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ABSTRACT

Harnessing of nuclear energy provides lots of benefits in healthcare, power generation and advancement
in agriculture but the penetrative nature of its energy requires shielding which has been vastly made of
concrete due to its ubiquitous components and durability. This study aimed to investigate the
performance of UHPC with colemanite and polyvinyl alcohol (PVA) fibre in term of mechanical,
radiation shielding that includes neutron shielding by method of computer simulation. This type of
modified UHPC' is denoted as ultra-high performance dense concrete (UHPdC) and the simulations are
carried out using ANSYS and Particle and Heavy Ion Transport code System (PHITS) are carried out
to validate the experimental data and evaluate UHPAC’s performance as dry cask storage for spent fuel

cell.

ABSTRAK

Memanfaatkan tenaga nuklear memberikan banyak faedah dalam penjagaan kesihatan, penjanaan kuasa dan
kemajuan dalam pertanian tetapi sifat penembusan tenaganya memerlukan perisai yang kebanyakannya diperbuat
daripada konkrit kerana komponennya yang ada di mana-mana dan ketahanan. Kajian ini bertujuan untuk
mengkaji prestasi UHPC dengan gentian colemanite dan polivinil alkohol (PVA) dari segi mekanikal, perisai
sinaran yang merangkumi perisai neutron melalui kaedah simulasi komputer. Jenis UHPC yang diubah suai ini
ditandakan sebagai konkrit padat prestasi ultra tinggi (UHPdC) dan simulasi dijalankan menggunakan ANSYS
dan Sistem Kod Pengangkutan Zarah dan Ion Berat (PHITS) dijalankan untuk mengesahkan data eksperimen
dan menilai prestast UHPAC sebagai kering. simpanan tong untuk sel bahan api terpakai.
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INTRODUCTION

Harnessing of nuclear energy provides lots of benefits in healthcare, power generation and advancement in
agriculture but the penetrative nature of its energy requires shielding which has been vastly made of concrete
due to its ubiquitous components and durabiity [1]-[5]. Familiarity of concrete as shielding for radiation is
indicated by research that improves its radiation shielding properties via incorporation of beneficial element [6]—
[8]. Even though recent research investigated the viability of adopting recycle and sustainable sources as
component in radiation shielding concrete, natural occurring heavyweight aggregate produced concrete with
better gamma radiation shielding while natural mineral containing neutron absorber improves concrete’s neutron
shielding property [9], [10]. However, replacement of sand; which commonly used in concrete, with heavyweight
aggregate such as barite resulted in lower compressive strength but not with magnetite [6], [11]. However, a
study on barite concrete shows better strength with incorporation of nano filler which opens up wider field of
investigation [12]. Rather than heavyweight filler, neutron absorbing filler such as colemanite would improve
concrete’s neutron shielding property yet current research indicate that presence of colemanite in barite concrete
resulted in lower compressive strength due to weak adhesion between hydrated cement and colemanite [13]. Vast
study on radiation shielding concrete have been conducted but there is a dearth of data involving ultra-
performance concrete as most of the research produced concrete with compressive and tensile strength of 49 MPa
and 3 MPa [14]-[16]. Study also shows radiation shielding concrete possess low durability based on large mass
loss due to sulfate attack [17]. Furthermore, thermal durability of radiation shielding concrete is low based on 30
and 90 % loss of strength and neutron shielding respectively when exposed to 500 °C [18]. Further increase in
temperature of 800 °C resulted in 84.8 % of loss in compressive strength [19]. Utilization of ultra-high performance
concrete (UHPC) which possess compressive strength of more than 120 MPa with superior thermal durability
due to incorporation of fibre would provide nuclear related facility with better shielding [20]-[24]. Few research
on UHPC as radiation shielding material shows compressive and flexural strength of more than 138 and 20 MPa
respectively [7], [25], [26]. A research on magnetite UHPC shows residual compressive strength of 23 MPa after
exposure to 800 °C [27]. However, there is lack of works on other type of heavyweight aggregate and incorporation
with neutron absorbing mineral. Furthermore, there is also dearth of study on UHPC’s neutron shielding
performance which is beneficial for wider application in nuclear related facility. Hence, this study aimed to
investigate the performance of UHPC with colemanite and polyvinyl alcohol (PVA) fibre in term of mechanical,
radiation shielding that includes neutron shielding by method of computer simulation. This type of modified
UHPC is denoted as ultra-high performance dense concrete (UHPAC) and the simulations are carried out using
ANSYS and Particle and Heavy Ion Transport code System (PHITS) are carried out to validate the experimental
data and evaluate UHPAC’s performance as dry cask storage for spent fuel cell.

SIMULATION WORK

Structural simulation on beam and dry cask storage

Structural simulations are carried out using ANSYS to validate the flexural data of the experimental work. Beam
sample of same dimension are simulated with flexural modulus that is calculated using the Equation 1 as listed
in ASTM D790:

_Pm
~ 4bd?

Ep (Eq.1)

where Ejp is the modulus of elasticity in bending in MPa, L is the distance between support in mm, b
is the breadth of the beam in mm, d is the depth of the beam in mm and m is the slope of the initial
straight line in the load-deflection curve (N/mm).

Experimental work is validated by comparing the value of deflection calculated in the simulation and recorded

in the experimental work.
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Simulation of dry cask storage is carried out using data of compressive strength each UHPdC with capacity to
sustain self-weight due to stacking of the cask. Modulus of elasticity is calculated using Equation 2 as suggested

by [32];
E. = 4069 \/fi (Eq.2)

where E, is the modulus of elasticity in MPa and {’. is the compressive strength.

Based on E., simulation is carried out based on dimension used in research on radiation shielding of dry cask

storage [33]. Table 1 shows the detail dimension of the cask.

Table 1: Dimension of concrete dry cask storage based on previous research [33]

Height (mm) 5240
Inner diameter (mm) 2240
Outer diameter (mm) 2890
Wall thickness (mm) 325

Radiation Shielding Simulation on Dry Cask Storage

Radiation shielding simulation is carried out using PHITS and the dry cask model is based on similar dimension
used in structural simulation. Based on this dimension, model is developed as two nested right circular cylinder
macrobodies. Material defined for the cask is based on density, XRF analysis and composition of each type of
UHPAC. Two type of source which are based on previous work that are photon and neutron [33]. Source is set
as isotropic point source at 2620 mm from base of the cask along the axis. A maximum of 10,000 numbers of
source particle history is defined which produced an acceptable relative error. Flux value from the simulation is
converted into dose rate based on coefficient of International Commission on Radiological Protection (ICRP) 74.

Experimental Data

Experimental data of UHPdC consist of three types of UHPAC namely sand UHPdC, barite UHPdC and
magnetite UHPdC. The composition of these UHPdCs are shown in

Table 2. Sample in triplicate of each type of UHPAC are then tested for compressive strength, residual compressive
strength after heating at 800 °C, flexural strength test and splitting tensile strength test which are in accordance
to BS EN 12390-3, BS EN 12390-5 and BS EN 12390-6. Samples are also tