing boron-based
particles were dispersed homogeneously in the mix to provide subcriticality and neutron
shielding. The use of fans was also proposed in the design to cool the outer surface of the

concrete encapsulation (Fleischer and Gunasekaran, 1981).

In a subsequent design, concrete encapsulation was used for the SNF basket containment
but in this design, lateral or radial openings that work as ventilating passages were drilled
in the concrete walls. System temperatures in this design were monitored by a plurality of
temperature measuring probes installed in the walls of the concrete container (Dyck et al.,

1985).

These early designs couldn’t provide efficient heat dissipation, which limited their storage
capacity for radioactive wastes. Moreover, the expected service life was very limited due

to anticipated failures in mechanical and structural properties.

The first cask loading for interim storage was performed in Switzerland in 1983 using one
of the first licensed dual-purpose dry casks, CASTOR Ic - DIORIT Cask, which is called
the "grandfather" of all dual-purpose casks (Droste, 2013; Wimmer et al., 2015). The
design of these DPCs is a monolithic cask body made of ductile iron or forged steel with
a double-lid closure system. The over-pressure between the lids is monitored by a
pressure switch indicating any possible leak. Cooling fins are machined on the cask’s

surface as shown in Fig. 2.7 (Droste, 2013).
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Fig. 2.7 CASTOR Ic- DIORIT Dry Cask for SNF transport and storage, adapted from
(Droste, 2013)
In the mid 1980s, the Transnuclear Incorporated TN-24 cask design was licensed for
storage and transportation of 24 five-year-cooled PWR assemblies. This cask design is a
family of casks that includes variations that hold 24, 28, 32, or 40 PWR or up to 68 BWR
assemblies. Casks of this design are used at numerous locations internationally (Cagnon

and Mason, 1987; Roland et al., 2003).

This design was one of several that were tested for heat transfer performance under a
cooperative agreement with the US Department of Energy. Testing was done by the
Pacific National Laboratory at the ldaho National Laboratory using fuel supplied by
Virginia Electric Power Company (Fukuda et al., 2003; Roland et al., 2003; U.S.NRC,

2010).

The basic structural design for TN-24 cask, as shown in Fig. 2.8, is a thick steel

cylindrical forging with a welded forged bottom and one or two bolted forged steel lids
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equipped with metallic gaskets. The thick steel cylinder provides the main gamma
shielding. The steel cask body is surrounded by a layer of polypropylene resin containing
borated polyester encased in a smooth steel outer shell as a neutron shield. A borated
aluminum basket is used for supporting the spent fuel assemblies and insuring their
subcriticality. The basket consists of mechanically-assembled partitions of boronated
aluminum defining an array of cells. Finally, a set of shock-absorbing covers is fitted to
the cask for a safe transport operation in addition to lateral impact limiters (Cagnon and
Mason, 1987; Roland et al., 2003). These casks are successfully still in service in the US

and in Europe (Droste, 2013; Greene et al., 2013; Bruno et al., 2020).

___ Shock
absorbing cover
Drain / vent orifice — . ; : - Secondary lid
Resin ——— = X Concentric seals
) = T Primary lid
Basket for 37 | )
A e Concentric seals

PWR FAs

Lateral trunnions ——
N 1‘.
=3/ — Forged steel shell

Resin

Heat conductors
Outer steel shell

/). Lateral impact
oS limiter

Shock
absorbing base

Fig. 2.8 The basic configuration of the TN-24 transportable cask manufactured by Orano
(previously Areva), adapted from (Roland et al., 2003)
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Based on the terrorist events of September 2001, additional design requirements for
protection of spent nuclear fuel dry storage systems against projectiles were instituted. In
2008, the NRC stated that all dry storage casks used in the USA must be "designed to
resist floods, tornadoes, projectiles, temperature extremes, and other unusual scenarios"

(U.S.NRC, 2008).

After the Great Sendai Earthquake and resulting tsunami that caused damage to
Fukushima Daiichi in 2011, additional requirements for the protection from beyond
design basis threats like extreme earthquakes, floods and tsunamis were added to dry
storage systems. The significant problems associated with fuel damage in the reactor
cooling pools at Fukushima has led to consideration of reducing the wet cooling period to
move the fuel to more secure dry storage to minimize risk (Shimizu, 2016). These
changes in requirements have led vendors to develop more robust casks that can achieve

these considerations (Shimizu, 2016).

Recently, HOLTEC launched HI-STAR dual purpose casks like the HI-STAR-180 that
utilize METAMIC-HT spent fuel storage baskets. These casks have higher capacity, 89
BWR spent fuel assemblies or 37 PWR spent fuel assemblies, and have mechanical and
structural properties that achieve acceptable leak tightness after a missile strike. Due to
the improved heat rejection provided by the basket design and materials, these casks can
store spent fuel with a cooling period of 3 years only (HOLTEC, 2013; Stefan and John,

2016).
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2.4.2 Pros and cons of full-metal, concrete-steel and sandwich dry storage casks

Full-metal cask designs have a smaller diameter compared to concrete based cask because
the density of metal is higher than that of concrete and the needed metal overpack
thickness is less than that in case of using concrete, making it more effective to shield
against gamma-ray doses. Metal also provides a robust structure that can resist higher
mechanical loads, impacts and temperatures. However, metal casks require additional
borated resin material to shield for neutrons' doses from high burnup fuel with a short

cooling (Roland et al., 2003; Droste, 2013; Wimmer et al., 2015).

Manufacture of thick metal shells (usually around 40 cm) with precise welding is a
complex process and the associated price is higher than the concrete based cask (Roland
et al., 2003; Saegusa et al., 2008). Concrete-based casks or in another meaning concrete-
shielded steel canister systems are less expensive than full-metal casks because the
concrete shield requires less technical control and can be either poured on site or
fabricated offsite. Concrete also inherently provides neutron absorption. Canister
fabrication is less challenging because the canister wall is typically 25 mm (1 inch) or
less, resulting in a simpler welding process compared to the case in the full-metal cask

(Craig et al., 1989; Saegusa et al., 2008; Chopra et al., 2014).

Another advantage is the great flexibility of the concrete layer to be enhanced or modified
to give better functionality regarding radiation protection and/or heat dissipation like the
case when using heavy aggregates like barite or magnetite to provide better shielding
capabilities or enhancing the thermal properties via adding copper particulates or steel

granules (Roland et al., 2003; Saegusa et al., 2008; Droste, 2013).
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Aging degradation of the concrete layer in the concrete-shielded canister systems,
especially with a bare surface, is a negative aspect when compared to the stainless steel or
ductile cast iron full-metal cask. The ability of full-metal cask to carry higher heat loads
makes metal casks a preferred choice for storing fuel with short cooling periods. Full-
metal designs are more compact, robust, and safer during handling (Roland et al., 2003;

U.S.NRC, 2010; Droste, 2013).

Dual purpose casks, based on the sandwich (steel — concrete — steel) structural design
such as the GNS CONSTOR have advantages that enable using this type for both storage
and transportation. Sandwich design-based casks have less challenging manufacturing
compared to the full-metal cask and a higher degree of robustness compared to the
concrete-steel cask. The steel external shell protects the concrete layer from many
degradation factors which helps greatly in service life extension of the cask (Roland et al.,
2003; Hanifehzadeh et al., 2018). However, mechanical loads or impacts in this design
are carried by the steel structure only and no credit is taken for the mechanical and
structural properties of the concrete layer to simplify the licensing process (Roland et al.,

2003; Droste, 2013).

2.4.3 Dry storage facilities

Dry storage site or facility usually can be classified according to the following categories;
above the ground or under the ground, at the reactor site (on-site) or away from the
reactor in a specified separate site, open-air facility or closed indoor facility and based on

arranged vertical casks, vaults or horizontal modules. Each interim storage facility can be
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classified according to all the mentioned classifications (Fukuda et al., 2003; Roland et

al., 2003; IAEA, 2012; Wimmer et al., 2015; IAEA 2020).

The first dry storage installation in the USA was licensed by the Nuclear Regulatory
Commission (NRC) in 1986 at Surry Nuclear Power Plant in Virginia. This interim
facility is an open-air above ground on-site dry storage facility utilizes arranged vertical
casks (Creer and Schoonen, 1986; Bare et al., 2001; Wimmer et al., 2015). Twenty-five
CASTOR V/21 ductile iron casks, each containing 21 PWR are stored at the site as shown

in Fig. 2.9 (Skrzyppek and Kim, 2015).

Fig. 2.9 Arranged CASTOR V/21 vertical casks at Surry Nuclear Power Station, Virginia,
USA, (Skrzyppek and Kim, 2015)

Some countries like Germany, Belgium and the Czech Republic utilize closed indoor
storage facilities whether on-site or separate. For example, Germany uses GNS vertical

dry casks in 16 sites all of these sites are at NPP sites or on-site facilities except only
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three separate interim dry storage facilities located in Ahaus, Zwischenlager Nord (ZLN)

and Gorleben as shown in Fig. 2.10 (Fraczek, 2013).

Fig. 2.10 A site view for Gorleben interim dry storage facility (on the left) and an interior
view that shows arranged vertical CASTOR casks stored indoor in the same facility (on
the right) (Fraczek, 2013)

After 2005 transportation and reprocessing of SNF was prohibited by law in Germany so,
SNF is now stored completely on-site and mainly in closed indoor facilities at the German
nuclear power plants’ sites (Fraczek, 2013; Skrzyppek and Kim, 2015; Wimmer et al.,
2015). In addition to the former, Belgium uses TN-24 dual purpose spent fuel storage
casks as an onsite facility at DOEL Nuclear Power Plants and Czech Republic depends
mainly on CASTOR casks for storing SNF in indoor facilities whether these facilities are
onsite or separate like the deployment of CASTOR 1000/19 in the interim storage facility

at Temelin (Baroux et al., 2001; Skrzyppek and Kim, 2015).
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In Canada, the used nuclear fuel is currently safely managed in facilities licensed for
interim storage. Most of these facilities are located at nuclear reactor sites (on-site
facilities) in Ontario, Quebec, and New Brunswick, besides the sites belonging to the
Atomic Energy of Canada in Manitoba and Chalk River Laboratories in Ontario as shown

in Fig. 2.11 (NWMO, 2019).
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Fig. 2.11 Interim dry storage sites in Canada (NWMO, 2019)

Canada utilizes many techniques for storing nuclear spent fuel. For example, at Bruce
Nuclear Generating Station, the interim storage facility is a closed indoor facility based
on vertical dry casks. In Gentilly nuclear generating station, concrete vaults are used in an
outdoor open-air facility and in Point Lepreau generating station, cylindrical reinforced
concrete silos are used also as an outdoor open-air facility (Husain and Choi, 2003;

NWMO, 2019).
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Requirements resulting from natural disasters and political events led to development of

highly-secured dry storage facility designs from HOLTEC and ORANO.

HOLTEC launched a high capacity, high heat load underground interim spent fuel storage
system named HI-STORM UMAX to be compatible with the above-ground high
performance HI-STORM FW system. The HI-STORM UMAX system was licensed by
the U.S.NRC in April 2015 in Docket number 72-1040 under Certificate of Compliance
(CoC) No. 72-1014 (Woodward, 2015; Diaz-Maurin and Ewing, 2020). The system
utilizes buried vertical steel canisters that use METAMIC-HT baskets. Shielding is
provided by the surrounding layer of modified concrete or other engineered fillers. A
concrete-steel lid is used for the closure and contains openings for both air inlet and exit
using a passive decay heat removal system based on natural convection. The top pad
ground layer is made of reinforced concrete (HOLTEC, 2013; Woodward, 2015). The
system details and properties are shown in Fig. 2.12 and summarized in Table 2.2 for

further details (Woodward, 2015).

The HI-STORM UMAX has some advantages over the traditional above-ground
facilities. The facility is, largely invulnerable to seismic events. Fuel is virtually
inaccessible from impacts by aircraft or airborne missiles from tornados, hurricanes, and
tsunamis or terroristic actions. Shielding by the surrounding underground layer provides
superior radiation protection for the workers. Combustion of flammable materials inside
the cavities cannot be sustained. Inspection of inlet and outlet openings and passages is
easier. Finally, the needed area for the facility is smaller and the flexible placement allow

for optimum fitting to the available area (Woodward, 2015).
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Fig. 2.12 HI-STORM UMAX design features (on the left) and the site view of Callaway
NPP UMAX Facility in the U.S (on the right), adapted from (Woodward, 2015)

Table 2.2 The main features of the HI-STORM UMAX system

System Property HI-STORM UMAX System
System Type Underground storage
System Capacity (PWR/BWR) 37189 SFAs
Damaged Fuel or Fuel Debris Capacity (PWR/BWR) Up to 12/16

Up to 37 kW

Maximum Heat Load

0, 0, 0, -
Maximum Initial Enrichment (PWR/BWR) 5%/5 % (Wt% U-235)

Minimum Fuel Cooling Time 3 years

Expected Service Life More than 100 years

HOLTEC has dealt with Eddy Lea Energy Alliance (ELEA) to design and build the

proposed largest interim storage facility in New Mexico using HOLTEC’s HI-STORM
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UMAX spent fuel storage system. An array of 60 by 60 HI-STORM UMAX storage
systems can safely store 75,000 metric tons of spent nuclear fuel which is almost the total
amount of spent fuel need to be stored in the USA. The size of a consolidated storage site

will beonly 360 x 360 m which is less than the summed area of four soccer pitches

(HOLTEC, 2015; Holtec, 2018).

ORANO (formerly Areva) Company offers the NUtech HOrizontal Modular Storage
(NUHOMS) storage system which uses steel canisters stored in horizontal alignments in

reinforced concrete based parallel cells with monolithic one layer structure as shown in

Fig. 2.13 (Orano, 2020).
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Fig. 2.13 The NUHOMS storage system with monolithic one layer structure, adopted

Horizontal modules cannot tip over, and on-site handling using the OS-197 transfer cask

from (Orano, 2020)

is easier and safer in this horizontal position compared to the vertical system. In addition,
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the horizontal orientation during storage avoids the significant temperature difference
between the two ends of the canister, reducing the possibility of thermally induced
stresses in the material, and provides minimal exposure to plant workers (Hanson and

Chollet, 2003; Orano, 2020).

In 2017, Orano (formerly Areva) launched the NUHOMS Advanced Matrix design based
on a high-density multilayered system for storing multiple spent fuel rods stored in
canisters as shown in Fig. 2.14 (U.S.NRC, 2018), which can reportedly “ reduce the
footprint of on-site interim fuel storage facilities by almost 50%”. The unique two-level
horizontal and modular structure could also save construction costs due to reducing the
required area for the concrete base mat. The NUHOMS Advanced Matrix can achieve the
smallest storage pad area for the same stored spent fuel capacity in the industry’s

international market (WNN, 2017; U.S.NRC, 2018; Orano, 2020).
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Fig. 2.14 The NUHOMS Advanced Matrix with its unique two-story structure, adopted
from (U.S.NRC, 2018)

2.5 Conclusion

Based on the former the following conclusions can be stated as follows;

e The interim dry storage for spent nuclear fuel (SNF) has become very important
as growing amounts of SNF round the world cannot be retained in wet storage
over long periods and because there is no permanent disposal facility at the
present time.

e To design and build a reliable dry storage cask that can provide efficient storage
for these radioactive hazardous materials some considerations must be achieved.
Safe enclosure of the spent nuclear fuel rods besides adequate radiation shielding

and protection against all possible kinds of hazardous radiation must be insured
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over long periods. Moreover, subcriticality for the stored used fuel and efficient
continuous heat removal should be guaranteed over the entire storage period.

e In the late 1970s and early 1980s, dry storage for SNF became with great
importance and continuous evolution has started from this time. This industry
started with primitive designs that couldn’t provide efficient heat dissipation
which led to a confined heat load and the ability to carry only small quantities of
radioactive wastes. Moreover, the mechanical properties were unreliable and the
expected service life was very limited.

e With time, leading companies like GNS, HOLTEC, and ORANO launched
reliable designs and robust casks that are in service till now like CASTOR,
CONSTOR, HI-STAR, and TN. However, these casks contained unmodified
baskets and canisters especially with the absence of the modern welding
techniques and nano-technology which led to limited heat loading and an ability to
carry a limited number of SNF assemblies despite the improved shielding and
mechanical properties.

e Evolution concerning with dry storage techniques hasn't stopped (till now) in
order to cope with the conclusions and the learned lessons from notable accidents
like Sept. 11th events or Fukushima Daiichi disaster that needed some
modifications regarding the initial design of the cask especially dual-purpose
casks.

e Great development was observed especially with the design and material selection

of the basket and the concrete layer in the concrete-based casks especially that the
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considerably great thickness of the concrete layer upon using conventional
concrete was found to be ready to be reduced greatly when using certain heavy
aggregates and modified mix designs.

e The main target is always to obtain a robust storage cask that can carry higher heat
loads and a greater number of spent fuel assemblies with shorter cooling periods
ready for immediate transferring when needed.

e This continuous evolution aims to achieve some other important goals and
economic benefits via decreasing the thickness, the size and the weight of dry
storage casks. These modifications can be seen for example in HI-STAR casks
that utilize high-tech METAMIC-HT spent fuel storage baskets.

e Finally, this evolution has covered not only the design and the technology of dry
storage casks but also the techniques related to the entire facility beginning with
above-ground facilities that compose of arranged vertical casks and ending with
some very recent facilities like the robust underground interim spent fuel storage
system (HI-STORM UMAX) by HOLTEC and the economic and area-saving
multilayered horizontal system for storing spent nuclear fuel canisters (NUHOMS
Advanced Matrix) that launched recently by Orano. These new robust systems
have many advantages over the traditionally used vertical above-ground system

that make them much safer even under extreme events.
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3. Characterization of natural and synthetic aggregates
properties and their effect on the physical and

mechanical properties of radiation shielding concrete

3.1 Abstract

Concrete is considered an ideal radiation shielding material for its effective capacity to
attenuate most harmful radiations. Shielding efficiency against ionizing radiation,
specifically neutrons and gamma rays, is achieved by replacing the traditional limestone
coarse and siliceous fine aggregates with other natural and/or synthetic aggregates that
possess radiation attenuation properties. This study characterizes the mechanical and
physical properties of natural and synthetic aggregates and determines the suitability of
adding them to radiation shielding concrete as aggregate replacement. The assessment
employs analytical models and considers the fresh properties, hardened properties, and
durability of concrete. The results were cross-referenced with published experimental
studies on radiation shielding concrete (RSC). A design methodology for RSC is
proposed that considers the radiation shielding properties, workability, compressive

strength, and durability.

Keywords: Radiation shielding concrete; heavyweight aggregates; compressive strength;

chloride diffusion coefficient; workability.
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3.2 Introduction

Concrete, which comprises of cementing material, aggregate, air, water, and admixtures,
is the world most used construction material. Its physical, mechanical, and durability
properties are well suited for all built infrastructure. Radiation shielding is an additional
required concrete property for the nuclear built infrastructure. Traditionally, the
effectiveness of radiation shielding concrete (RSC) against X-rays, gamma rays, and
neutrons has been addressed by replacing the aggregates with natural and/or synthetic
aggregates as those listed in Table 3.1 [1-3]. Micro and nano-scale additives such as
ground slag, heavy glass scrap, and heavy metal oxides have been used to enhance the
concrete attenuation properties against X-rays and y-rays [4-6]. Boron carbide powder,
ground borosilicate glass, boron frits, and heavy polymers with high hydrogen content
and/or elements with high absorption cross-section for thermal neutrons were added to
enhance the concrete neutron’s attenuation and absorption capabilities [5, 7, 8]. Review
of RSC design approach reveals that, for many studies, the aim has been solely on
enhancing the shielding properties with little design considerations given to the concrete

rheological, physical, mechanical, and durability properties [7, 11-13].

This study examines the effects of adding RSC aggregates on the concrete properties,
specifically the rheological, physical, mechanical, and durability properties. This is
achieved by collecting and assessing the properties of the aggregates, subsequently the
significance of the aggregate properties on the concrete’s workability, strength and
durability is examined by using analytical models reported in the literature. This is

followed by a review of relevant case studies to determine the documented effects of
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these aggregates on the properties of concrete. A design methodology is then proposed for
developing RSC mixtures that possess the desired radiation shielding, rheological,

physical, mechanical, and durability properties.

Table 3.1 Aggregates typically used in RSC [9, 10]

Predo_mmant Class of the material Chemical composition Spec_lflc
constituent gravity
Serpentine g[,‘g:gd stone, hydrous 4 i,05(OH): 24010 2.65
Colemanite Crushed stone, hydrous ¢, B0, 51,0 2.41102.42
boron ore
Limonite Crushed stone, hydrous ey (H,0)y 3.40 10 3.80
iron ore
Goethite _Crushed stone, hydrous HFeO; 3.50 to 4.50
iron ore
Barite Gravel or crushed stone BaSO, 4.00to 4.40
limenite Crushed stone, iron ore FeTiOs 4.20t0 4.80
Hematite Crushed stone, iron ore Fe,O3 4.60t0 5.20
Magnetite Crushed stone, iron ore FesOq 4.60t0 5.20
Ferrophosphorus  Synthetic Fe.P 5.801t06.30
Boron Frit Synthetic B20s, AlLO3, SiO2, CaO  2.60t0 2.80
Boron Carbide Synthetic B.C 2.51102.52

3.3 Concrete properties

Design and control of concrete mix proportions stipulate workability and curing
requirements for when concrete is in a liquid state, and strength and durability
requirements for when concrete hardens. Slump, the standard test for workability and
consistency of fresh concrete [14], was historically controlled by adding water at the
detriment of strength and durability [15, 16]. Advances in concrete technology, through
the introduction of chemical and mineral admixtures, hasled to the development of ultra-
high strength and self-consolidating concrete and exposed the limitations of the slump test

[17, 18]. As such, Bingham rheological properties, defined by yield stress and plastic
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viscosity, are postulated among others to quantify the flow properties of fresh concrete
[17, 19]. Using this scientific premise and analytical tools, predictive models developed
for quantifying the concrete’s rheological properties using the composition and mix
proportion are employed in this study to examine the effects of changing the aggregates
properties on the rheological properties of RSC [20, 21]. Additionally, two predictive
models for quantifying the concrete compressive strength [22] and chloride diffusion
coefficient [23, 24] using the mixture composition and constituents properties, are
employed to study the effects of aggregates on the strength and durability of concrete,

respectively.

The relationship between concrete composition and rheological properties, specifically
plastic viscosity (n,-) and yield stress (7o), has been analytically reproduced in Chidiac and

Mahmoodzadeh rheological model [20], where

Nr = Mid; (3.1)
7 1
— 3 4(1-y") . _ ? \3,q4 _
A=y 4(1+y10)-25y3 (1+y*+)+42y5 y(p) = ((pmax) (1-K) (3.2)
0.006 % Zement Without HRWRA
K = Water (3.3)
3.8 % Tl Water With HRWRA

Cement Cement+FineSand+Sand

in which n; is the intrinsic plastic viscosity, ¢ is the packing density, ¢,,.x IS the
maximum packing density of the concrete mixture, and Cement, Water, HRWRA, sand are

mass contents; and
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1
® \3 m
yip) = () a-c,re (35)
in which T; is the intrinsic yield stress, mg and my are masses of aggregates and water

respectively, and C,, is a fitting parameter. The models capture geometrically the concrete

suspension at the micro-scale, y(¢), by means of the cell method as shown in Fig. 3.1.

Fluid Solid Particle
L -
zlllk‘l. - ---.-.H'/v’/
(€0 ) A
| / / y =
\ N / b
o ra
a
b

Fig. 3.1 Definition of the cell [20]
The models uncover the complex relationship between the rheological properties and the
mixture composition including the importance of the aggregates. Strong dependency on
the ratio of packing density to the maximum packing density is evident. The packing
density is affected by the aggregate properties being shape, angularity, surface texture,
maximum particle size, and particle size distribution. Studies on binary mixtures revealed
that the shape and size of the particles are the main factors affecting the packing density
and workability. A linear relationship is observed between the aggregate shape and the

packing density and volume fraction, and a convex trend with the aggregate size.

For illustration, the rheological properties of a 0.4 w/c concrete mixture with a maximum

aggregate size of 14 and 20 mm and three different volume fractions of coarse aggregates

77



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

(Vca) quantified by the models are plotted in Fig. 3.2. The results show that increasing
the maximum aggregate size from 14 mm to 20 mm led to an increase in workability, by
decreasing both plastic viscosity and yield stress, which is consistent with other studies
whose results have shown that increasing the maximum aggregate size increases the
packing density and reduces viscosity [20, 21, 25, 26]. It should be noted that an increase
in Vca, which influences the sand-to aggregate ratio (S/A), can result in either a decrease
or an increase in the maximum packing density depending on the total aggregates
gradation. The optimum S/A sought corresponds to a mixture with minimum porosity and
therefore maximum workability and strength [27]. In addition to the model results, Fig.
3.3, which provides a graphical display of the effect of the particle shape and S/A on the
rheological properties, will form part of the criteria adopted to evaluate the effects of

adding or replacing aggregates on RSC properties.
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Fig. 3.2 Rheological properties versus packing density of 0.4 w/c concrete mixture with

a) 14 mm and b) 20 mm max aggregate size
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Fig. 3.3 Effects of particle shape and S/A on concrete’s yield stress and plastic viscosity
[25]
The compressive strength model [22] adopted to evaluate the effects of added aggregates
on the strength of RSC accounts for the aggregates type and gradation, in addition to the
concrete mix proportions. The model includes a cement hydration model that depends
totally on the cement chemical composition and the cement degree of hydration, an APT
model which accounts for the concrete mix proportions and the packing density that
depends on the aggregate volume fractions and gradation, bond strength model that
represents the strength of the bond between the hydrated cement paste and the aggregate,
and cement paste strength model at 28 days that depends on the cement type. The model

is described by the following equations [22]

0, a(t) < Acr
(t) = A Va 3.6
O =1 kR () B @) - as)  ald) > an (&)
(pcaDsz (ng(l -9 >
APT = —0.5| D, + e
< s ¢SDCG, ¢S(pmaxD
2 20q_ 2 _ 2
+05\/<D5 + DcqDg + @Dg (1 (Pmax)) + 4(Pmax—P)Ds (37)
DsDcq DPsPmaxD 3PmaxPs
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in which £., K, Rzg, D, Ds, Dea, A, B, ¢, W, V,, a, a,, t, @,&,,®,, are respectively,
concrete compressive strength, paste to aggregate bond strength constant, standard
cement strength at 28 days, mean diameter of the total aggregate particles gradation,
mean diameter of sand particles, mean diameter of coarse aggregate particles, constant
that depends on the shape of the aggregate particles, constant that depends on specimen
shape and test conditions, cement content, water content, volume fraction of the
entrapped and entrained air, degree of cement hydration, critical degree of cement
hydration, time, volume fraction of total aggregates, volume fraction of fine aggregates,
and volume fraction of coarse aggregates. APT which captures a complex relationship
between strength and the properties of aggregates, is inversely proportional to the

aggregates volume fraction and consequently to the concrete compressive strength [22].

Figure 3.4 captures the model relationship between the compressive strength and ratio of
the mixture packing density to maximum packing density of a 0.4 w/c concrete mixture
with 14 mm and 20 mm maximum aggregate size, 5% air entrained, and three different
Vca. The results show that a) an increase in the ratio of packing density to maximum
packing density results in an increase in the compressive strength attributed to
compaction, b) the increase of compressive strength with packing density ratio is more
significant with increased Vca, and c) an increase in the maximum aggregate size results
in a decrease in compressive strength which is attributed to a reduction in the packing

density.
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Fig. 3.4 Compressive strength and packing density of aggregate versus packing density of

0.4 w/c concrete mixture with a) 14 mm and b) 20 mm coarse aggregate size
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The effects of the aggregates on the cement hydration reaction are equally important.
Experimental data and models results reveal that the increase rate and magnitude of
concrete compressive strength are directly related to the rate and magnitude of the cement
degree of hydration [28, 29]. Accordingly, addition of aggregates that negatively
interferes with the rate and/or the magnitude of the cement chemical hydration reaction
would be detrimental to the concrete compressive strength. Chemical interference and/or
interaction between cement and aggregate will therefore need to be examined as it will
have a direct impact on the mechanical and durability properties [30, 31]. Moreover, the
bond strength between the hydrated cement paste and the aggregate needs to be
examined. The bond consists of a mechanical and chemical bond with the former depends

on the aggregate’s surface texture and the latter on the aggregate’s water absorption.

Concrete chloride diffusion coefficient (D;), which is a measure of durability, is adopted

for evaluating the aggregates. DS, can be estimated using the following equations [23].

D& = f; firz -Dg” (3.8)
in which

f = (3.9)
firz = 1122+_198ti1TTZZsia (3.10)
Dé’fp = exp (a1 (1 — %:f“) (a* — a)) exp(—a,SF — a3;GGBFS) (3.11)

for firzs DB, Vo, tirz, Sa. a;, SF, GGBFS, w, cm, Vg4, a are respectively, the

tortuosity factor, the ITZ factor, the bulk cement paste chloride diffusion coefficient,
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aggregate volume fraction, thickness of the interfacial transition zone (ITZ) layer,
aggregate unit surface area, calibration constants, silica fume weight fraction, ground
granulated blast furnace slag weight fraction, water content, cementing material content,
volume of the entrained air, and degree of hydration. D, like compressive strength,
depends on the properties of the cement paste, properties of the 1TZ and the volume

fractions and gradation of the aggregates.

It is evident that both £, and f;;, are functions of the aggregate properties. Figures 3.5
and 3.6 are reproduced to illustrate the relationship and significance of the aggregates
volume fraction and properties on D§;. Results show an increase in V, and a decrease in
S, result a decrease in f;, firz, and D§;. Moreover, the ITZ thickness and properties are
known to depend on aggregate properties like shape, angularity, surface texture, and

water absorption [22, 23].
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Fig. 3.5 Tortuosity factor versus aggregate volume fraction [24]
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Fig. 3.6 Interfacial transition zone factor (fitz) versus Virz [23]

In brief, the physical, mechanical, and chemical properties of the aggregates in addition to
their volume fraction are critical to the workability, strength, and durability of concrete.
Aggregate and concrete mix packing density, aggregate volume fraction, and aggregate
maximum size, although they are very important design parameters for fresh and
hardened concrete properties, their values can be specified to meet the design requirement
irrespective of the aggregate type. As such, they are not included in this assessment. The
density, surface texture, strength, surface water absorption, and reactivity and mineral
solubility of the aggregates are examined closely as they impact the mechanical and
durability properties of RSC. The assessment provides a comparative analysis of the
aggregate properties to those of limestone. The acceptance criteria are deduced from the

traditional material used as aggregates, limestone and siliceous sand.
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3.4 Physical and mechanical properties of aggregates possessing

radiation attenuation

3.4.1 Properties

The physical and mechanical properties of the aggregates listed in Table 3.1 are given in
Table 3.2. The properties include density, unit weight (y), water absorption (WA),
crushing value (CV), uniaxial compressive strength (UCS), impact value (1V), Los

Angeles abrasion value (LAAV), and modulus of Elasticity (Ei).

The values of IV [56], UCS [56], LAAV [56], and Ei [57] were calculated using the

following equations:

IV (%) = 0.99 CV — 0.82 (3.12)

CV (%) = 78.82 — 11.73 In (UCS) (3.13)

IV (%) = 1.92 LAAV — 8.85 (3.14)
InUCs 68914951 2-885

E = (M) /10t (3.15)

Visual comparison of the aggregates’ properties, shown in Fig. 3.7, reveals the
similarities and differences in their mean values relative to those of a limestone (Li). The

corresponding standard deviation shows the variation in the property.
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Table 3.2 Physical and mechanical properties of aggregates typically used in RSC

Aggregate Density,  Avg. unit Water Crushing Uniaxial Impact Los Angeles  Modulus
name (label)  g/cm?® weight absorption value (CV), compressive value abrasion of
), (WA), % % strength (IV)*, % value elasticity
KN/m?3 (UCS)*, (LAAV)*, % (Ei)*, GPa
MPa
Serpentine 2.4-265 24.75 1.3-83 23.8 - 34.02-109 22.74 - 16.45 - 6.3-11.1
(Se) [32, 33] [34-36] 37.45 [34- 35.2 22.94
36]

Colemanite 241 - 23.72 135-499 73.74- 0.95-155 7219- 4221- =~0.082
(Co) 2.42[32, [37-39] 79.5[38] 77.89 45.18

33]
Limonite 3.4-38 3528 51-1142 224-31 58.95 — 21.35- 15.73- 37.49 -
(Lm) [32, 33] [40, 41] [41, 42] 122.72 29.87 20.17 52.1
Goethite (Go) 3.5-45 39.2 8.07-135 20-34.3 44.49 - 18.98 -  14.49- 49.31 -

[32, 33] [36, 43] [36, 43] 150.58 33.14 21.87 85.8
Barite (Ba) 40-44 4116 06-15 43 -63.3 3.76-21.19 41.75-  26.35— 7.35 -

[32, 33] [36,43-46]  [36, 42, 43, 61.85 36.82 38.65

47]

lImenite (I)  4.2-48 44.1 0.1-22[2, 38-415 24.08 — 36.8 - 24.4-26.22 54.54 -

[32, 33] 42, 47] [42, 47] 32.46 40.26 65.18
Hematite 46-52 48.02 0.8-10.4 12.55 - 5.24 — 11.6 - 11.15- 20.47 -
(He) [32, 33] [2, 41, 48, 59.4 [41, 284.18 57.98 35.55 234.62

49] 48, 50]

Magnetite 46-52 48.02 0.11-0.83 17-19.87 152.26 — 16.01-  13.46- 185.92 —
(Ma) [32, 33] [36,41,51] [36,41,51] 194.46 18.85 14.96 204.34
Limestone 1.76 - 22.15 0.3-18 20-32 54.13 - 18.98 -  14.49- 4.87 —8.67
(Li) 2.75[32, [52] [52] 150.57 30.86 20.68

33]
Ferro- 58-6.3 59.29 0.9 [53] -- -- - - -
phosphorus [10, 53]
(FP)
Boron Frits 26-28 26.46 -- -- -- -- -- --
(BF) [11, 54]
Boron 2.51- 24.59 Nil [55] -- -- - - -
Carbide (BC) 2.52[13,

55]
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Fig. 3.7 Display of RSC aggregates physical and mechanical properties

The results show that densities of some aggregates, specifically barite, ilmenite, hematite,
magnetite, and ferro-phosphorus, are significantly greater than that of limestone. Denser
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aggregates are useful for increasing radiation shielding properties of concrete; however,
they can lead to segregation during the mixing and casting process if the concrete mixture
is not properly designed [10]. Although the material density is sometimes correlated to its
UCS, the results show no apparent correlation. Compared to limestone UCS, most
aggregates are statistically equal except for colemanite, barite, and ilmenite, which show
lower strength, and magnetite that shows a higher strength. Hematite UCS values indicate
that the aggregate can be either very strong or very weak depending on where it is mined.
Weak aggregates in concrete will lower its compressive strength.

Aggregate’s crushing value is a relative measure of its resistance to crushing under a
gradually applied compressive load [58]. Lower aggregate crushing value, which implies
lower amount of crushed aggregates, is recommended for use in concrete especially for
roads, floors, and pavements, whereas those with values greater than those of limestone
should be avoided as they weaken the concrete overall strength [58]. Results show that
both colemanite and barite have significantly high crushing values that reduce the
concrete strength and wearing resistance [59]. The same deduction on colemanite and
barite was made from their UCS values.

Modulus of elasticity, which is a measure of the material stiffness, is an important
property for concrete structures [28, 57]. Relative to limestone, aggregate with
significantly higher modulus will be stiffer and attract higher load thus making it
susceptible to cracking at the interface between the aggregate and cement paste, and the
aggregate with lower modulus will be flexible and will not contribute to the composite

load sharing thus increasing the stress values in the cement paste. Accordingly, although
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most of the aggregates have higher values, they are still considered acceptable. The
exception would be colemanite that has a very low modulus of elasticity and magnetite
that has a very high value.

The aggregates water absorption is found to range from 0.3% to 13.5%, with limestone
values ranging between 0.3 and 1.8%. Except for barite, ilmenite, magnetite, and ferro-
phosphorus, the remaining aggregates have high or very high water absorption values that
can cause internal bleeding and a weak interfacial transition zone, and weaken the bond
between the aggregates’ surface and the cement paste. These scenarios will have negative
effects on the microstructure, mechanical properties, and durability of the hardened
concrete [24, 28]. Aggregate with high water absorption also adversely affects the
workability and flow properties of the concrete [17, 27]. Hematite and serpentine show a
wide range in their water absorption values, an indicator that the property is not specific
to the type of aggregate but more of where the material was mined. Same observation was
deduced from hematite UCS values.

Reactivity and water solubility of the aggregates need to be determined before being used
in concrete. Most of limestone and traditional aggregates are almost chemically inert
and/or chemically compatible with the cementitious material [59]. Some of the
aggregates, that are used for radiation shielding concrete, are chemically incompatible or
cause a deleterious effect on the chemical reaction when added to cementing materials.
For example, colemanite, especially when used as a fine powder, and most of boron
compounds like sassolite, ulexite, and borates adversely affect the cement hydration

Kinetics and significantly retard the reaction rate, weaken the microstructure, and
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compromise the concrete mechanical properties and durability [13, 30, 31]. The causes
are soluble minerals that react with the dissolved cement constituents and disturb the

cement hydration Kinetics.

3.5 Case studies - RSC containing aggregates possessing radiation

attenuation properties

3.5.1 Natural aggregates

Properties of high performance concrete mixes with dolomite, hematite, ilmenite, and slag
as aggregate replacement were studied by Abo EI-Enein et al. [2]. The results reveal
differences in slump values that were mainly attributed to the variations in the aggregate
water absorption and shape. Specifically, concrete containing hematite produced the
lowest slump value as the hematite aggregates had irregular, rough, and porous surface
texture, and high water absorption value of 10.4% [2]. Water absorption is necessary for
the chemical bond to form; however, a high value implies porous particles that are
detrimental to the strength and durability of the concrete as shown in Fig. 3.8. Porous
aggregates have been used successfully as reservoir for internal curing to mitigate
shrinkage which is not the intended use in this case.

The observed results are consistent with the predictive model results. Specifically, the
shape and texture of the aggregate adversely affect the concrete rheological properties.
The aggregate’s high water absorption and porosity also adversely affect the concrete
mechanical and durability properties due to weak ITZ layer that is confirmed by SEM [2],
and weak aggregates. For reference, hematite when used as a coarse aggregate

replacement yields an efficient radiation shielding concrete for X-rays and y-rays due to
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the increase in the effective atomic number, Zesr, and the linear attenuation coefficient, p,

of the prepared mix [1-3, 60].
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Fig. 3.8 RSC compressive strength containing dolomite (D), hematite (H), ilmenite (IL)

and air-cooled slag (ACS) as coarse (c) and fine (f) aggregates versus curing time [2]

Results of another study that used hematite as coarse aggregate replacement up to 50% by
volume showed better physical and mechanical concrete properties [3]. However, the
aggregate’s water absorption was 1.27%, further confirming the importance of this
parameter to RSC mechanical properties and durability. These results also show that the
type of aggregate is not the only indicative of its properties as its physical and mechanical
properties can differ greatly depending on where it is mined [3].

Barite and goethite, which are also heavy ores, are widely used in RSC. From the
perspective of nuclear attenuation properties, barite is a very effective material for
attenuating y-rays especially at low energies because of the high atomic number of

barium element, Z=56 [43]. Goethite ore, which is a hydrous iron ore, is very effective in
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attenuating X-rays and y-rays due to the presence of iron, and fast neutrons due to the
hydroxyl group contained in the pure molecule (FeO(OH)) [61, 62]. Furthermore,
geothite is effective in RSC as it transforms to ferric oxide through a dehydroxylation
reaction when the temperature reaches 385 °C [61, 63].

Properties of RSC mixes containing magnetite (M), barite (B), goethite (G), or serpentine
(S) as coarse aggregate replacement, and 10% silica fume (1), 20% fly ash (2), or 30%
ground granulated blast furnace slag (3) added to the cement, were studied [36]. RSC
mixes include 0.35 w/c and OPC content of 450 kg/m? [36]. The results further confirm
the adverse effect of aggregate’s high water absorption on workability and compressive
strength. Mixes with goethite aggregates, whose water absorption was high at 8.07%,
yielded the lowest slump and the lowest compressive strength as shown in Fig. 3.9 [36].

Weak ITZ, bond strength, and aggregates result in a weak concrete.
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Fig. 3.9 RSC compressive strength versus curing time [36]

RSC mixes containing barite as coarse aggregate, produced normal workability but low
compressive strength values. Barite’s low water absorption of 0.6% can adversely affect
the chemical bond between the paste and the aggregate. The high crushing value of barite
was also reported to contribute to the low strength as it can compromise the particle
distribution and the mix packing density. These results correlate with the compressive
strength model where the bond strength, K, decreases. The chloride diffusion coefficient
will be high due to the poor bond/pervious interface resulting in poor durability.

The results reported by EI-Samrah et al. [43] on concrete mixes containing goethite
coarse aggregates with water absorption of 13.5% further confirm the adverse effect of
high water absorption on RSC workability and compressive strength. Limonite, which
was added as fine aggregates replacement, was studied because of its good neutron
shielding properties as it contains a considerable amount of crystallized water. Limonite

high water absorption value of 30% was the reason for the low compressive strength in
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addition to its clay form as fine aggregates. Colemanite neutrons’ attenuation and
absorption properties are sought after when preparing neutrons shielding concrete.
Colemanite aggregates contain a considerable amount of boron and possesses crystallized
water [12, 64-66]. Gencel et al. [39] studied the mechanical properties of concrete
containing colemanite as coarse and fine aggregates with an equal ratio and up to 50% by
volume with a 10% increment labelled CC10 to CC50. The concrete unit weight,
compressive strength, and splitting tensile strength were found to decrease with the

increase in colemanite content as reproduced in Fig. 3.10.
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Fig. 3.10 Unit weight, compressive strength, and splitting tensile strength of concrete

containing colemanite [39]
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The authors attributed the degradation to the material low specific gravity and a weak 1TZ
[39]. The observed performance is predictable by the compressive strength model and the
chloride diffusion coefficient model, specifically a decrease in the strength due to
weakened bond strength and ITZ layer, and an increase in the chloride diffusion
coefficient due to an increase in the 1TZ factor.

Since the colemanite solubility was not reported, and the cement hydration kinetics were
not measured, the authors did not account for the possibility of boron soluble interfering
with the hydration kinetics. Colemanite, when added as fine particles to concrete mix, has
been reported to retard the hydration reaction and decrease the concrete compressive
strength [30, 31]. Figure 3.11 displays the retardation effects of colemanite on the cement

hydration captured using isothermal calorimetry [30, 31].
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Fig. 3.11 Hydration reaction of cement containing fine colemanite reported in two
different studies; (a) Colemanite percentage relative to the cement weight, (b) Percent of

boron relative to cement mass [30, 31]
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Kubissa et al. [67] investigated the properties of concrete containing barite and magnetite
as coarse aggregates using large scale samples, specifically 4 m high columns and
massive blocks. Ready-mix company prepared the concrete and pumped it into the
formwork [67]. The concrete compressive strength at 28, 90, and 630 days, given in Table
3.3, show that column A which was filled with concrete contained barite has lower
average compressive strength values compared to the magnetite mixes used to fill the
blocks, T49, T50 and T51. Dry shrinkage measurements based on 1SO 1920-8 up to 90
days revealed that barite concrete (column A) had the largest shrinkage [67]. These
results are consistent with the material properties where magnetite has a higher UCS and

lower water absorption in comparison to barite.

Table 3.3 Compressive strength of concrete containing barite and magnetite (MPa) [67]

Concrete mix for column Concrete mix for large blocks
Age (days)
A T49 T50 T51
28 443 (x21) 544(x14) 496(x18) 48.3(x1.9)
90 486 (x19) 57.1(x26) 650(x11) 62.6(x1.6)
630 — 59.2 (£1.7) 77.2(x24) 715(x2.2)

3.5.2 Synthetic aggregates

The use of synthetic and recycled materials with radiation attenuation properties as
aggregate replacement for radiation shielding concrete is continuously increasing. Binna
et al. [68] studied the use of synthetic resins, due to their high hydrogen and carbon
contents, in neutrons shielding mortars. The mortar mixes had a 0.485 wi/c, and high
density polyethylene (HDPE), polypropylene (PP), or ultra-high molecular weight

polyethylene (UPE) as fine aggregates replacement. The properties of the synthetic

97



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

polymers are reproduced in Table 3.4 [68]. The slump flow measurements of the mortar,
shown in Fig. 3.12, indicate that the flow increased with the increase of HDPE and PP
and decreased with the increase of UPE. UPE smaller particle size compared to the

replaced sand led to the decrease in the slump flow.

Table 3.4 Physical properties of the used synthetic resins [68]

Physical property HDPE PP UPE

Particle size, mm > 5 0.12

Average molecular weight, 35E05 35805  5.0E06

g/mol

Melting index, ¢/10 min 0.035 0.5 0.1
Yield stress, MPa 314 36 17
Density, g/lcm® 0.956 0.900 0.930
Flexural modulus, MPa 77 1570 720

98



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

Slump flow (mm)

280
260
240
220
200
180
160
140
120

B MOR 7 HHDPE) [ P(PP) £ U(UPE)

q

— -
\\ - § ..........
A \ \\\\ ,,,,,,,
§ \ Q\
§ . B
\\ AN R\ N
\ -
A \-
x\ NN
\ -
1B
N N
L b
L
\ \ R s
L

MOR H-20 H-40 H-60 P-20 P-40 P-60 U-20 U-40 U-60
Samples

Fig. 3.12 Slump flow of mortar containing HDPE, PP and UPE [68]

The compressive strength, presented in Fig. 3.13, show a loss in the mortar compressive

strength irrespective of the type of synthetic resin used. This loss of strength was

attributed to the weak bond between the polymer and the cement matrix due to the

hydrophobic properties of synthetic resins and the smooth surface of the aggregates [68].
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Fig. 3.13 Compressive strength of mortar containing HDPE, PP and UPE [68]
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The effect of using recycled high density polyethylene was studied to produce mortars
with enhanced neutrons shielding capabilities by others [69]. The results were like the
previous one where the mortars workability increases with increased HDPE, and the
compressive strength decreases with increased HDPE. The latter is due to a weak
adhesive strength between the polymer particles and the cement paste [69]. Others
showed the same results when studying the use of polyethylene, terephthalate, bakelite
and polypropylene as coarse or fine aggregates. The workability usually improves when
using these polymers provided the particle size is comparable to that of the replaced sand
[7, 70, 71].

Heavy weight glass obtained from cathode ray tubes of old TVs and monitors, and
borosilicate glass obtained from exhausted thermal resistant cookware and chemical
glassware, have been investigated as either aggregate or cement replacement in radiation
shielding concrete [4, 6, 72-74]. Kim et al. [6] used cathode ray tube glass (CRTG) to
replace 50% and 100% of the fine aggregates. The results show a continuous decrease in
flexural and compressive strength with increased CRTG content. The decrease was
attributed to the poor bond between the glass and the cement paste and to the inadequate
glass particle gradation that adversely affected the packing density. The mixes freeze-
thaw resistance, sulfate resistance, and chloride penetration, were also investigated. The
results showed improvement in all three properties when CRTG content increased.
Borosilicate glass, which is shown to exhibit pozzolanic properties when used as a very
fine powder, has been used as cementing additives to RSC. Lee et al. [72] studied the

neutron shielding properties of mortars containing borosilicate glass powder. Although
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higher compressive strength values were observed when increasing the borosilicate glass
content, the authors reported a significant expansion due to alkali silica reaction (ASR)
when borosilicate glass was used as a fine aggregate. By reducing the particle average
size to 13 um, the authors were able to reduce and control the ASR and enhance the

pozzolanic reaction [72].
3.6 RSC design methodology

The design of effective RSC requires the addition of aggregates that possess radiation
attenuation properties. The physical and mechanical properties of these aggregates were
collected and compared to those of limestone. Moreover, predictive models for concrete
rheological properties, concrete compressive strength, and concrete chloride diffusion
coefficient, were studied to determine the significance of the aggregate physical,
mechanical, and chemical properties on the workability, strength, and durability of
concrete. It was established that the concrete mix design must specify the following
design parameters as they are independent of the type of aggregate; the concrete packing
density, the aggregate volume fraction, the aggregate particle distribution, and the
aggregate maximum size. And following the review of case studies and accounting for the
results obtained from the models and properties’ assessment, it is important that the
following aggregate properties be measured and controlled to assure a workable, strong,
and durable concrete; density, surface texture, physical and mechanical properties, water
absorption, strength, crushing value, and reactivity and solubility in water and in alkaline

solution. The reference material is limestone.
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The use of predictive models is encouraged as they provide quantification of the concrete
properties. Last and most important, it is necessary to test the properties of aggregates
first to ensure they are suitable for RSC. Moreover, testing the concrete properties is still
needed to confirm its acceptance.

It should be noted that some of the aggregates’ properties can have an enhancement effect
on one of the concrete properties and, at the same time, a decreasing effect on another
property. For example, increasing the aggregate maximum size enhances the concrete
workability but decreases the strength. Moreover, using aggregates with irregular shape
and rough surface texture enhances the concrete strength but at the same time has a
negative effect on the workability. As such, optimization between all the mentioned
factors should be considered according to the desired application and work environment

when designing radiation shielding concrete.

3.7 Conclusions

The effectiveness of concrete to shield against ionizing radiation depends on the

aggregates’ attenuation properties and the thickness of the concrete. Optimum attenuation

capability against incident radiation(s) can lead to a reduction in the required thickness,

and a saving in material use and storage area. Based on this study results, the following

conclusions that are specific to the aggregate properties for RSC are drawn:

1) Aggregates that show high efficiency in attenuating X-rays and gamma rays have
higher density that require design considerations to mitigate segregation during the

mixing, placement, and consolidation of the concrete.
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2)

3)

4)

5)

6)

7)

8)

Design of concrete mix must specify the concrete packing density, the aggregate
volume fraction, the aggregate particle distribution, and the aggregate maximum size.
Aggregate water absorption should be in the same range as limestone to prevent
adverse effects on the workability, strength, and durability of concrete.

Aggregate smooth surface and water phobic result in a weaker bond, weaker ITZ, and
a weaker concrete.

Aggregate UCS can exceed that of limestone, but it cannot be much lower to prevent
adverse effects on the strength and durability of concrete.

Properties of the naturally occurring aggregates, specifically the density, water
absorption, UCS, crushing value, bond strength, and solubility must be measured as
they cannot be determined based on the aggregate type and composition.

Borosilicate glass powder exhibits good pozzolanic activity especially when the
average particle size is in the 10 um range and manifests ASR for larger glass
particles.

Optimum RSC mix design is a balance between the concrete properties and those of
the aggregates to meet the performance requirements of the intended application and

work environment.
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4. MRCsC: A user-friendly software for predicting

shielding effectiveness against fast neutrons

4.1 Abstract

A user-friendly software called MRCsC was developed to accurately and precisely
predict macroscopic effective removal cross-section, Zg, (in cm™) of fast neutrons for
different shielding materials. The program includes a revised calculation model and the
latest data published by Evaluated Nuclear Data Library “ENDF/B-VIII”. Experimental
data and NXCom results were used to comparatively and statistically assess MRCsC
predictions. The results reveal that both MRCsC and NXCom programs provide accurate
and precise results when compared with the experimental data and that only MRCsC

results are statistically equal to the experimental ones to the 95% confidence.

Keywords: Macroscopic effective removal cross-section, NXcom program, MRCsC

program, Radiation shielding concrete, Radiation shielding composites.

4.2 Introduction

Protection against fast neutrons by attenuation undertakes two phases: First, the neutrons’
Kinetic energy is moderated or slowed down through repeated collisions until
thermalizing; Second, the thermalized neutrons are absorbed by elements with
considerable absorption cross-sections such as boron and cadmium (Chilton et al., 1984;
Kaplan, 1989). Moderation phase accounts for both elastic and inelastic scattering. Elastic
scattering is most effective when dealing with intermediate energies and best realized
with light elements, especially hydrogen. Inelastic scattering, which has a significant role
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in slowing down highly energetic fast neutrons, is most realized with heavy elements
(Chilton et al., 1984; Lamarsh and Baratta, 2001). The “un-collided beam” refers to fast

neutrons that pass through a shield without colliding with its atoms or nuclei.

The “removal” of these fast neutrons or portion of them occurs when they start colliding
or interacting with the shield’s elements (Duderstadt, 1976). Accordingly, the elemental
composition of the shield and its density provide a measure of the shield’s fast neutrons
removal ability referred to as the macroscopic effective removal cross-section (Zr)
(Profio, 1979; Wood, 1982). Further, total removal of fast neutrons from the un-collided
beam cannot be realized due to the interactions between incident fast neutrons and shield
nuclei as a portion of fast neutrons may undergo either a decrease in their Kinetic energy
or a small shift in their direction without removing. As such, Xr provides a lower bound
to the macroscopic total cross-section (X;) which is the sum of the elastic and inelastic
scattering cross-sections, and absorption cross-sections. It should be noted that the portion
of the collisions that does not participate in the removal process cannot be accurately
identified and therefore obtaining an accurate and precise value for the shield
macroscopic effective removal cross-section is difficult to achieve (Profio, 1979; Chilton

et al., 1984; Martin, 2006).

In contrast, the microscopic effective removal cross-section, o, (in barns) for most of the
elements is almost constant for neutron energies between 2 and 12 MeV which permits
the use of simple methodology while quantifying the shield removal cross-section

(Kaplan, 1989).
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Accordingly, the fast neutrons attenuation efficiency of a shield has been quantified by

means of empirical equations that are a function of X, (Wood, 1982; Glasstone, 1986),

where
Tp= 25(E,) 8MeV >=E,> 6MeV (4.1a)
Yp =>2(Eq)  E,=8MeV (4.1b)

in which X, and E,, are the average total macroscopic cross-section for the element

between 6 MeV and 8 MeV and is the neutrons’ energy in (MeV).

To facilitate the calculations process and mitigate possible round-off errors, some user-
friendly computer programs were developed such as MERCSF-N, NXcom and ParShield
(El-Khayatt and Abdo, 2009; El-Khayatt, 2011; Elmahroug et al., 2015). These computer
programs employ the same elemental removal cross-section database with a proven
reliability in approximating the macroscopic effective removal cross-section for various
shields (EI-Khayatt, 2010; Yilmaz et al., 2011; Elmahroug et al., 2015; Sayyed, 2016;
Lakshminarayana et al., 2020). The shortcoming of these programs is their outdated
database that introduces inaccuracies for composites that contain elements such as

actinides and lanthanides or composites with high hydrogen content.

The aim of this study is to develop new software that can accurately and precisely predict
the fast neutrons attenuation of shields and is user-friendly. To meet this goal, the
following tasks were carried out. First, fast neutrons mass removal cross-section values
for naturally occurring elements were compiled in a database according to the latest

version of the Evaluated Nuclear Data Library “ENDF/B-VIII” released in 2018 by The
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Cross-section Evaluation Working Group (CSEWG) (Brown et al., 2018). Second, the
empirical model of Eq. 4.1 is revised and enhanced. And third, the new database and the
revised empirical model are incorporated into a user-friendly software named
Macroscopic Removal Cross-sections Calculator or MRCsC. MRCsC results are then
evaluated using experimentally measured values and calculated results reported in the
literature. Statistical analyses and experimentally measured values were employed to

determine the accuracy and precision of MRCsC results.

4.3 Theoretical background

The effective removal cross-section of a given composite or shield is determined
experimentally by shining a mono-directional plane source of fission neutrons onto a slab
made of shield material with "x" thickness that is immersed in an infinite medium of
water. The response of the neutron detector located at a distance (x + z) from the mono-
directional source and in the presence of the slab is represented by D(x,z), where

(Glasstone, 1986):
D(x,z) = Dy,o(z)e*r* (4.2)
in which Dy, o (2) is the detector response at distance (z) from the mono-directional plane

source in the water medium without the slab.

For most cases, a finite plane source of fission neutrons is used to measure the
macroscopic removal cross-sections with the results transformed to represent a point

source (Glasstone, 1986), where

(z+x)?
42

Sp =1 [E 0z + 0Dy (2) (4.3)
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in which @, (z) and @(z + x) are the neutron fluxes at the distances (z) in the absence

of the slab, and (z + x) in the presence of the slab, respectively.

The experimental setup which is based on the narrow beam geometry, includes 2*°Pu-Be,
241Am-Be, and Cf-252 neutron sources, and stilbene organic scintillation, 3He-based fast-
neutron detector, and NE-213 organic liquid-scintillation neutron detectors for measuring
the liberated counts, count rate, and flux (EI-Samrah et al., 2018; Oto et al., 2019; Abdel-
Rahman et al., 2020; Lakshminarayana et al., 2020; Levet et al., 2020; Masoud et al.,
2020). The Beer-Lambert law is adopted to determine the macroscopic effective removal

cross-section (Kaplan, 1989; Lamarsh and Baratta, 2001), where

Ix = Ioe_ERx (44)
in which I, and I, are respectively, the measured intensity for a material thickness (x) and
the measured bare intensity in counts/sec. The intensity can be replaced by the total

counts or the flux.

The abovementioned experimental setup for measuring the macroscopic effective
removal cross-section possesses many challenges such as health and safety risks,
availability and cost of the neutron source and detectors, experimental errors, special
facility, to name a few. Accordingly, it is not always possible and/or feasible to measure
the property of composite shields experimentally, which gave justifications for
developing analytical tools such as MCNP and GEANT that are effective and reliable for

designing and assessing radiation shields. However, these simulation codes are difficult to
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use and require special training (Agostinelli et al., 2003; Pozzi et al., 2003; Allison et al.,

2006; Waters et al., 2007).

Empirical models derived from either experimental observation and/or statistics have
emerged as alternatives and reliable tools to approximate the macroscopic removal cross-
section. In this regard, two approaches have been developed. The first approach
approximates the macroscopic effective removal cross-section from the total macroscopic
cross-section as presented in Egs. 4.1a and 4.1b (Wood, 1982; Glasstone, 1986).
However, differences have been reported between this first approach and the
experimentally measured values for some elements especially hydrogen (El-Khayatt and
Abdo, 2009; El-Khayatt, 2011). The second approach postulates that the mass removal
coefficient depends on the microscopic nuclear properties of the shield constituent
elements. As such, models that are function of the atomic weight and/or the atomic
number, given below, have been proposed to approximate the macroscopic effective

removal cross-section (Wood, 1982; Chilton et al., 1984).

%R — 0.214-0-58 (4.5a)
%R = 0.00662A47°333 4 0.337 470666 — 0211 4! for A > 12 (4.5b)
%R — 0.197-0743 forZ <8 (4.5¢)
%R — 0.1257-0-565 forZ>8 (4.5d)
%R — 0.206A4-0:3337-0294 (4.5e)

A and Z are the element’s atomic mass and atomic number, respectively.
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However, these empirical equations are usually valid for elements of A and Z at certain
numbers. The effective removal cross-sections for many elements and known shielding
materials were approximated using the former empirical equations then reported and
compiled in literature (Profio, 1979; Wood, 1982; Kaplan, 1989; Martin, 2006; El-
Khayatt, 2010). Moreover, user-friendly computer programs with dataset constructed
from these reported values were shown to approximate well the macroscopic removal

cross-section for composites and materials.

4.4 Macroscopic Removal Cross-sections Calculator (MRCsC)

4.4.1 Program description

The user-friendly software “MRCsC”, which consists of, a pre- and post-processor, an
analytical model, and a built-in database, is an effective tool for radiation shielding
design. MRCsC is designed to reliably approximate the fast neutrons macroscopic
effective removal cross-section for different materials. The database contains mass
removal cross-section values, that can be accessed and updated by the user, for all
naturally occurring elements including rare elements located in the earth’s crust with the
exception of Astatine and Francium as they are extremely radioactive and very rare

elements with half lives of only hours and minutes respectively (Audi et al., 2003).

MRCsC has a user-friendly interface and designed with minimum input requirements
from the user. As demonstrated in Fig. 4.1, material density and elements weight fraction
are the only input information for determining the macroscopic effective removal cross-
section. To obtain a good approximation, the user is reminded that the total sum of the

elements must be 1.0 and that the density is a measured value.
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- MRCsC: Macroscopic Removal Cross-sections Calculator - X

File Help

Enter Elements and Their Weight Fraction

0.09652

4 K4 K3 K2 K4 K4 KA K

Copyrights: All rights reserved to the authors. By using this program, you had accepted our terus to cite the related scientific paper.

Fig. 4.1 MRCsC user interface
4.4.2 Analytical model

A priori, the energy range of the liberated fast neutrons from the above-noted neutron
sources is mostly between 2 and 10 MeV as reproduced in the spectra of Figs. 4.2 to 4.4

corresponding to Cf-252, **Am-Be, and 2*°Pu-Be, respectively. The assessment of Eq.
4.1a to approximate X,/ p in the energy range of 2 to 10 MeV was carried out and the
results revealed very good agreement with the experimental data. Accordingly, the
average microscopic total cross-sections value, &, (in barns) over the energy range of 2

to 10 MeV was calculated using the ENDF/B-VIII neutron database incorporated in
JANIS 4.0 software (Soppera et al., 2014) and accounting for the natural abundance as

follows,

6.(E,) = X c;6,(E,) 2<E, <10MeV (4.6)
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in which ¢; and 4; are the natural isotopic abundance and average microscopic total cross-

section of the ith isotope of the element, respectively.
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Fig. 4.2 The Cf-252 neutron energy spectrum derived from measured TOF spectrum,

reproduced from (Lee et al., 2016)
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Fig. 4.3 21 Am-Be source neutron energy spectrum, reproduced from (Baginova et al.,
2018)
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Fig. 4.4 2°Pu-Be source neutron energy spectrum, reproduced from (Vega-Carrillo and
Torres-Muhech, 2002)
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The average total macroscopic cross-section X, is related to the average total

microscopic cross-section &, (cm?/atom) as follows,

- N _
Xi/p = ;O-t (4.7)

_ PNa
N=2 (4.8)

in which N and Na are the number of atoms per cubic cm of the substance and Avogadro

constant in (atom/ mol), respectively.

Now, we will consider the empirical model given in Eq. 4.1a after extending the energy
range of neutrons to become 2-10 MeV to calculate the mass removal cross-section of

each element, where

Zp/p =25/p (4.9)

The material macroscopic effective removal cross-section is then calculated using the

following relationship

2g= prsvvi (Zr!p)i= Z]pi (Zr!P): (4.10)
in which p,, p, are, respectively, the sample density (g/cm?®), and the density of the it"
element as it appears in the mixture ( p, = pW,). W, is the weight fraction of the it

element.

4.4.3 Program testing and validation
The program results were compared numerically and statistically with experimentally
measured values and NXCom (El-Khayatt, 2011) predictions to assess its precision and

accuracy. The statistical analyses include paired samples t-test to evaluate the statistical
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difference between the means and linear regression to determine the variability captured
by the model. Fourteen samples were collected from the literature whose description,
density and elemental composition are given in Tables 4.1 and 4.2. The experimental
macroscopic removal cross-sections, the corresponding computed values according to
MRCsC and NXCom programs, and their percent differences with the experimental

values are given in Table 4.3.

Table 4.1 Description and density of concrete samples collected from the literature

Sample code Bir:jslty’ Description

FL1 (Otoetal., 2015) 2.610 Concrete with limonite as a portion of the fine aggregates
FL3 (Oto et al., 2015) 2.760 Concrete with limonite fine aggregates

FCL (Oto et al., 2015) 2.890 Concrete with limonite fine and coarse aggregates

OC (Zalegowski et al., 2020)  2.251 Concrete with crushed granite coarse aggregates

M (Zalegowski et al., 2020) 3.014 Concrete with magnetite coarse aggregates

MF2 (Zalegowski et al., Concrete with magnetite coarse aggregates and PP

2020) 3.164 microfibers

IC (Abdo, 2002) 3.690 Concrete with ilmenite fine and coarse aggregates

BLC (El-Samrah etal,, 2018)  2.963 Concrete with barite coarse aggregates and limonite fine

aggregates

BCIOC (Li etal., 2013) 2.840 Composite of boron containing ore and epoxy

BRS (Li et al., 2013) 2370 Composite of high percent of boron containing ore and
epoxy

C6 (Elwahab et al., 2019) 2.060 Composite of cement, sand, HDPE, and borax

C7 (Elwahab et al., 2019) 5080 Composite of cement, sand, lower percent of HDPE, and
borax

Terphenyl (Perlini et al., Commercial terphenyl (OM2), a mixture of ortho and

1.106
1970) meta-terphenyls
CFM (Abdo et al., 2003) 2.858 Cement fiber magnetite composite
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Table 4.2 Samples elemental composition (w%)

Concrete Composites and organic mixtures
Element Terph-
FL1 FL3 FCL OC M MF2 IC BLC BCIOC BRS C6 C7 enyl CFM
H 1014 1318 2094 0.330 0.260 0.270 0.640 0.918 - - 6.080 5990 6.130 1.780
B - - - - - - - - 1.846 3.650 7.580 7.720 - 9.200
Cc - - - - - 0.090 - 0.113 5.802 7.364 1420 7.110 93.87 9.456
O 46.43 4525 4237 49.58 36.59 36.55 3841 3217 3431 42.10 53.00 5440 - 32.72
Na 0.346 0.722 1.667 1480 0.180 0.180 0.694 - - - 9530 1590 - -
Mg 6.230 4.815 1.232 0.610 0.300 0.300 0.172 0.860 13.41 21.07 0914 0913 - 0.500
Al 2184 1921 1252 4570 0.570 0570 0.372 0.833 - 3.727 1740 1.730 - 0.610
Si 19.76 1462 1625 3355 13.20 13.19 1561 7.818 3.849 10.76 1.060 1.060 - 2.580
0.010 0.039 0.113 0.030 0.390 0.390 0.078 - - - 0.281 0.281 - -
0.338 0.337 0.336 0.150 0.130 0.130 0.086 1.260 1.217 - 0.234 0.234 - 0.170
Cl 0.016 0.017 0.017 0.010 0.010 0.010 - - - - - - - -
K 0.151 0.277 0.59 1.890 0.180 0.180 0.223 - - - 1510 1510 -
Ca 16.33 14.66 10.44 6.370 5570 5570 5330 6.478 - 1054 1210 1210 - 12.63
Ti 0.012 0.047 0.136 0.090 - - 2430 0.051 - - 0424 0424 - 2.870
Cr - - - - - - - - - - - - - 0.164
Mn 0.145 0.121 0.061 0.020 - - 0.155 0.508 - - - - - -
Fe 7.035 15.84 38.04 1.310 4263 4259 28.00 12.69 39.57 0.790 2950 2950 - 27.32
Cu 0.006 0.009 0.018 - - - - - - - - - - -
Sr - 0.001 0.003 - - - - - - - - - - -
Ba - - - - - - - 36.29 - - - - - -
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Table 4.3 Measured and calculated effective removal cross-sections of the studied

samples

Sample ¥, cm?

category Sample Exp. MRCsC % diff. NXcom % diff.
FL1 0.1081 0.1101 1.79 0.1022 5.61
FL3 0.1289 0.1194 7.62 0.1107 15.2
FCL 0.1481 0.1334 10.4 0.1229 18.6

Concrete ocC 0.0913 0.0866 5.26 0.0818 11.0
M 0.0996 0.1006 1.04 0.0942 5.57
MF2 0.1000 0.1059 5.77 0.0992 0.80
IC 0.1240 0.1337 7.50 0.1204 2.95
BLC 0.1051 0.0981 6.89 0.0914 13.9
BCIOC 0.0996 0.0965 3.14 0.0916 8.37

Compasites BRS 0.0940 0.0925 1.58 0.0873 7.39

and organic ~ CB 0.1690 0.1698 0.48 0.1550 8.64

mixtures c7 0.1570 0.1677 6.59 0.1538 2.06
Terphenyl  0.1026 0.1092 6.25 0.0926 10.3
CFM 0.1410 0.1414 0.25 0.1275 10.1

The results reveal a maximum difference of 10.4% and 18.6% for MRCsC and NXCom,
respectively. The corresponding average percent difference is 4.6% and 8.6% for MRCsC
and NXCom. These results indicate that MRCsC approximations of the macroscopic
effective removal cross-section of shielding materials are accurate and precise when
compared to the experimental data and more consistent and accurate when compared to
NXCom results. This is attributed in part to the adoption of the latest data published by
Evaluated Nuclear Data Library “ENDF/B-VIII” and to the revised empirical model by

suggesting a new energy range for the included fast neutrons.

For a closer examination of the computed results, the elemental values of Zr/p and Zr

corresponding to FCL and BRS are reproduced in Tables 4.4 and 4.5, respectively.
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MRCsC results reveal a significant increase in the mass removal cross-section for the
moderator elements H (13.9%), B (7.29%), and C (18.3%), and a considerable increase
for intermediate and heavy elements such as Ti (35.8%), Mn (22.4%), Fe (13.8%), Cu
(13.5%), and Sr (12.7%). A modest decrease for O (4.78%) was also noticed. These
results clearly show that the database used by each program yields different elemental
results. Therefore, it can be stated that the adoption of the latest data released by
Evaluated Nuclear Data Library has provided MRCsC with a better approximation of the
macroscopic effective removal cross-section of shielding materials.

Table 4.4 Theoretically calculated values of effective removal cross-sections g (cm™)
for FCL concrete based on MRCsC and NXCom libraries for Xr/p

Element p:W. (Zr/p), cm?/g Yg, cmt

% g/cm? MRCsC NXCom % diff MRCsC NXCom
H 2.094 0.0605 0.68736 0.5980 13.9 4.17E-02 3.63E-02
O 42.37 1.2245 0.03861 0.0405 -4.78 4.73E-02 4.96E-02
Na 1.667 0.0482 0.03861 0.0341 12.4 1.86E-03 1.64E-03
Mg 1.232 0.0356 0.03475 0.0333 4.26 1.24E-03 1.19E-03
Al 1.252 0.0362 0.03622 0.0293 21.1 1.31E-03 1.06E-03
Si 1.625 0.0470 0.03404 0.0295 14.3 1.60E-03 1.39E-03
P 0.113 0.0033 0.03604 0.0283 24.1 1.19E-04 9.34E-05

0.336 0.0097 0.03336 0.0277 18.5 3.24E-04 2.69E-04
Cl 0.017 0.0005 0.03437 0.0252 30.8 1.72E-05 1.26E-05
K 0.596 0.0172 0.03395 0.0247 315 5.84E-04 4.25E-04
Ca 10.44 0.3017 0.03379 0.0243 32.7 1.02E-02 7.33E-03
Ti 0.136 0.0039 0.02943 0.0205 35.8 1.15E-04 8.00E-05
Mn 0.061 0.0018 0.02543 0.0203 22.4 4.58E-05 3.65E-05
Fe 38.04 1.0993 0.02457 0.0214 13.8 2.70E-02 2.35E-02
Cu 0.018 0.0005 0.02129 0.0186 135 1.06E-05 9.30E-06
Sr 0.003 0.0001 0.01816 0.0160 12.7 1.82E-06 1.60E-06
ZR 0.13342 0.1229

127



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

Table 4.5 Theoretically calculated values of effective removal cross-sections Zr (cm™)
for BRS- composite based on MRCsC and NXCom libraries for Zr/p

Element PW. (Zr/p), cm?lg Tk, cm?

% glem? MRCsC ~ NXCom % diff. MRCsC NXCom
B 3.650 0.0865 0.06185 0.0575 7.29 5.35E-03 4.97E-03
C 7.364 0.1745 0.06032 0.0502 18.3 1.05E-02 8.76E-03
0 42.10 0.9978 0.03861 0.0405 -4.78 3.85E-02 4.04E-02
Mg 21.07 0.4994 0.03475 0.0333 4.26 1.74E-02 1.66E-02
Al 3.727 0.0883 0.03622 0.0293 21.1 3.20E-03 2.59E-03
Si 10.76 0.2550 0.03404 0.0295 14.3 8.68E-03 7.52E-03
Ca 10.54 0.2498 0.03379 0.0243 32.7 8.44E-03 6.07E-03
Fe 0.790 0.0187 0.02457 0.0214 13.8 4.60E-04 4.00E-04
2R 0.09253 0.0873

The statistical analyses of MRCsC and NXCom results were carried out using the
statistical program SPSS v23 (Statistics, 2015). The results from the linear regression
analysis (no y-intercept model) show that both programs provide good estimates as shown
by Fig. 4.5. Although the coefficient of determination is found to be the same for both
results, the regression equations show that MRCsC values, at most, are very close to the
experimental values whereas NXCom are slightly lower. These results correlate with the
results shown in Tables 4.4 and 4.5. The results from the t-test, given in Table 4.6, reveal
that the difference between the experimental values and MRCsC results are not
statistically significant to the 95% confidence whereas the difference between the
experimental values and NXCom results are statistically significant to the 95%
confidence. Moreover, the standard error of estimate of about 0.007 and the residual sum
of squares of 0.001 for both programs indicate that their estimated values are both

accurate and precise.
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Fig. 4.5 The relation between the calculated results obtained from MRCsC program (a),

NXCom program (b) and the corresponding measured values

Table 4.6 Results from the paired samples t-test and the regression analysis

Paired samples t-test

Regression analysis

Used Resid.

brogram 45 ¢ P-value  Sum-of R? 2‘9 s Er.ror of
Squares the estimate

MRCsC 13 0.12 0.904 0.001 0.997 0.996 0.0072

NXCom 13 558 0.000 0.001 0.997 0.997 0.0066

4.5 Conclusions

MRCsC has been developed and shown to reliably predict the macroscopic effective

removal cross-section, Xr, of fast neutrons for any shielding material used as an

attenuating medium for fast neutrons. According to the results from the comparative and

statistical analyses, the following conclusions are drawn:
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1. MRCsC results are as accurate as NXCom but more consistent.

2. MRCsC mean values are statistically equal to the experimental ones to the 95%
confidence.

3. In general, MRCsC results are very close to the corresponding experimental values
whereas NXCom predictions are slightly lower.

4. MRCsC improvements in computing the macroscopic removal cross-sections are due
to the revised empirical model, by considering a new energy range for the included
fast neutrons, and the adoption of the latest version of the Evaluated Nuclear Data
Library “ENDF/B-VIII”.

5. MRCsC program is freely available upon request via contacting the authors.
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5. Mechanical and Radiation Shielding Properties of
Concrete Containing Commercial Boron Carbide

Powder

5.1 Abstract

Boron-containing compounds have an excellent radiation shielding capability against
slow neutrons. Moreover, sassolite in boron-containing compounds adversely affects
cement hydration by retarding cement setting times. Accordingly, experimental and
analytical investigations were carried out to examine the filler effect of commercial boron
carbide (B4C) fine powder with a mean particle diameter of 2.64 pm on Portland cement
hydration reaction, and concrete mechanical and radiation shielding properties.
Isothermal calorimetry method was used to study the heat evolution and the cement
degree of hydration of mixes containing 0, 25, 50 and 75% of B4C to cement by weight.
Effects of adding B4C on concrete compressive strength were then investigated.
Analytical investigations, specifically mass attenuation coefficient using WinXcom
program and effective atomic number using Auto-Zesr, were carried out to evaluate the
radiation shielding of the corresponding concrete mixes for photon energies range from
10 keV to 10 MeV. Moreover, macroscopic effective removal cross-sections for fast
neutrons and thermal neutron macroscopic absorption cross-sections were calculated
using MRCsC program and JANIS-4 software, respectively. The results confirm that the
presence of sassolite in the studied B4C powder retards the hydration reaction for the first

24h, and reveal significant improvements in concrete strength thereafter with the increase
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of boron carbide due to the filler effect. Furthermore, the addition of boron carbide

yielded measurable improvement in neutron shielding capabilities of concrete mixes.

Keywords: Boron carbide powder; Cement degree of hydration; Compressive strength;

Heat of hydration; Isothermal calorimetry; Radiation shielding.

5.2 Introduction

Concrete, being the most economical and malleable construction material, is used to build
all types of civil infrastructure including nuclear power plants and spent nuclear fuel
storage facilities [1]. Coarse and fine aggregates, which comprise up to 80% of concrete
mixes, typically are added to provide bulk to concrete, as well as strength, stiffness, and
durability. For concrete used in nuclear applications, the chemical and physical properties
of the aggregates are pivotal as they must possess effective shielding properties against
ionizing radiation like gamma rays and neutrons. Such aggregates include heavy natural
minerals, synthetic aggregates, and/or certain micro and nano additives [2-6]. Of
significance to this study is boron carbide (B4C) which is a hard-ceramic covalent
material with a Vickers hardness greater than 30 GPa and considered an effective shield

against harmful radiation especially neutrons being thermal, slow, and fast [2, 7, 8].

Boron’s thermal and slow neutrons absorption capabilities stem from two primary
isotopes, 1°B and !B, in which °B has high absorption cross-section (c2) equals to 3837
barn at E, = 0.025 eV [9, 10]. Natural boron that contains approximately 19.6% °B has a
thermal neutron absorption cross-section of 752 barn [9, 11]. For neutrons with high

energy, boron’s absorption cross-section decreases gradually with increased neutron
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energy and still considered sufficiently high and efficient when compared to other neutron
absorbers such as cadmium and gadolinium whose cross-sections become abruptly very
small [12]. For reference, boron microscopic absorption cross-section is slightly below 1
barn at 1 MeV neutron energy, and boron total microscopic cross-section ranges between
1 to 3 barn for energies from 1 to 20 MeV [13]. Moreover, boron’s reaction products
upon absorbing thermal and slow neutrons, i.e. the alpha particle, a, which turns to
neutral helium, and lithium, Li, pose minimal hazard as demonstrated in Eq. (5.1) [14,

18],

a + ILi* + 2.31 MeV (94%)

51
a + 3Li + 2.79 MeV (6%) 1)

B + fn - ['48] - {

The excited lithium (3Li*) in Eq. (5.1) emits soft captured gamma rays with energy of
about 0.478 MeV that is easily absorbed within the radiation shield [11, 14]. In
comparison, cadmium and gadolinium which also possess a high cross-section for
absorbing thermal and slow neutrons, are expensive, poisonous, and emit extremely high-
energetic secondary gamma rays that need additional shielding considerations [14, 16].
Similarly, hydrogen, whether in hydrogen-rich polymers or water, is very efficient in
attenuating fast neutrons but also has a great tendency for liberating high-energetic
capture gamma rays "2.22 MeV" upon absorbing thermal neutrons [6, 17]. As such,
boron-containing compounds are suited for applications such as transportation and

storage of spent nuclear fuel and high-level wastes where mixed radiations exist [18, 19].

Boron which does not occur naturally in a pure state, is extremely difficult to prepare and

use in its elemental form [7, 16]. As such, boron compounds have been added to concrete
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mixes as aggregate replacements with varying composition and particle sizes [7]. Boron
compounds, specifically borax and boric acid, are known to cause retardation in Portland
cement setting even when added in small percentage [7, 8, 10, 16, 20]. Boron aggregates;
colemanite, ulexite, borax, and boron carbide, when added to concrete as a coarse
aggregate, fine aggregate, or in powder form, the concrete physical and mechanical
properties were adversely affected [8, 9, 21]. Using isothermal calorimetry method,
Glinicki et al. [15] studied the effects of adding colemanite, ulexite, borax, and synthetic
boron carbide as a partial replacement of sand on the cement hydration kinetics and the

setting time, and tested the corresponding mortar compressive strength at 3 and 28 days.

The results confirmed the adverse effects of ulexite, borax, and colemanite on the cement
hydration and setting time even with small boron content of 0.3%, 1.8%, and 10%,
respectively. The effects were correlated with soluble minerals in the boron aggregates.
However, mortar containing up to 40% synthetic B4C powder with a 90 — 125 pm particle
size showed no delay in setting time and a very slight increase in the cement total heat
generated. This can only be attributed to zero soluble minerals in the synthetic B4C
powder as no leaching test was performed or other tests showing its mineral composition.
Unfortunately, most if not all high grade commercially available B4C powder contains a
small percentage of boron soluble, as such, the use of these results may be limited. Of
interest was the addition of 1 to 2% nanosilica by cement weight to colemanite and
ulexite, which acts as nucleation sites, was reported to significantly accelerate the
hydration process, and eliminate, to huge extent, the delay caused by the small amount of

boron soluble. On the other hand, regarding neutron shielding, others have reported that
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around 22% replacement of limestone with boron carbide was sufficient to effectively

attenuate poly-energetic neutrons [9, 22, 23].

Borosilicate glass which is a type of glass that contains over 80% silica and a maximum
of 15% boron trioxide, is commercially produced for its thermal shock resistance. Given
its high amorphous silica content and considerable boron content, the pozzolanic
reactivity and neutron shielding properties of the borosilicate glass powder (BSGP) with a
mean particle size of 13 um was evaluated [24]. The maximum pozzolanic reactivity was
estimated to be 55%, which is between a typical class F fly ash (=30%) and silica fume
(=80%). The results showed an 8% increase in the mortar compressive strength with the
addition of 25% BSGP as cement replacement, and a 10 to 40% increase in the mortar
neutron attenuation coefficient depending on BSGP replacement levels and curing time.
However, the results revealed that the mortar attenuation coefficient plateaus at 25%
BSGP replacement level which was attributed to reduction in hydration and pozzolanic

reaction.

The above noted findings are significant for shielding concrete as 1) cement setting
retardation adversely impacts the microstructural evolution of cement, 2) pozzolanic
reactivity enhances the microstructure, 3) nanosilica accelerates cement hydration, and 4)
boron increases neutron attenuation coefficient. Moreover, the use of high-purity
synthetic B4C with zero soluble minerals or BSGP is neither economically feasible nor

practical given the discussed limitations and considering the need for mass production.

This study aims to investigate the effects of adding a high percentage of commercially

inexpensive available B4C fine powder on the cement hydration Kinetics and concrete
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compressive strength and radiation shielding specifically, to study the benefits of adding
the fine boron carbide powder which serves as nucleation sites and the detriments of
adding boron soluble minerals which retard cement hydration. The purpose is to
determine the feasibility of commercially available B4C powder as a radiation shielding
additive to structural concrete. Experimental and analytical programs were developed to
measure the effects of B4C content on cement hydration kinetics, cement setting time,
concrete compressive strength, and concrete radiation shielding properties against

harmful radiation that includes X-ray, y-ray, thermal neutrons, and fast neutrons.

5.3 Materials and methods

Four cement paste mixes, designed to account for the boron carbide powder additions, are
summarized in Table 5.1. A 0.6 water to cement ratio (w/c) was selected to facilitate the
mixing process without the need to add chemical admixtures, to ensure sufficient water
content for the chemical reaction, and to eliminate any external effects on the cement
hydration reaction from chemical admixtures. Three samples were cast and tested per
mix. The concrete mixtures were designed using the same proportions, namely a constant
wi/c and same varying cement to boron carbide ratio. The boron carbide was added as a
fine aggregate replacement. The concrete mixtures proportions are summarized in Table
5.2. The corresponding elemental analyses along with the measured densities are

presented in Table 5.3.
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Table 5.1 Cement paste mixtures proportions

Paste ID Cement (g) Water (g) wi/c B4C powder (g)
Mix (0) 24 14.4 0.6 0

Mix (1) 24 14.4 0.6 6

Mix (2) 24 14.4 0.6 12

Mix (3) 24 14.4 0.6 18

Table 5.2 Concrete mixtures proportions

Concrete ID  Cement Water CA Sand B4C powder
(kg/m’)  (kg/m’)  (kg/m’)  (kg/m’) (kg/m?®)

Conc (0) 360 216 971 787 0

Conc (1) 360 216 971 690 90

Conc (2) 360 216 971 593 180

Conc (3) 360 216 971 495 270

Table 5.3 Concrete elemental analysis, percent weights, and density

Element Conc (0) Conc (1) Conc (2) Conc (3)
H 1.036 1.040 1.045 1.051
B 0.000 3.218 6.455 9.716
C 5.085 5.686 6.291 6.902
o) 51.87 49.83 47.78 45.71
Na 0.073 0.073 0.074 0.074
Mg 0.251 0.252 0.253 0.254
Al 0.399 0.401 0.402 0.404
Si 17.17 15.31 13.44 11.55
S 0.241 0.242 0.243 0.243
Ca 23.49 23.57 23.64 23.72
Fe 0.372 0.373 0.374 0.375
Density (g/cm®) 2.334 2.327 2.320 2.232

5.3.1 Materials

Portland cement CSA type GU manufactured by Lafarge-Holcim in Canada meeting
CAN/CSA A3001 specifications [25] was used in this study. Table 5.4 summarizes the
cement chemical and physical properties. The boron carbide powder, which was obtained
from Feldco International located in Ladera Ranch, CA, USA, possesses the physical and

mechanical properties presented in Table 5.5. Crushed limestone CA with 14 mm
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nominal maximum aggregate size was used. The aggregates were obtained from Lafarge,
North America’s Dundas quarry located in Dundas, Ontario, Canada. The specific
gravities, absorption values, and bulk density for the 14 mm CA are 2.74, 0.88%, and
1576 kg/m?, respectively. The siliceous sand with SiO, greater than 99%, and a maximum
and mean particle sizes of 5.00 mm and 0.94 mm, respectively, was obtained from
Lafarge North America’s West Paris plant. The fineness modulus, specific gravity, bulk
density, and absorption value of the used sand are 2.88, 2.71, 1756 kg/m?, and 1.28%,
respectively. The bulk density, specific gravity, and absorption value of sand and CA
were determined in accordance with ASTM C127-15 [26] and ASTM C128-15 [27],
respectively. The particle size distribution was evaluated and found to comply with CSA

A23.2 specifications [28].

Table 5.4 Physical properties and chemical composition of Portland cement type GU

Physical/Mechanical property Value Spec. limit [25]
Blaine Fineness (m?.kg™?) 363 -
Percent passing 325 mesh (45 um) (%) 96 >72
Autoclave expansion (%) 0.08 <l
Compressive strength (MPa)

3 days 26.1 >14.5

7 days 32.7 >20.0
28 days 40.7 >26.5
Time of setting-initial (min) 103 45 — 375
Chemical composition Value Spec. limit
SiO2 (%) 19.5 -
Al;03 (%) 4.9 -
Fe,O3 (%) 3.1 -
CaO (%) 61.6 -
MgO (%) 2.7 <5
SOz (%) 3.9 <3
Loss on ignition at 950°C (%) 2.3 <3
Insoluble residue (%) 0.52 <1.5
Equivalent Alkalis (%) (as Na Oxide) 0.64 -
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Table 5.5 Physical and mechanical properties of boron carbide powder

Water Solubility Insoluble
Odor Odorless
Form Fine powder
Color Black
Specific gravity 2.51
Particle size <6um
Chemical stability Stable
Flexural strength (MPa) 408
Elastic modulus (GPa) 452
Hardness (kg.mm?) 3200
Poisson’s ratio 0.16

5.3.2 Samples’ preparation and tests protocol

The experimental procedure for mixing and placing was the same for all the cement
mixes. The mixing water was placed in the calorimeter to reach the temperature of 21 °C,
while the cement and boron carbide were kept in the laboratory at 21+2 °C for at least
24h prior to mixing. The mixture’s constituents were weighed and mixed using the
external mixing method outlined in ASTM C1702 - Method B [29] with a time gap
between the start of mixing and logging initiation for the samples inside the calorimeter
kept at 10 min for all the mixes. The measurement of isothermal heat was done on the
cement paste mixes in triplicate at 21°C for 72 h, using I-Cal 8000 HPC isothermal

calorimeter with CalCommander software. The measurements were recorded every 1 min.

Concrete mixing procedure was as follows: a) Mix water and AEA for 30 s; b) Place CA,
sand, cement, 1/3 of the mixed fluid into the pan mixer; ¢) Mix the content for 2 min; d)
Add the remaining fluid while the mixer is still running; €) Mix the content for an
additional 2 min; f) Stop the mixer for 1 min; g) Mix the content for 1 min.

Subsequently, the slump and air content of two samples were measured according to CSA
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test method A23.2-5C [28] and CSA test method A23.3-4C [28], respectively. Three 100
mm by 200 mm standard cylinders were cast, consolidated by rodding, and finished in
accordance with ASTM C192-02 [30]. The cylinders were sealed for 24 h then de-
moulded and placed in a moist curing room, where the relative humidity was greater than
95% and a constant temperature of 24°C. The concrete compressive strength was
evaluated after 3 and 28 days in accordance with ASTM C39-12 [31]. Reported results

represent the average and one standard deviation of three cylinders.

The physical and chemical characterization of boron carbide were carried out using the
Multisizer 3 Coulter Counter particle size analyzer [32] and D8 Discover X-ray
diffractometer from Bruker with cobalt X-ray source at 60 kV [33], respectively. Boron
carbide particle size distribution was measured using a sample volume of 67.09 um?and a
particle size analysis ranging from 0.6 to 18 um. The X-ray diffraction (XRD) analysis
was performed based on Bragg's law [34]. The reflection peaks, corresponding spacing
distances, and intensities were obtained for 20 ranging between 16 and 94 at 298 k. The
International Center for Diffraction Data (ICDD) files [35] were used to identify the

mineralogy of the boron carbide powder.

Multiple analytical tools were used for evaluating the radiation shielding properties of
concrete containing boron carbide. Concrete mass attenuation coefficients (u/p) were
calculated using WinXcom program [36] for photons’ energies from 10 keV to 10 MeV.
WinXcom was used to compute the mass attenuation coefficient for X-rays and y-rays up

to 100 GeV for elements, chemical compounds, and composites. Using the elemental
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analysis of the mixture, the mass attenuation coefficients were calculated according to
[36, 37]

% = 2w (%)i (5.2)
in which w and i are, respectively, the weight fraction and i element. The corresponding
linear attenuation coefficient (x) in cm™, half-value layer (HVL) in cm, and mean free
path (MFP) in cm, were also calculated to assess their photons attenuation capabilities

using the following equations [22, 37]:

n==:p (5.3)
HVL = ”‘72 (5.4)
MFP = i (5.5)

in which p is the mixture density.

The effective atomic number (Zefr), needed to assess the mixture shielding against X-rays
and y-rays, was calculated using the computer program Auto-Zes version 1.7 [38]. The
program has a matrix of cross-sections at photon energies starting from 10 keV to 1 GeV
and atomic numbers from Z = 1 to 100. The calculated cross-sections for the mixture,
using its elemental weight fractions by linear summation, are compared to the built-in
matrix as a function of Z, and then Ze is computed at each energy by interpolation (b-
spline) of Z values between the adjacent cross-section data. The program was used to

compute the concrete mixture Zess for photon energy ranging from 10 keV to 10 MeV.

The concrete mix shielding capabilities against fast neutrons is assessed by calculating its

macroscopic effective removal cross-section (Xr) using MRCsC software [39]. MRCsC,
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which has a built-in database of mass removal cross-section values for all naturally
occurring elements [39], employs the weight fractions and density of the mixture to

predict the corresponding 2r as per the following equation,
Zp =21 pswi(Zr/p)i = X1 pi(Zr/p); (5.6)
in which p, and p; are the mixture density in g/cm? and density of the ith element.

The efficiency of the concrete mixes in absorbing and eliminating thermalized neutrons
was evaluated by calculating the macroscopic absorption cross-section (Xa) at En = 0.025
eV using the computer program JANIS-4, which is an improved version of the NEA Java-
based Nuclear Data Information System that provides access to nuclear evaluated
certified libraries such as EXFOR, CINDA, EAF, ENDF and others [40]. For precise and
up-to-date calculations, the ENDF/ B-VIII library which is the most recently updated
version of the ENDF database, that was released in 2018, was selected for the calculations
[13]. Thermal neutron macroscopic absorption cross-section, X, (E,, = 0.025 eV), cm?,

for each mortar mix was calculated as follows,

(Za/p)i =7 (00 (5.7)
N =P (5.8)
Za(En = 0.025eV) = 2T psw;(Za/p); (5.9)

in which (a,)i, M;, (Z,/p)i, Na, and N are the thermal neutron microscopic absorption
cross section (cm?/atom), molar mass (g/mol), macroscopic thermal neutron mass
absorption cross-section (cm?/g), Avogadro’s constant (atom/mol), and the atomic density

of the element (atom/cm?®), respectively. The required thicknesses to remove half of the
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initial fast neutrons intensity (HVL#m) and to fully absorb half of the initial thermal
neutrons intensity (HVLwn) were calculated using Eq. (4) and replacing x with 2r and 2,
respectively, as given below [22, 37].

In2
HVLgy = 2~

n2

HVLopn = 52

(5.10)

5.4 Results and Discussion

5.4.1 Powder characterization

Boron carbide particle size distribution, shown in Fig. 5.1, reveals that the powder has a
maximum particle size less than 6 pm and a mean diameter of 2.643 pm. The distribution
also shows that 91% of the particles’ diameter ranges between 1.175 and 4.575 pum, and
about 4% are in the nanoscale. Accordingly, boron carbide particles are finer than those

of the Portland cement and can provide nucleation sites for the cement.
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Fig. 5.1 Boron carbide particle size distribution
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Results of the boron carbide powder XRD analysis, shown in Fig. 5.2, reveal that the
powder consists of 4 minerals; boron carbide (C17B133), graphite (C), silicon carbide
(SiC), and sassolite with the latter being the mineral form of boric acid (HsBOz). The
percent weights of the boron carbide powder constituents are presented in Table 5.6.The
associated Rietveld refinement analysis results show that the purity of the boron carbide

powder exceeds 97% by weight.

Reported studies on the use of boron carbide in cement have revealed that sassolite (boric
acid) and borax retard the setting time of cement even in small percentage [7, 8, 16]. As
noted in Table 5.6, boron carbide was found to contain 0.9% sassolite by weight. The
effects of sassolite on the kinetics of cement chemical reactions are presented next using

isothermal calorimetric test results.
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Fig. 5.2 XRD mineral spectrum of boron carbide powder
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Table 5.6 Boron carbide powder mineral composition and corresponding weight percent

ICDD reference code Mineral name Chemical formula Weight (%) [Std]
01-083-0855 Boron carbide C17B133 97.23 [0.115]
01-075-1621 Graphite — 2H C 0.567 [0.057]
00-049-1429 Silicon carbide SiC 1.267 [0.058]
00-030-0199 Sassolite H3BO3 [B(OH)s] 0.933[0.152]

5.4.2 Isothermal calorimetry

The isothermal calorimetry test results, in triplicate for the cement paste mixes containing
boron carbide and sextuplet for the control mix, in the form of heat flow rate are shown in
Fig. 5.3. The corresponding mean and coefficient of variance (COV) of the peak heat
flow rate value (hmax), time of the peak heat flow rate occurs, and cumulative heat
released, summarized in Table 5.7, reveal the accuracy and repeatability of the
measurements. Results show that the addition of 25% and 50% of B4C per cement by
weight resulted a 7% and 13% increase in hma, & 5.0h and 7.5h shift or delay in the
occurrence of hmax, and a 12% and 15% increase in the cumulative heat released after 72h,
respectively, when compared to Mix (0) that contains no B4C. Moreover, the addition of
75% B4C per cement has resulted in a 5% decrease in hmax, a 15.4h delay in the
occurrence of hmax, and a 35% increase in cumulative heat released after 72h in
comparison to Mix (0). In brief, the results confirm the retardation effect of the studied
boron carbide powder on the cement hydration reaction, but also show that the overall
cement hydration improved almost exponentially as B4C per cement ratio increased from

0 to 75%. These results are evident in Fig. 5.4.
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Fig. 5.3 Cement pastes’ mean heat flow rate curves

Table 5.7 Cement paste hmax, Time of hmax, and H determined by isothermal calorimetry

Mix hmax Time of hmax H @ 72 h
Mean (mW/g) COV (%) Mean(h) COV (%) Mean (J/[g) COV (%)
Mix (0) 3.352 2.6 8.0 0.9 277 2.1
Mix (1) 3.573 2.2 13.0 2.2 311 1.0
Mix (2) 3.799 2.3 15.5 5.1 319 15
Mix (3) 3.187 3.6 234 11 367 2.0
400
— Mix (0)
—— Mix (1) [
Mix (2) 4
300 4| — Mix® e F v = 4[
200 z

Heat of hydration, J/g

100 - /{/
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Time, h

Fig. 5.4 Cement pastes’ mean cumulative heat curves
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The cement initial setting time was estimated using the calorimetry test results and the
tangents intersection method proposed by Bobrowicz [41]. The results, in the form of
mean values and COV, given in Table 5.8, indicate that the initial setting was delayed
4.9h, 5.8h and 11.4h with the addition of 25%, 50% and 75% of B4C per cement weight,
respectively. The observed retardation values in initial setting time, albeit they are not

negligible, they are still manageable even with the 75% addition of B4C.

Table 5.8 Estimated cement paste initial setting time

Mix Initial setting time
Mean (h) COV (%)
Mix (0) 1.9 5.1
Mix (1) 6.8 2.9
Mix (2) 7.7 7.1
Mix (3) 13.3 4.0

The results have so far quantified the effects of adding boron carbide powder to cement
on the chemical reaction Kkinetics but not the causes and consequences. Previous studies
have concluded that sassolite (boric acid) acts as a cement retarder even in very small
percentages [2, 7, 8, 16, 42]. Boric acid (HsBOs or B(OH)s) which is a weak acidic
hydrate of boric oxide, is partially soluble in cold water and its solubility increases with
temperature and alkaline media. Boric acid forms soluble salts with monovalent cations
like Na* however, it forms insoluble salts with divalent cations such as Ca*? [43, 44].

First, it partially dissolves in water liberating H*, as given in Eq. (5.11) [42].

B(OH); + H,0 - B(OH); + H* (5.11)
It also has great tendency to form complexes and insoluble compounds with the dissolved

ions in the pore solution, especially Ca*? and OH", forming insoluble precipitate such as
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calcium borate hydrate (CBH, CaB(OH)s*) and calcium diborate hexahydrate (CBHes,

Ca0-B204-6H20) as given in Egs. (5.12 and 5.13) [2, 42, 45].

B(OH);(aq) + Ca?* + H,0 - CaB(OH)} + 0.5H, (5.12)
2B(0H)3 + Ca?* + 70H™ + H,0 - Ca0 - B,0, - 6H,0 (5.13)
During the reactions, the alkalinity of the pore solution decreases due to the liberated
hydrogen ions (H*) and consumption of hydroxyl anions (OH"). The consumption of the
dissolved ions especially Ca*? and OH" reduces their concentration and retards the
occurrence of the saturation level needed for the formation and precipitation of cement
hydration products that trigger the “nucleation and rapid growth” stage. Additionally, the
meta stable layer of the above mentioned borates (CBH) can form on the un-hydrated
cement and encapsulate them, thus inhibiting the dissolution of more ions and diffusion of
solution to the grains’ surface [2, 20, 42]. These chemical reactions triggered by the
presence of boric acid prolong the dormant stage [2, 20, 46]. By using the solubility
curves of boric acid at 21°C, an estimate of 2.708 g of solute per 100 g of sat. solution is
deduced [47]. Accordingly, the soluble boric acid for Mix (1), Mix (2), and Mix (3) is
estimated at 0.417, 0.833, and 1.25 g per 100 g of saturated solution, respectively. The
estimated solutes in Mix (1) to Mix (3) and results of Egs. 5.11 to 5.13 explain the

prolongation in the dormant period upon increasing the amount of B4C.

After 24 h, the total cement reactivity are found to increase for Mix (1) and Mix (2)
according to their total heat released compared to Mix (0), and for Mix (3) after 48h. This
increase in cement reactivity is attributed to the filler effect of the B4C fine powder,

which provides nucleation sites that enhance the nucleation and growth of CSH [48, 49].
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The retardation effect of boric acid and the benefit of B4C filler effect are evident in Mix

(3), see Fig. 5.4 [50].

The consequences of adding B4C to cement are assessed by means of cement degree of
hydration and compressive strength. The hydration Kinetics of the Portland cement were

assessed using the mixes heat release rate measurements and the following relationship

[51, 52,
ac =22 (5.14)

in which ac, H(t) and Hy are the cement degree of hydration, heat released up to time t,
and the ultimate heat obtainable from the reaction, respectively. Riding et al. [51] has

provided a complete model that accounts for the cement chemistry as given below.

Hy, = H; =500 pc3s + 260 peas + 866 pezg + 420 peaar + 624 psoz + 1186 Prree—cao +
850 Pugo (5.15)

in Which pess, Peas, Pesa, and peaar are respectively,the mass fractions of tricalcium
silicate, dicalcium silicate, tricalcium aluminate, and tetracalciumaluminoferrite phases in

Portland cement, and pso3, Drree—cao, @Nd Py g0 are mass fractions of SOs, free CaO and

MgO in Portland cement, respectively. The temporal degree of hydration determined
using the isothermal calorimetry measurements and Eq. (5.14) are summarized in Table
5.9. The results show that the overall effects of B4C on the chemical reaction have no
notable consequences on the structure development after 24h for the mixes containing up
to 50% addition of B4C per cement and 48h for Mix (3) with 75% addition of B4C per
cement. Moreover, the improvement in the cement degree of hydration upon adding B4C

powder is evident after 72h [53, 54].
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Table 5.9 Cement paste temporal degree of hydration

Mix
12h 24h 48h 72h
Mean COV (%) Mean COV (%) Mean COV (%) Mean COV (%)
Mix (0) 024 15 040 1.2 052 16 058 21
Mix (1) 016 74 041 25 058 11 065 1.0
Mix (2) 0.14 88 042 28 060 13 067 15
Mix (3) 0.11 49 028 17 062 19 077 20

The concrete compressive strength at 3 and 28 days was measured for Conc (0) and

estimated at 1, 3, and 28 days using the measured cement degree of hydration and

compressive strength prediction model [54]. The model results are found to be within 6%

of the measured compressive strength. The results also show that a considerable increase

in Conc (3) strength at 3 days and a measurable improvement in Conc (1) and Conc (2)

strength which is attributed to the filler effect. These results demonstrate that the concrete

mixes except for Conc (3) are suitable for demolding after 24 to 48h, and Conc (3)

between 48 to 72h. For reference, concrete forms are removed for walls and columns 1 to

2 days after casting and about 3 to 4 days for slabs [55, 56].

Table 5.10 Concrete compressive strength (MPa)

Concrete  1-day 3-days  3-day 28-day 28-day
ID Exp. Exp.
Conc(0) 7.8 21.8 21.1+0.8 33.0 31.0£0.3
Conc (1) 85 26.6

Conc(2) 9.1 27.9

Conc(3) 0.5 34.3

5.4.3 Radiation shielding

The concrete mass attenuation coefficient (Wp), linear attenuation coefficient (p), half-

value layer (HVL), and mean free path (MFP), calculated using WinXCom program [36],
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are shown in Fig. 5.5. To get a clear image, the values at known representative energy
lines, namely the photon categories such as intermediate and high-energy X-rays that also
stand for low-energy gamma rays, and intermediate and high-energy gamma rays, are
reproduced in Tables 5.11 and 5.12. The results show that mass and linear attenuation
coefficients have the same decreasing pattern as photon energy increases for all 4
concrete mixes. This behavior indicates that the total interaction cross-section of the
transmitted photons within the shield atoms and their corresponding electronic clouds
decreases with increasing photon energy [22, 37]. However, the corresponding HVL,
which corresponds to the required shield thickness to eliminate half of the initial photons’
intensity, flux, or dose, and MFP, which is the average distance a photon should travel in
the shield before interacting, increase as photon energy increases for all 4 concrete mixes.
The results show that the addition of boron carbide powder even at a high percentage has
a minor decreasing effect on the gamma rays’ attenuation efficiency. The percent
decrease in the concrete mixes mass and linear attenuation coefficients and percent
increase in HVL and MFP are recorded to be less than 6% at low, intermediate, and high-
energy gamma rays for the concrete mix with the highest B4C content, Conc (3), in

comparison to the reference mix, Conc (0).
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Fig. 5.5 Concrete pw/p, p, HVL and MFP calculated using WinXCom program
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Table 5.11 Concrete mass and linear attenuation coefficients at selected photon energies

Conc(3)/Conc(0)

Property Ey MeV) Conc (0) Conc (1) Conc(2) Conc(3) % Decrease

0.031 1.341 1.320 1.299 1.278 4.70

0.081 0.224 0.223 0.221 0.219 2.23
Wp (cm?/g) 0.356 0.102 0.102 0.101 0.101 0.98

0.662 0.078 0.078 0.078 0.078 0.64

1.173 0.059 0.059 0.059 0.059 0.67

1.332 0.056 0.056 0.055 0.055 1.79

0.031 3.130 3.072 3.014 2.955 5.59

0.081 0.523 0.518 0.512 0.507 3.05
(e 0.356 0.238 0.237 0.235 0.234 1.68

0.662 0.182 0.181 0.180 0.179 1.65

1.173 0.139 0.138 0.137 0.136 2.16

1.332 0.130 0.129 0.129 0.128 1.54

Table 5.12 Deduced concrete half-value layer and mean free path at selected photon

energies

Property Ey (MeV) Conc(0) Conc(l) Conc(2) Conc(3) (();)orncc(fe);i:eonc(O)
0.031 0.221 0.226 0.230 0.234 5.88
0.081 1.326 1.339 1.353 1.366 3.02
0.356 2.912 2.929 2.946 2.962 1.72

HVLCm) 662 3800  3.820 3841  3.863 1.66
1.173 4,997 5.024 5.051 5.081 1.68
1.332 5.332 5.361 5.390 5.421 1.67
0.031 0.319 0.326 0.332 0.338 5.95
0.081 1.913 1.931 1.951 1.971 3.03

MFP (cm) 0.356 4.200 4.226 4.251 4.274 1.76
0.662 5.482 5.512 5.541 5.574 1.68
1.173 7.209 7.248 7.287 7.330 1.68
1.332 7.692 7.735 7.776 7.821 1.68

When adding B4C powder, a minor degradation effect is observed at very low photon
energies, as the predominant interaction mechanism is the photoelectric effect, which is

directly proportional to Z* and inversely proportional to E3° [37]. For higher energies,
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this degradation becomes insignificant. At intermediate and high-energy gamma rays,
namely energies of 0.356, 0.662, 1.173, and 1.332 MeV, the predominant mechanisms are
Compton scattering and pair production mechanisms that have lower sensitivity to both
atomic number and photon energy variations in comparison to the photoelectric
mechanism. As such, these two mechanisms are less dependent on E besides, Compton
scattering is linearly proportional to Z and pair production varies with zZ2 [5, 22, 37].
Regarding the obtained Zefr values using Auto-Zeff program, Fig. 5.6. shows that the
values slightly decrease for concrete mixes as B4C per cement increases over the studied
energy range.

13
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—v— Conc (1)
—&3— Conc (2)
—O— Conc (3)

11 A

10 A

Effective atomic number Z

0.01 0.1 1 10
Energy, MeV

Fig. 5.6 Concrete effective atomic number with photon energy

As Zest is fundamentally attributed to the interaction mechanisms of the photons with the
attenuating medium, its value notably varies with the photon energy. As a result, higher
values are seen at lower energies due to the dominance of the photoelectric mechanism

which greatly depends on the atomic number as denoted earlier. However, for the energy
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range from 0.1 MeV up to about 2 MeV, the lowest Zes values are in this range and,
almost, independent on the incident photon energy, which can be attributed to the
dominance of Compton scattering mechanism. A regain in the increasing slope can be
observed for all the concrete mixes after 2 MeV and up to 10 MeV, as the pair production
mechanism that depends on the squared value of the atomic number becomes a major

interaction mechanism.

The macroscopic fast neutron removal cross-section values, Xy, calculated using the
MRCsC program, are presented in Table 5.13. The results show that the addition of boron
carbide has a slight positive effect on fast neutron attenuation efficiency, resulting in a
decrease in the required half-value layer. The calculated percent change in concrete’s Xr
and HVLs ranged from approximately 2% to 6% as B4C per cement content increases

from 25% to 75%.
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Table 5.13 Concrete mixes calculated Xr and HVLs, values

Conc (0) Conc (1) Conc (2) Conc (3)

Partial Partial X Partial Partial X Partial Partial 2~ Partial Partial Zg

density (cm™) density (cm™) density (cm™) density (cm™)
H 2.42E-02 1.66E-02 2.42E-02 1.66E-02 2.43E-02 1.67E-02 2.43E-02 1.67E-02
B 0.00E+00 0.00E+00 7.49E-02 4.63E-03 1.50E-01 9.26E-03  2.25E-01 1.39E-02
C 1.19E-01 7.16E-03 1.32E-01  7.98E-03 1.46E-01 8.80E-03 1.60E-01 9.63E-03
O 1.21E+00 4.67E-02 1.16E+00 4.48E-02 1.11E+00 4.28E-02 1.06E+00 4.08E-02
Na 1.71E-03 6.60E-05 1.71E-03  6.60E-05 1.71E-03 6.60E-05 1.71E-03 6.60E-05
Mg 5.86E-03 2.04E-04 5.86E-03 2.04E-04 5.86E-03  2.04E-04 5.86E-03 2.04E-04
Al 9.34E-03  3.38E-04 9.34E-03  3.38E-04 9.34E-03  3.38E-04 9.34E-03 3.38E-04
Si 4.01E-01 1.36E-02 3.56E-01 1.21E-02 3.12E-01 1.06E-02 2.67E-01 9.09E-03
S 5.63E-03 1.88E-04 5.63E-03 1.88E-04 5.63E-03 1.88E-04 5.63E-03 1.88E-04
Ca 5.48E-01 1.85E-02 5.48E-01 1.85E-02 5.48E-01 1.85E-02 5.48E-01 1.85E-02
Fe 8.67E-03 2.13E-04 8.67E-03 2.13E-04 8.67E-03 2.13E-04 8.67E-03 2.13E-04
Tk (cm™) 0.1037 0.1057 0.1077 0.1097
% Inc. Zr - 1.9 3.9 5.8
HVL# (cm) 6.684 6.558 6.436 6.318
% Dec. HVLyn - 1.9 3.7 55

The calculated macroscopic absorption cross-section (Xa) values for thermal neutrons

obtained using ENDF/ B-VIII library [13] and JANIS-4 software [40] are presented in

Table 5.14. The results show that the addition of boron carbide has a significant positive

effect on absorbing thermal neutrons. This benefit is attributed to the boron element as it

is known to be a strong thermal and slow neutron absorber [37, 57]. Accordingly, the

increase in thermal neutron macroscopic absorption cross-section (Xa) and the decrease in

the required half-value layer with the increase in B4C per cement are very large when

compared to Conc (0).
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Table 5.14 Concrete mixes calculated X3 and HV L values

Conc (0) Conc (1) Conc (2) Conc (3)

Partial Partial ¥,  Partial Partial ¥,  Partial Partial ¥,  Partial Partial Z,
density (cm™) density (cm™) density (cm™) density (cm™)

H 2.42E-02 4.84E-03 2.42E-02 4.85E-03 2.43E-02 4.86E-03 2.43E-02 4.87E-03
B 0.00E+00 0.00E+00 7.49E-02 3.21E+00 1.50E-01 6.42E+00 2.25E-01 9.64E+00
C 1.19E-01 2.29E-05 1.32E-01 2.55E-05 1.46E-01 2.81E-05 1.60E-01 3.07E-05
) 1.21E+00 7.74E-06 1.16E+00 7.41E-06 1.11E+00 7.09E-06 1.06E+00 6.76E-06
Na 1.71E-03 2.36E-05 1.71E-03 2.36E-05 1.71E-03 2.36E-05 1.71E-03 2.36E-05
Mg 5.86E-03 9.17E-06 5.86E-03 9.17E-06 5.86E-03 9.17E-06 5.86E-03 9.17E-06
Al 9.34E-03 4.86E-05 9.34E-03 4.86E-05 9.34E-03 4.86E-05 9.34E-03 4.86E-05
Si 4.01E-01 1.42E-03 3.56E-01 1.26E-03 3.12E-01 1.10E-03 2.67E-01 9.45E-04
S 5.63E-03 5.51E-05 5.63E-03 5.52E-05 5.63E-03 5.51E-05 5.63E-03 5.51E-05
Ca 5.48E-01 3.63E-03 5.48E-01 3.63E-03 5.48E-01 3.63E-03 5.48E-01 3.63E-03
Fe 8.67E-03 2.41E-04 8.67E-03 2.41E-04 8.67E-03 2.41E-04 8.67E-03 2.41E-04
Ta(cm™) 0.0103 3.222 6.434 9.646

% Inc. Xa - 3.1E+04 6.2E+04 9.4E+04

HVLn(cm) 67.31 0.215 0.108 0.072

% Dec. HVL, - 99.7 99.8 99.9

5.5 Conclusions

Based on the experimental and analytical results carried out on the cement paste and
concrete mixes with varying B4C powder content, the following conclusions were

achieved:

1. The studied commercial boron carbide powder is a fine powder with a 2.643 pm mean
particle size and a 97% purity.

2. The presence of 0.9% sassolite in the boron carbide powder retarded the cement paste
initial setting time by 4.9h, 5.8h and 11.4h with the addition of 25%, 50% and 75% of
B4sC per cement, respectively, however, the cement hydration reaction was

significantly enhanced thereafter by B4C fine particle size due to the filler effect.
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3. Cement paste mixes from 0 to 50% B4C per cement yielded statistically equal cement
degree of hydration at 24h, while the paste with 75% B4C per cement yielded a 30%
decrease.

4. After 48h and 72h, the cement degree of hydration values for the mixes containing
25%, 50% and 75% B4C per cement were 12%, 15% and 19%, and 12%, 16% and
33% greater than the mix with no B4C, respectively.

5. The compressive strength of concrete containing up to 50% B4C per cement is greater
than the mix with no B4C after 24 h, and the mix with 75% B4C per cement is the
largest after 3 days.

6. The addition of boron carbide to concrete as fine aggregate replacement has an
insignificant effect on y-rays attenuation properties.

7. High percent addition of B4C powder to concrete slightly enhanced its fast neutrons
shielding properties.

8. The addition of B4sC powder to concrete, even in small percentages, led to a significant
increase in the thermal neutrons’ absorption capability of the composite shield.

9. Concrete mix containing up to 50% B4C per cement is found beneficial to the
development of concrete early age properties and achieving effective neutron

shielding.
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6. Radiation shielding properties of modified concrete

mixes and their feasibility in dry storage cask

6.1 Abstract

The radiation shielding properties of 8 concrete mixes were studied in detail. The
concrete mixes included 4 coarse aggregate types; dolomite, barite, ilmenite, and
celestite, and 2 cementing material content. Important radiation shielding parameters
accounted for in this study include: Mass attenuation coefficient for energy ranging from
10 keV to 10 MeV was calculated using the WinXCom program then linear attenuation
coefficient, half value layer, tenth value layer, and mean free path were deduced;
Effective atomic number was calculated for the same energy range using Auto-Zest
software; Exposure build-up factor was calculated using the Geometric Progression
approximation method up to 40 mean free path using Phy-X/PSD Software for energy
ranging from 15 keV to 10 MeV; Fast neutrons macroscopic effective removal cross-
section (X¥r) and thermal neutron macroscopic  absorption  cross-section
(Zabs(En=0.025eV)) were calculated using MRCsC and JANIS-4 programs, respectively.
Subsequently, the 8 concrete mixes were assessed for use in a dry storage cask using
OpenMC code. The results confirmed that heavy concrete mixes have better radiation
shielding properties than that of traditional mixes. Concrete mixes containing barite and
celestite were the best in attenuating gamma rays emitted in a broad beam situation. The
contribution from neutronic dose in the calculation of the total dose rate at the cask’s

outer surface is very small compared to that of gamma rays or photons.
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Keywords; Concrete; Gamma rays; Neutrons; OpenMC; Radiation shielding; Storage

cask.
6.2 Introduction

With the misconception of zero-emission green energy source, nuclear energy has
emerged as one of the most popular and effective ways for generating electricity around
the globe. However, nuclear energy produces radioactive material which subsequently
becomes radioactive waste. Therefore, materials that effectively reduce the exposure to
hazardous indirect ionizing radiation like gamma rays and neutrons are essential for the
sustainability of the nuclear industry. Accordingly, radiation shielding materials have
been developed and documented in literature such as modified heavy glass systems doped
with heavy metals and rare earth elements’ oxides (Kaur et al., 2019; Tekin et al., 2019;
Lakshminarayana et al., 2020; Mahmoud and Rammah, 2020), polymeric composites
(Shin et al., 2014; Sayyed, 2016; Elwahab et al., 2019), modified alloys (Tellili et al.,
2017; Levet et al., 2020; Alshahrani et al., 2021), and modified radiation shielding
concretes that utilize heavy natural minerals, synthetic aggregates, and/or certain micro
and nano additives (EI-Samrah et al., 2018; El-Samrah et al., 2018; Oto et al., 2019;
Masoud et al., 2020; Zayed et al., 2020). Notwithstanding, radiation shielding concrete
remains the most widely used shielding material due to its high strength, durability,
malleability, versatility, relatively inexpensive, availability, and suitability for small and

large rigid shielding components and installations (Kaplan, 1989; Zayed et al., 2020).
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Assessment of a material effectiveness to radiation shielding is often carried out
analytically and/or through numerical modeling prior to conducting any experimental
investigation (El-Khayatt, 2010; Oto et al., 2019; Tekin et al., 2019; Lakshminarayana et
al., 2020; Mahmoud and Rammah, 2020). The material radiation shielding parameters are
first analyzed to evaluate its capabilities in attenuating photons and neutrons at different
energies such as mass attenuation coefficient (W/p), linear attenuation coefficient (p), half
value layer (HVL), tenth value layer (TVL), mean free path (MFP), effective atomic
number (Zetf), exposure build-up factors (EBF), fast neutrons macroscopic effective
removal cross-section (Xr), and thermal neutron macroscopic absorption cross-section
(Zas(E, = 0.025 eV)) (Kaplan, 1989; Lamarsh and Baratta, 2001; Bethge et al., 2004).
Additionally, Monte Carlo methods such as GEANT4 (Allison et al., 2006), MCNPX
(Waters et al., 2007), SuperMC (Wu et al., 2015), and OpenMC (Romano et al., 2014)
can provide reliable simulations for real and complex radiological applications. It is
critical to simulate the shielding components, in addition to the integral parameters such
as (uw/p) and TVL, for realistic geometries to assess overall suitability of the shielding

material (Waters et al., 2007; Tekin et al., 2019; Azreen et al., 2020).

This study examines the effectiveness of radiation shielding concrete mixes prepared
using natural heavy minerals including celestite, which is used for the first time in this
study as a coarse aggregate in radiation shielding concrete. The radiation shielding
properties of the concrete mixes were first investigated for both photons and neutrons.

Subsequently, the feasibility of radiation shielding concrete-based dry storage cask was
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assessed by means of a 1-D axisymmetric model representing the geometry of the cask

and the simulation software OpenMC (Romano et al., 2014).

6.3 Materials and Methods

Experimental and analytical programs were developed to study the effects of cementing
content and aggregates on the radiation shielding concrete (Kaplan, 1989; Abo-EI-Enein
et al., 2014; Ouda, 2015; El-Samrah et al., 2018; Masoud et al., 2020). Accordingly, eight
concrete mixes with varying density and composition were designed using the absolute
volume method (ACI, 1996) to meet a target slump of 100 + 15 mm without any signs of
segregation and bleeding, and a minimum compressive strength of 45 MPa. The
experimental and analytical programs include respectively, the design of the experiment,
the quantification of the concrete mixture chemical composition, physical properties, and
elemental composition, and the estimation of concrete’s mass and linear attenuation
coefficients, half value and tenth value layer, mean free path, effective atomic number,

exposure build-up factors, and the fast neutron and thermal neutron shielding properties.

6.3.1 Design of experiment

The experimental variables considered in this study are coarse aggregate and cementing
material content. Specifically, four aggregate types are studied; dolomite which is
composed of calcium magnesium carbonate, CaMg(COs)2, quarried from Helwan region
in Egypt; barite which consists of barium sulfate, BaSOa, extracted from El-Bahariya
Oasis of the Western Desert in Egypt; ilmenite which is a titanium-iron oxide mineral,
FeTiOs, supplied by EI-Nasr Phosphate Company in Egypt; and celestite which is a

mineral consisting of strontium sulfate, SrSO4, mined from Wadi-Essel in Egypt. The
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aggregates chemical and physical properties are given in Table 6.1. The cementing
material includes ordinary Portland cement (OPC) Type I, silica fume (SF), and ground
granulated blast-furnace slag (GGBFS). The cementing materials composition and
properties are also given in Table 6.1. OPC and GGBFS were produced by Egypt’s
Tourah Portland Cement Company and conform to ASTM C-150 (ASTM-C150, 2012)
and ASTM C-989 (ASTM-C989, 2006), respectively. SF was supplied by Egypt Geos
Company and conforms to ASTM 1240 (ASTM-C1240, 2006). Sikament® NN, which is
a high range liquid water reducer that is produced by Sika in compliance with ASTM
C494 type G (ASTM-C494, 2011), was added as needed to achieve the target slump

without segregation and bleeding.

The eight concrete mixes, given in Table 6.2, were proportioned to have a 0.4 water to
cementing ratio, a 20 mm nominal maximum coarse aggregate size, a 2 to 1 ratio of
coarse aggregate to fine aggregate by volume, and 7% SF and 20% GGBFS as OPC
replacement by weight. The total aggregate volume fraction is 0.56 and 0.64 for the mixes
with 600 and 500 kg/m?® cementing content, respectively. The coarse and fine aggregates
particle distribution conforms to ASTM C637 (ASTM-C637, 2009). The fine aggregate,
which was obtained from Helwan region in Egypt, is siliceous sand with a fineness

modulus of 2.88 and a maximum particle size of 4.75 mm.
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Table 6.1 Chemical and physical properties of cementing materials and aggregates

Oxides/ Composition [weight, %]
Compounds  OPC SF GGBFS Sand Dolomite Barite liImenite  Celestite
SiO, 2.28E+01 9.71E+01 2.45E+01 9.58E+01 2.24E+00 2.03E+00 3.66E+00  2.05E+00
AlO3 5,57E+00 1.00E-02 7.46E+00 1.12E+00 9.50E-01  6.40E-01  7.10E-01  4.40E-01
Fe:0s3 3.92E+00 1.09E+00 3.42E+00 8.20E-01  6.10E-01  6.79E+00 2.84E+01  2.70E-01
FeO - - - - - - 2.58E+01 -
CaO 6.13E+01 2.00E-02 5.56E+01 5.20E-01 3.79E+01  6.60E-01  2.00E-01  1.98E+01
MgO 157E+00 1.00E-02 3.36E+00 1.00E-01  1.50E+01  3.80E-01 2.35E+00 1.45E+00
SOs~ 1.52E+00 1.00E-02 2.45E+00 1.10E-01  3.90E-01 2.96E+01 2.00E-02  2.34E+01
Na.O 1.40E-01  2.00E-01 4.10E-01 2.70E-01  2.50E-01  4.20E-01  9.00E-02  1.19E+00
K20 9.00E-02  7.00E-02  2.40E-01 6.90E-01  7.00E-02  2.00E-02  4.00E-02 -
MnO - - - - - 2.00E-01 - -
CI - - 400E-02  6.00E-02  1.30E-01  6.10E-02  2.00E-02 -
TiO, - - 5.20E-01  1.20E-01  1.30E-01 - 3.77E+01  5.10E-02
BaO - - 8.00E-02 - - 5.79E+01 - 1.10E-01
SrO - - - - - - - 3.77E+01
P.Os - - 4.00E-02 - - 3.00E-02 - -
H.0 - - - - - - 1.50E-01 -
CO; 2.45E+00 1.36E+00 1.39E+00 2.20E-01  4.23E+01  1.10E+00 8.10E-01  1.35E+01
Total 9.93E+01 9.99E+01 9.95E+01 9.99E+01 1.00E+02 9.98E+01 9.99E+01 1.00E+02
Blaine
[em?/] 2850 - - - - - - -
Specific 3.15 2.26 2.90 2.65 2.68 4.30 4.00 3.95
gravity
Table 6.2 Concrete mix proportions [kg/m®]

Mix OPC SF GGBFS Sand  Dolomite Barite  llmenite Celestite

label

Do 1 471 34 95 497 1005 - - -

Ba 1 471 34 95 497 - 1612 - -

lim_1 471 34 95 497 - - 1500 -

Cel 1 471 34 95 497 - - - 1481

Do 2 393 28 79 561 1136 - - -

Ba 2 393 28 79 561 - 1822 - -

lim_2 393 28 79 561 - - 1695 -

Cel 2 393 28 79 561 - - - 1674

For reference, the concrete mixes were labelled based on the coarse aggregate type and

cementing material content, i.e., Do, Ba, IIm, and Cel corresponding to dolomite, barite,

ilmenite, and celestite mixes, respectively, and 1 and 2 corresponding to the mixes
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containing 600 and 500 kg/m® cementing content. The concrete mixes elemental

compositions were calculated and given in Table 6.3.

Table 6.3 Concrete mix elemental composition

Element Weight fraction

Do 1 Ba 1 lIm_1 Cel 1 Do 2 Ba 2 lIm_2 Cel 2
H 1.15E-02 9.11E-03 9.55E-03 9.53E-03 9.34E-03 7.26E-03 7.67E-03 7.62E-03
C 5.00E-02 2.87E-03 2.45E-03 2.06E-02 5.50E-02 2.76E-03 2.29E-03 2.20E-02
@) 5.17E-01 3.98E-01 4.27E-01 4.50E-01 5.16E-01 3.87E-01 4.19E-01 4.43E-01
Na 9.41E-04 1.82E-03 4.73E-04 4.76E-03 9.97E-04 1.93E-03 4.78E-04 5.13E-03
Mg 4.16E-02 3.42E-03 9.74E-03 6.86E-03 4.52E-02 3.08E-03 9.93E-03 6.80E-03
Al 9.69E-03 7.83E-03 8.20E-03 7.48E-03 8.52E-03 6.77E-03 7.13E-03 6.34E-03
Si 1.36E-01 1.10E-01 1.18E-01 1.15E-01 1.41E-01 1.12E-01 1.20E-01 1.16E-01
P 1.62E-05 8.44E-05 1.33E-05 1.34E-05 1.31E-05 8.76E-05 1.07E-05 1.08E-05
S 2.29E-03 6.60E-02 1.38E-03 5.06E-02 2.06E-03 7.10E-02 1.12E-03 5.46E-02
Cl 5.74E-04 3.41E-04 1.19E-04 1.35E-05 6.29E-04 3.65E-04 1.25E-04 1.08E-05
K 3.39E-04 1.62E-04 2.49E-04 7.42E-05 3.48E-04 1.54E-04 2.49E-04 5.92E-05
Ca 2.20E-01 8.53E-02 8.67E-02 1.61E-01 2.13E-01 6.88E-02 6.96E-02 1.50E-01
Ti 461E-04 1.00E-04 1.20E-01 2.66E-04 4.72E-04 7.99E-05 1.30E-01 2.58E-04
Mn - 8.47E-04 - - - 9.15E-04 - -
Fe 8.43E-03 3.12E-02 2.16E-01 6.48E-03 7.40E-03 3.22E-02 2.33E-01 5.47E-03
Sr - - - 1.68E-01 - - - 1.82E-01
Ba 2.91E-05 2.83E-01 2.40E-05 5.42E-04 2.36E-05 3.06E-01 1.91E-05 5.81E-04
Total 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Density

3 2.342 2.949 2.837 2.818 2.397 3.083 2.956 2.935
(o/cm®)

6.3.2 Radiation shielding properties

The methods and models employed for estimating the concrete’s mass and linear
attenuation coefficients, half value and tenth value layers, mean free path, effective
atomic number, exposure build-up factors, and the fast neutron and thermal neutron

shielding properties are presented.

6.3.2.1 Mass and Linear attenuation coefficients
The concrete mass attenuation coefficient (w/p), in cm?/g, was calculated for photon

energies ranging from 10 keV to 10 MeV using the computer program WinXCom

175



Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

(Gerward et al., 2004). The X-rays and y-rays mass attenuation coefficients are computed
based on the mixtures elemental composition and in accordance with the following

equation (Lamarsh and Baratta, 2001; Gerward et al., 2004):

(u/p) = Xiw;i(1/p); (6.1)

in which w; and (u/p); are the weight fraction and mass attenuation coefficient of the it"
element, respectively. The effects of the coarse aggregates on pw/p were studied by
investigating the partial contribution of the photoelectric absorption, incoherent
(Compton) scattering, and pair production. For comparative analysis, the mixture linear
attenuation coefficient (p), in cm™, which depends on the elemental composition and
density of the concrete mix (pmix), was calculated using the following equation (Lamarsh

and Baratta, 2001),

1= Pmix(14/P) (6.2)

6.3.2.2 Half value layer, Tenth value layer, and Mean free path

The concrete radiation shielding efficiency was assessed by calculating the required
thickness to attenuate the incoming incident radiation to 50%, 10%, and =~ 37% referred
to as half value layer (HVL), tenth value layer (TVL),and mean free path (MFP),
respectively (Lamarsh and Baratta, 2001; Oto et al., 2015). The equations to calculate the

corresponding thicknesses, in cm, are (Kaplan, 1989; Lamarsh and Baratta, 2001)

HvL =22 (6.3)
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In10

TVL = == (6.4)

MFP =

R

(6.5)

6.3.2.3 Effective atomic number

Effective atomic number (Zefr), which is used to assess shielding against X-rays and -
rays as it characterizes the electronic cloud that participates in the photon/atom interaction
process (Taylor et al., 2012; Hosamani and Badiger, 2018), was evaluated in this study.
Zest Was calculated using the computer program Auto-Zess version 1.7 (Taylor et al,.
2012). The program has a matrix of cross-sections at photon energies ranging from 10
keV to 1 GeV and atomic numbers (Z) going from 1 to 100. The calculated cross-sections
for the mixture, using its elemental weight fractions by linear summation, are compared
to the built-in matrix as a function of Z, and then Zes is computed by interpolation (b-
spline) of the Z values between the adjacent cross-section data at the specified energies

(Taylor et al., 2012).

6.3.2.4 Exposure build-up factor
The Beer Lambert law, given by Eg. (6.6) (Kaplan, 1989), is valid for narrow-beam

geometry, where

I, = [ye~"* (6.6)

and lo and Ix are, respectively, the initial photon intensity and the photon intensity after
passing an x, in cm, thickness of the shield. However, for radiation shielding applications,
broad-beam geometry is most common. Accordingly, the Beer Lambert law is modified
as follows,
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I, = Blye " (6.7)

where B is the build-up factor (Kaplan, 1989; Lamarsh and Baratta, 2001). There are two
approaches for determining the build-up factor, the exposure build-up factor (EBF) and
energy absorption build-up factor (EABF), with the former commonly employed in
radiation shielding calculations (Singh and Badiger, 2012; Oto et al., 2015; Kaur et al.,
2019). EBF was calculated using Phy-X/PSD program for photon energies ranging from
15 keV to 10 MeV (Sakar et al., 2020). Phy-X/PSD was developed for calculating the

shielding and dosimetry parameters concerning X-rays and y-rays (Sakar et al., 2020).

The procedure adopted to calculate B is as follows. First, the concrete mix’s equivalent
atomic number Zeg, which depends on the ratio (R) between the mass attenuation
coefficient due to Compton scattering (wp)compton and the total mass attenuation
coefficient (Wp)rwotal, IS calculated for each energy in the specified energy range using the

following interpolation method (Harima, 1983)

__ Z1(logRy—log R)+Z,(log R—log Ry)

Z
eq logR,—logR4

(6.8)

in which Z1 and Z» are the atomic numbers of the two elements corresponding to the ratios
R: and Ry, respectively. R is the ratio for the concrete mix at a specific energy that is
located between Ry and Ro. The geometric progression (G-P) fitting parameters (a, b, c, d,

Xk) are then calculated using the same interpolation method adopted for Zeq, i.e.,

_ Y1(logZ—1ogZeq)+Y;(l0gZeq—logZy)
logZ,—-logZ,

Y

(6.9)
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in which Y represents the fitting parameter a, b, c, d, and Xk, and Y1 and Y2 correspond to
the fitting parameters for the two elements with atomic numbers Z; and Z», respectively.
The elemental fitting parameters are collected from the “ANSI/ANS-6.4.3” standard data
set (ANSI/ANS-6.4.3, 1991). Subsequently, B(E,X) is calculated for all energies that lie
in the specified energy range by employing the calculated G-P fitting parameters and
using the following equations (Harima et al., 1986)

1+E(KX—1)forK +1

(6.10)
1+(b-1)X forK =1

B(E, X) ={

nh(=- - 2) —tanh(-2)

K(E, X) = CX* + qs ("K
! 1 —tanh(-2)

for penetration depth (X) < 40 MFP (6.11)

where E, X, and K are the energy of the incident photons, the penetration depth measured
by MFP, and the dose multiplicative factor that also defines the shape of the curve,

respectively.

6.3.2.5 Fast neutron shielding properties

The concrete fast neutrons’ shielding effectiveness was evaluated by first computing the
macroscopic fast neutron effective removal cross-section (Xr) by using the computer
program MRCsC (El-Samrah et al., 2021). MRCsC has a built-in database of microscopic
mass removal cross-sections for all naturally occurring elements and therefore only
requires the weight fractions and corresponding density of the mixture to calculate X

(Kaplan, 1989), as per the following equation;

Zp =21 pswi(Zr/p)i = X1 pi(Zr/P): (6.12)
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where p, and p; are respectively, the mix density, in g/cm?, and the density of the it"
element. The half value layer (HVL#), in cm, which is the required thickness to attenuate
half of the incident fast neutrons beam, and the relaxation length (4s), in cm, the average
distance traveled by a fast neutron before interacting with the medium, are then calculated

based on 2 as follows (Kaplan, 1989; Lamarsh and Baratta, 2001):

n2 1
HVLfn = g and Afn = g

(6.13)

6.3.2.6 Thermal neutron shielding properties

Concrete’s capability to absorb thermalized neutrons was assessed by calculating the
macroscopic absorption cross-section (Zaps) at En = 0.025 eV using JANIS-4 software
(Soppera et al., 2014). JANIS-4 is an improved version of the NEA Java-based Nuclear
Data Information System that allows direct access to nuclear evaluated certified libraries
such as EXFOR, CINDA, EAF, ENDF (Soppera et al., 2014). ENDF/ B-VIII library
which is the most recently updated version of the ENDF database was selected for the
calculations (Brown et al., 2018). Thermal neutron macroscopic absorption cross-section,

Y.bs(En = 0.025 eV), incm?, was calculated using the followings

N
(Zabs/p)i = P_L (O-a)i (6-14)
_ PiNa
N = " (6.15)
2aps(En = 0.025eV) = ?pswi(zabs/p)i (6-16)

in which (a,)i, M;, (Zaus/p)i, Na, and N are the microscopic absorption cross-section for

thermal neutrons (cm?/atom), the molar mass (g/mol), the macroscopic mass absorption
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cross-section for thermal neutron (cm?/g), Avogadro’s constant (atom/mol), and the

atomic density of the element (atom/cm?), respectively.

Analogous to fast neutrons, the half value layer (HVLwnn) and relaxation length (Ann) for

thermal neutrons are deduced from (Z;) as follows,

n2 1
HVLipy = —and Ay = 5—
abs abs

(6.17)

6.4 Concrete-Based Dry Storage Cask (DSC) Model

An axisymmetric 1-D model of a sandwich-design concrete-based dry storage cask was
constructed to study the effects of the coarse aggregate type and cementing material
content on the radiation shielding properties of the concrete overpack in a dry storage
cask. The simulations were carried out using the computer program OpenMC version
0.12.0 (Romano et al., 2014). The cask was divided into seven layers as shown in Figure
6.1. Starting from the centre of the cask, the layers composition and thickness are as
follows: Layer 1 is the interior of the canister that is filled with helium gas with a density
of 0.178E-03 g/cm? and a radial thickness of 88 cm; Layer 2 which represents the canister
shell, is made up of boron steel with a thickness of 1 cm; Layer 3 is a 4.45 cm thick air
gap; Layers 4 and 6 represent the steel liner that frames the concrete with a thickness of
2.54 cm; Layer 5 is a 50 cm thick concrete; Layer 7 is air representing the surrounding
environment. The weight percentages and densities of the elements used in the model,

except for the concrete layer, are given in Table 6.4.
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Fig. 6.1 Model of sandwich-design concrete-based dry storage cask

Table 6.4 Element’s weight percentage and density

Element Boron Steel Air Steel

Si 0.22E-01 - 7.50E-01
Al - - -

Fe 9.80E+01 - 6.65E+01
Ca - - -

Mg - - -

S - - 3.00E-02
K - - -

Na - - -

o) - 2.10E+01 -

H - - -

C 2.90E-01 - 8.00E-02
B 3.00E-03 - -

Mn 1.23E+00 - 2.00E+00
P - - 4.50E-02
Ti - - -

N - 7.90E+01 1.00E-01
U - - -

Cr 3.10E-01 - 1.75E+01
Ni - - 1.10E+01
Mo - - 2.00E+00
Density (g/cm®) 7.90E+00 1.23E-03  7.85E+00

The considered stored fuel in the dry cask was Westinghouse 17x17 assemblies with an
active fuel length of 365 cm, and a total neutron and photon emissions of 8.26E+09 n/sec
and 3.52E+12 photons/sec, respectively. For the simulations, the stored fuel was
modelled as two isotropic point sources, representing neutrons and photons, placed at the

centre of the cask. The proposed isotropic point source model for the stored fuel
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assemblies is expected to slightly underestimate the fluxes at the inner surface of the cask;
however, this effect is partially counteracted by the shielding caused by the assemblies
and the basket. The corresponding neutron and photon spectra adopted for the model
point source are given in Table 6.5 (Ko et al., 2014).

The Monte Carlo simulations, which consisted of 300 batches, were carried out using the
ENDF/B-VII.1 library, and a half million particles point source. Hence, the neutrons and
photons attenuations were evaluated. The neutron and photon fluxes at the surface of the
cask were calculated using the mesh and particle filters. Moreover, the neutron and
photon fluxes with energy were computed at the cask’s outer surface by employing
particle, mesh, and energy filters, and by increasing the particle number to 10M. This was
carried out to evaluate the total dose rate using ANSI 1991 conversion factors reproduced

in Fig. 6.2 (ANSI, 1991).
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Fig. 6.2 Flux to dose conversion factors adopted from (McFerran et al., 2020)

Table 6.5 Photon and neutron spectra used to define the radioactive sources

Photon energy (MeV)  Fraction Neutron energy (MeV) Fraction
0.01~0.05 2.72E-01 1.00E-08~1.00E-07 3.37E-02
0.05~0.10 7.59E-02 1.00E-07~1.00E-06 5.14E-02
0.10~0.20 5.50E-02 1.00E-06~1.00E-05 7.25E-02
0.20~0.30 1.62E-02 1.00E-05~1.00E-04 9.35E-02
0.30~0.40 1.06E-02 1.00E-04~1.00E-03 1.13E-01
0.40~0.60 4.34E-02 1.00E-03~1.00E-02 1.33E-01
0.60~0.80 4.90E-01 1.00E-02~1.00E-01 1.53E-01
0.80~1.00 2.26E-02 1.00E-01~1.00E+00 1.70E-01
1.00~1.33 1.31E-02 1.00E+00~3.00E+00 8.25E-02
1.33~1.66 1.75E-03 3.00E+00~5.00E+00 3.57E-02
1.66~2.00 3.59E-05 5.00E+00~8.00E+00 3.57E-02
2.00~2.50 1.32E-05 8.00E+00~1.10E+01 2.63E-02
2.50~3.00 8.04E-07

3.00~4.00 7.62E-08

4.00~5.00 2.06E-09

5.00~6.50 8.28E-10

6.50~8.00 1.62E-10

8.00~10.00 3.45E-11

Total 1.00E+00 Total 1.00E+00
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6.5 Results and discussion

6.5.1 Gamma-rays shielding assessment

The effects of the coarse aggregate composition on (u/p) was examined in detail by
calculating the total mass attenuation coefficient and the partial contribution of the three
main interaction mechanisms for energy ranging from 10 keV to 10 MeV. The
corresponding results for the 4 concrete mixes, shown in Fig. 6.3, reveal that the greatest
contribution of Compton scattering in the total mass attenuation coefficient corresponds
to Dolomite concrete as it becomes the major contributor starting from 60 keV till the end
of the studied energy range of 10 MeV. For lImenite concrete, the dominancy of Compton
scattering mechanism starts after 80 keV and remains the major mechanism till the end of
the energy range even though the contribution of the pair production mechanism becomes
significant at the end. Regarding Celestite concrete, the Compton scattering mechanism
becomes dominant after 100 keV. For Barite concrete, the dominancy of the Compton
scattering mechanism is the lowest among the concrete mixes with the major interaction
mechanism starting at 200 keV, and at 10 MeV the contribution of the pair production
mechanism becomes almost equivalent to the Compton scattering mechanism.

The difference in the observed mass attenuation coefficient of the concrete mixes is
attributed to the composition of the coarse aggregates. The photoelectric interaction
mechanism, which is proportional to Z*° becomes a major contributor in the total
attenuation than Compton scattering mechanism with the increase of heavy elements’
content and atomic number in the concrete mix. For example, Barite concrete contains a

considerable amount of barium (Ba) that has an atomic number (Z) of 56 shows a higher
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contribution of photoelectric interaction mechanism in comparison to Celestite concrete

that has a significant amount of strontium (Sr) with Z equals 38 and Celestite concrete has

higher contribution of photoelectric interaction mechanism in comparison to llmenite

concrete that contains iron (Fe) and titanium (Ti) with Z equals 26 and 22, respectively.
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Fig. 6.3 Concrete mixes total mass attenuation coefficient and partial contribution of the

three main interaction mechanisms
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At high energy, the pair production mechanism that is proportional to Z2 and log (E)
becomes more significant. As such, Dolomite concrete which contains negligible amounts
of heavy elements has Compton scattering mechanism which is the least dependent on Z
as the major interacting mechanism of photons with the shield constituents along with a
limited dominancy of the photoelectric mechanism at very low energy.

A comparison of the concrete’s photon shielding potential must account for the mix’s
composition and density. As such, their respective values of linear attenuation coefficient
(n) along with the derived half value layer (HVL), tenth value layer (TVL), and mean free
path (MFP), shown in Fig. 6.4, were examined for the suggested energy range. The values
of u and HVL for selected energy values, which represent the ranges dominated by the

three interaction mechanisms discussed previously, are reproduced in Table 6.6.
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Fig. 6.4 u, HVL, TVL, and MFP for the eight concrete mixes

188



Ph.D. Thesis - Moamen Elsamrah

McMaster University - Civil Engineering

Table 6.6 Values of u and HVL for selected photon energy values

Property Ey Mix design no. 1 Mix design no. 2
(MeV) Dol Bal Ilm1 Cell Do 2 Ba 2 Ilm_2 Cel 2
u, cmt 0.031 3.101 10.48 7.969 12.39 3.111 11.47 8.608 13.59
(% Increase) ) (238) (157) (300) O] (269) 77y  (337)
0.081 0.523 3.680 0.875 1.204 0.531 4.103 0.928 1.300
) (604) (67.3) (130) O] (673) (74.8) (145)
0.356 0.239 0.338 0.286 0.290 0.247 0.356 0.297 0.302
O] (41.4) (19.7) (21.3) O] (44.1) (20.2) (22.2)
0.662 0.183 0.230 0.217 0.217 0.187 0.240 0.226  0.226
) (25.7) (18.6) (18.6) O] (28.3) (20.9) (20.9)
1.173 0.139 0.169 0.165 0.164 0.142 0.176 0.171 0.170
) (21.6) (18.7) (18.0) O] (23.9) (20.4) (19.7)
1.332 0.130 0.158 0.154 0.154 0.133 0.165 0.160 0.160
) (21.5) (18.5) (18.5) O] (24.1) (20.3) (20.3)
5 0.068 0.092 0.084 0.084 0.070 0.096 0.087 0.088
) (35.3) (23.5) (23.7) O] (37.1) (24.3) (25.7)
10 0.055 0.083 0.071 0.071 0.056 0.088 0.074 0.074
) (50.9) (28.2) (29.1) O] (57.1) (32.1) (32.5)
HVL, cm 0.031 0.224 0.066 0.087 0.056 0.223 0.060 0.081 0.051
(% Decrease) ) (70.5) (61.2) (75.0) O] (73.1) (63.7) (77.1)
0.081 1.326 0.188 0.792 0.576 1.306 0.169 0.747 0.533
) (85.8) (40.3) (56.6) O] (87.1) (42.8) (59.2)
0.356 2902 2.049 2424 2.390 2.806 1.945 2.331 2.297
) (29.4) (16.5) (17.6) O] (30.7) (16.9) (18.1)
0.662 3.785 3.013 3.190 3.190 3.704 2.886 3.072 3.071
) (20.4) (15.7) (15.7) O] (22.1) (17.1) (@17.1)
1.173 4983 4.095 4.205 4.219 4.876 3.933 4.054 4.067
) (17.8) (15.6) (15.3) ) (19.3) (16.9) (16.6)
1.332 5314 4377 4491 4505 5.202 4.205 4.325 4.340
) (17.6) (15.5) (15.2) ) (19.2) (16.9) (16.6)
5 10.12 7.538 8.251 8.240 9.913 7.185 7.925 7.914
) (25.5) (18.5) (18.6) ) (27.5) (20.1) (20.2
10 1265 8.329 9.828 9.765 12.39 7.869 9.406 9.338
() (34.2) (22.3) (22.8) () (36.5) (24.1) (24.7)

The results show the same general trend for all mixes with p values decreasing as photon

energy increases and HVL, TVL, and MFP values increasing. Noticeably are the

observed sharp peaks in the low energy region for Ba and Cel mixes indicating the K-

shell absorption edges for the heavy elements contained in these mixes. The peaks

occurred at 0.0374 MeV for barium and 0.0161 MeV for strontium.
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The photon shielding superiority of the concrete mixes containing heavy elements,
especially Ba, is noticeable from low energy up to 200 keV due to the photoelectric
absorption mechanism contributions. Moreover, all mixes show a significant decrease
with energy in the noted range due to the photoelectric mechanism being inversely
correlated with E3°. From intermediate to high energy, the decrease in attenuation
coefficient with energy is gradual as expected.

The superiority of heavy concrete mixes to shield photons in comparison to traditional
concrete mix that includes Dolomite is demonstrated by calculating their respective
percent increase for p and percent decrease for HVL at the selected energy values. The
results, given in Table 6.6, reveal the improvement in photon shielding efficiency
achieved by the heavy mixes at low energy, especially for Ba mix then Cel mix, to a
lesser degree at high energy, and minor at intermediate energy. When comparing the
results of mix design 1 and 2, the improvement is slightly better for mix design no. 2. The
improvement in the heavy concrete mixes especially Ba mixes is attributed to the
relatively greater aggregate content in mix design no. 2 that leads to greater heavy
elements content in the mix, greater effective atomic number, and relatively higher
density. To visualize the difference between the two mix designs, a plot of the percent
increase for linear attenuation coefficient at the selected energy values is shown in Fig.
6.5. Except for Do mix, the results show the same general trend, i.e., a noticeable
improvement in photon shielding at very low energy, minor improvement at intermediate

energy, and moderate improvement at higher energy. Although some improvements
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appear small, they may still be significant in dry storage cask application as the difference

represents a reduction in concrete materials of approximately the same percentage.

14

—o— Do

Percent Inc., p_Mix#2 / n_Mix#1 (%)

Photon Energy (MeV)

Fig. 6.5 Percent increase in p from Mix design no. 2 over p from Mix design no. 1

The computed effective atomic numbers (Zefr) corresponding to the 8 concrete mixes for

the selected energy range are presented in Fig. 6.6.

Zeff

Photon Energy (MeV)

Fig. 6.6 Concrete mixes effective atomic number (Zefr)
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Recognizing that Ze is associated with the main photon interaction mechanisms, its value
is expected to vary with photon energy similar to the attenuation coefficient. Accordingly,
the same trend is observed with Do mixes have the lowest effective atomic numbers and
Ba mixes have the highest Zes values for almost the entire energy range. Similar to the
attenuation coefficient, a discontinuity is observed in both Ba mixes and Cel mixes
caused by Ba and Sr K-edge absorption peaks.

EBF values corresponding to concrete mix design no. 1 and mix design no. 2 are shown
in Fig. 6.7. The results reveal that the EBF values for all mixes are low in the low-energy
region, relatively high in the high-energy range, and significantly high in the
intermediate-energy range. The observed trend is attributed to the weight of photoelectric
absorption, pair production, and Compton scattering interaction mechanisms in these
regions. EBF values are small in the low energy region because photons are completely
absorbed by the photoelectric absorption mechanism or completely removed, the values
then gradually increase with photon energy due to multiple scattering of photons by
Compton scattering in the intermediate energy range, and then the values decrease again
in the high energy range due to the pair-production mechanism. The EBF values are
higher in the high energy range than those in the low energy region because of the
secondary photons that may emit due to the annihilation process. Moreover, the concrete
mixes EBF values are expected to increase with the thickness of the shield represented by

MFP due to the buildup increase of the secondary and scattered photons.
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Fig. 6.7 EBFs for the mixes prepared using mix design no. 1 and those mixes designed

using mix design no. 2

Closer examination of the results indicates a negligible difference in the calculated EBF
values for concrete mix design no. 1 and mix design no. 2. The EBF calculation method,
which is an interpolation method, could not discriminate between the two mix designs
well, as it accounts only for the mix composition and not the density. Results show that
Do mixes have the largest EBF values, followed by 1Im mixes, Cel mixes, and then Ba
mixes have the smallest values. These results indicate the superiority of Ba mixes
followed by Cel mixes for the selected energy range.

6.5.2 Neutrons shielding assessment

The concrete mixes fast neutrons effective macroscopic removal cross-sections (Zr) are
shown in Fig. 6.8, and the corresponding detailed calculations, and values of HVL, and
A are given in Table 6.8. r percent increase, and HVLs and A percent decrease of the

heavy concrete mixes relative to the traditional Do mix are also given in Table 6.8.
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Fig. 6.8 Fast neutron effective removal cross-sections for the 8 concrete mixes

Table 6.7 Detailed calculations of the 8 concrete mixes Xr, HV L, and Am

Ele. XZrp Partial 2 (cm™) Partial 2 (cm™) Partial X (cm™) Partial Xz (cm™)
(cm?g) Do 1 Do 2 Ba 1 Ba 2 IIm_1 lIm_2 Cel_1 Cel_2
H 0.6874 1.85E-02 1.54E-02 1.84E-02 1.54E-02 1.86E-02 1.56E-02  1.85E-02 1.54E-02
C 0.0603 7.06E-03 7.95E-03 5.16E-04 5.13E-04 4.19E-04 4.09E-04 3.50E-03 3.90E-03
0] 0.0386 4.67E-02 4.77E-02 4.53E-02 4.60E-02  4.68E-02 4.78E-02  4.90E-02 5.02E-02
Na 0.0386 8.51E-05 9.22E-05 2.05E-04 2.30E-04 5.18E-05 5.46E-05 5.18E-04 5.81E-04
Mg 0.0348 3.39E-03 3.76E-03 3.48E-04 3.30E-04 9.60E-04 1.02E-03  6.72E-04 6.94E-04
Al 0.0362 8.22E-04 7.40E-04 8.33E-04 7.56E-04 8.43E-04 7.63E-04 7.63E-04 6.74E-04
Si 0.0340 1.09E-02 1.15E-02 1.10E-02 1.17E-02 1.14E-02 1.21E-02  1.10E-02 1.16E-02
P 0.0353 1.34E-06 1.11E-06 8.78E-06 9.53E-06 133E-06 1.12E-06 1.33E-06 1.12E-06
S 0.0334 1.79E-04 1.65E-04 6.49E-03 7.30E-03 1.31E-04 1.10E-04 4.70E-03 5.34E-03
Cl 0.0344 4.62E-05 5.18E-05 3.46E-05 3.87E-05 1.16E-05 1.27E-05 1.31E-06 1.09E-06
K 0.0340 2.70E-05 2.83E-05 1.62E-05 1.62E-05 2.40E-05 250E-05 7.10E-06 5.90E-06
Ca 0.0338 1.74E-02 1.73E-02 8.50E-03 7.16E-03 8.31E-03 6.96E-03  1.52E-02 1.49E-02
Ti 0.0294 3.18E-05 3.33E-05 8.68E-06 7.25E-06 1.00E-02 1.13E-02 2.21E-05 2.23E-05
Mn 0.0254 0.00E+00 0.00E+00  6.35E-05 7.18E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Fe 0.0246 4.85E-04 4.36E-04 2.26E-03 2.44E-03 151E-02 1.69E-02  4.49E-04 3.94E-04
Sr 0.0182 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.61E-03 9.69E-03
Ba 0.0143 9.72E-07 8.07E-07 1.19E-02 1.35E-02 9.71E-07 8.07E-07  2.74E-05 2.43E-05
Tot. 2z (cm™)  0.1056 0.1052 0.1060 0.1055 0.1126 0.1130 0.1130 0.1134
%Inc. - - 0.341 0.295 6.617 7.445 6.939 7.845
HVLt (cm) 6.562 6.591 6.540 6.571 6.155 6.134 6.136 6.112
%Dec. - - 0.335 0.303 6.202 6.934 6.492 7.267
A (cm) 9.467 9.509 9.435 9.481 8.879 8.850 8.853 8.817
%Dec. - - 0.338 0.294 6.211 6.930 6.486 7.277
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The results show that Cel mixes is the best with respect to fast neutron attenuation
parameters as they have the largest ¥r and the smallest HVLs and A values when
compared to the other concrete mixes. Relative to the traditional concrete mix, an
improvement of about 8%, 7%, and 7% with respect to Xr, HVL, and A, respectively, is
achieved. For the effective removal cross-section, oxygen (O), silicon (Si), and calcium
(Ca), beside hydrogen (H) whose contribution is almost the same for all 8 concrete mixes,
are the major contributors. Although Cel mixes contain a significant amount of Sr, the
latter has a small contribution reflected by its small mass removal cross-section of 0.0182
cm?/g at high neutron energy.

In contrast, Do mixes contain more moderators (H, C, and O) in comparison to the other
concrete mixes, however having a lower density diminished this advantage and led to the
weakest performance. Ba mixes did slightly better than Do mixes despite having the
highest density among all 8 concrete mixes. Although Ba mixes have considerable
amounts of barium, which is found beneficial for photon shielding, this heavy element
has a low mass removal cross-section of 0.0143 cm?/g which offsets any advantage from
the higher density. The case is different with iron (Fe) and titanium (Ti) contained in IIm
mixes. Their respective mass removal cross-sections of 0.0246 and 0.0294 cm?/g are
significant and contributed to Ilm mixes having the largest total Xr. Among the two mix
designs, the difference is negligible. Nonetheless, both Do and Ba mixes show a slightly
lower total Xr values for mix design no.2, and slightly higher for IIm and Cel mixes.

The calculated thermal neutron macroscopic absorption cross-section (Zaps) for the 8

concrete mixes is shown in Fig 6.9. Xaps detailed calculation, HVLn, and Ann values
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pertaining to absorption of thermal neutrons of the 8 concrete mixes are given in Table
6.9. The results show that all the mixes except IIm mixes are inefficient in absorbing and
eliminating thermal neutrons. This is attributed to the total absence of the known neutron
absorbers “Neutron Poisons” such as boron (B), cadmium (Cd), and gadolinium (Gd).
Despite the notable percent increase in Xaps and percent decrease in HVLin and Awnn
achieved by Ba mixes and Cel mixes over the traditional Do mixes, these mixes
capabilities are still inadequate in removing thermal neutron. In contrast, thermal neutron

absorption capability of Ilm mixes increased due to the increased content of Fe and Ti.
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Fig. 6.9 Thermal neutron macroscopic absorption cross-sections for the 8 concrete mixes
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Table 6.8 Detailed calculations of the 8 concrete mixes Xans, HV Lthn, and Athn

Ele. Zas/p Partial Zaps (cm™) Partial Zaps (cm™) Partial Zaps (cm™) Partial Zans (cm™)
(cm?/g) Do 1 Do 2 Ba 1 Ba 2 Iim_1 llm_2 Cel 1 Cel 2

H 2.0E-01 1.12E-02  9.33E-03 1.12E-02 9.33E-03 1.13E-02 9.45E-03 1.12E-02 9.33E-03
C 19E-04 4.69E-05 5.28E-05 3.39E-06 3.40E-06 2.78E-06 2.71E-06 2.32E-05 2.59E-05
0] 6.4E-06 1.61E-05 1.65E-05 1.56E-05 1.59E-05 1.61E-05 1.65E-05 1.69E-05 1.73E-05
Na 14E-02 6.34E-05 6.87E-05 1.54E-04 1.71E-04 3.86E-05 4.07E-05 3.86E-04 4.33E-04
Mg 1.6E-03 3.17E-04 3.52E-04 3.28E-05 3.09E-05 8.99E-05 9.55E-05 6.29E-05  6.49E-05
Al 5.2E-03  2.46E-04 2.21E-04 2.50E-04 2.26E-04 2.52E-04 2.28E-04 2.28E-04  2.02E-04
Si 3.5E-03  2.35E-03 2.49E-03 2.39E-03 2.53E-03 2.47E-03 2.61E-03 2.38E-03  2.52E-03
P 3.3E-03 2.60E-07 2.15E-07 1.70E-06 1.85E-06 2.58E-07 2.17E-07 2.59E-07 2.17E-07
S 9.8E-03 1.09E-04 1.01E-04 3.97E-03 4.46E-03 7.98E-05 6.74E-05 2.91E-03 3.27E-03
Cl 5.7E-01 1.60E-03 1.79E-03  1.19E-03 1.34E-03 4.01E-04 4.40E-04 452E-05 3.75E-05
K 3.2E-02 5.31E-05 5.58E-05 3.20E-05 3.19E-05 4.73E-05 4.93E-05 1.40E-05 1.16E-05
Ca 6.6E-03 7.09E-03 7.03E-03 3.46E-03 2.92E-03 3.38E-03 2.83E-03 6.20E-03  6.06E-03
Ti 8.1E-02 1.81E-04 1.90E-04 4.94E-05 4.13E-05 5.71E-02 6.43E-02 1.26E-04 1.27E-04
Mn 15E-01 0.00E+00 0.00E+00 7.56E-04 8.54E-04 0.00E+00  0.00E+00 0.00E+00 0.00E+00
Fe 2.8E-02 1.14E-03 1.02E-03  5.32E-03 5.74E-03 3.54E-02 3.98E-02 1.06E-03 9.27E-04
Sr 8.5E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00 8.33E-03  9.39E-03
Ba 5.1E-03 7.27E-07 6.04E-07 8.91E-03 1.01E-02 7.27E-07 6.04E-07 1.63E-05 1.82E-05
Tot. Zaps (cm™)  0.0244 0.0227 0.0377 0.0378 0.1105 0.1199 0.0330 0.0324
%Inc. - - 5451 66.52 352.9 428.2 35.25 42.73

HV L, (cm) 28.41 30.53 18.37 18.35 6.270 5.781 21.01 21.38
%Dec. - - 35.34 39.90 77.93 81.06 26.05 29.97
Ainn (€M) 40.98 44.05 26.53 26.46 9.050 8.340 30.30 30.85
%Dec. - - 35.26 39.93 77.92 81.07 26.06 29.96

6.5.3 Dry Storage Cask model results

The OpenMC dry storage cask (DSC) model results in the form of photon flux and

neutron flux along the thickness of the cask are shown in Fig. 6.10 and Fig. 6.11,

respectively.
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Fig. 6.10 Photon flux variation from the centre of the cask and from the start of the

concrete layer
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Fig. 6.11 Neutron flux variation from the centre of the cask and from the start of the

concrete layer

The variation of photon flux and neutron flux as a function of energy at the cask’s outer
surface is shown in Fig. 6.12. Moreover, the calculated neutron, photon, and total dose

rates at the cask’s outer surface are given in Table 6.10.

199



Photon flux (p/cml.sec)

108

104 4

10° 4

10

Ph.D. Thesis - Moamen Elsamrah McMaster University - Civil Engineering

102

2

Neutron flux (n/cm”.sec)

10" 4

104 10° 108 107 102 10+ 100 10! 102 103 104 105 108 107
Photon Energy (eV) Neutron Energy (eV)

Fig. 6.12 Photon and neutron flux versus energy at the cask’s outer surface

Table 6.9 Neutron, photon, and total dose rates at the cask’s outer surface for the 8

concrete mixes

Mix design no. 1 Mix design no. 2

Do 1 Ba_ 1 IIm 1 Cel 1 Do 2 Ba 2 IIm 2  Cel 2
Neutron dose  2.78 2.30 1.88 1.82 3.22 2.60 211 2.01
rate (mrem/h)
Photon dose 1035 406 549 436 1167 428 524 445
rate (mrem/h)
Total dose 1038 408 551 438 1170 431 526 447
rate (mrem/h)
%Dec. (Tot. - 61 47 58 - 63 55 62
dose rate)

The results from the neutron flux and photon flux show that decreasing the cementing
content from 600 to 500 kg/m® and increasing the aggregate content of the mix
accordingly did not have a significant effect. This observation is further confirmed by the
calculated total dose rates at the outer surface of the cask that yielded a percent difference

of 6%, 5%, and 2% for the Ba mixes, lIm mixes, and Cel mixes, respectively. Off
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significance, is the slight total dose rate increase observed on the surface of Ba and Cel
concrete-based casks for mix design no. 2, whereas the opposite is observed for IIm
concrete-based casks. The difference can be attributed to the higher pair production
contribution that led to greater secondary gamma rays.

The values of the neutron flux, photon flux, and the calculated total dose rate at the cask’s
outer surface reveal that Do concrete-based cask has the highest photon/neutron flux and
total dose rate and that Ba then Cel concrete-based casks have the least photon flux and
total dose rate. These results are consistent with the results and discussions presented in
the previous sections. Ba mixes are noticeably the best in attenuating gamma rays that are
emitted in a broad beam situation like the simple dry cask model currently being
investigated. Cel mixes are also highly acceptable.

Regarding neutrons’ attenuation, both Cel and Ilm mixes were found to have the best
performance and the least neutronic doses. However, the results show that the
contribution from the neutronic dose in the calculated total dose rate at the cask’s outer
surface is very small compared to that due to gamma rays or photons.

6.6 Conclusions

Radiation shielding concrete which employs heavy minerals was shown to have efficient
radiation shielding properties for use in nuclear industry and radiation shielding
applications. According to the results obtained from this experimental and analytical

study, and the analysis presented, the following conclusions have been drawn:
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Linear attenuation coefficient (x) is a necessary but not a sufficient indicator of the
effectiveness of a shield against y-rays.

Exposure build-up factor needs to be considered in addition to («) when evaluating
the shield effectiveness against y-rays.

Exposure build-up factor significantly decrease when increasing the shield effective
atomic number which increases when increasing the shield content of high (2)
elements.

Heavy concrete with high (Z) elements possesses better radiation shielding properties
compared to traditional concrete.

Ba mix is the best among the studied concrete mixes in attenuating X-rays and y-rays
for both narrow-beam and broad-beam geometries.

Cel concrete, which is studied for the first time as radiation shielding concrete, has
reliable radiation shielding properties.

Ilm concrete has good y-rays shielding capability in addition to the considerable
neutron shielding properties.

SNF storage cask as a nuclear application needs protection against multiple sources of
radiation with the override being reliable y-rays shielding capabilities.

. An overpack slightly thicker than 50 cm of Ba concrete or Cel concrete is potentially
feasible to use in SNF concrete-based storage cask as their calculated total dose rates

are slightly above the recommended safety limit of 20 - 400 mrem/h.
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The conclusions and observations made in this paper are specific to the composition of
the aggregates and cement, the radiation sources, and the model and tools employed in

this study.
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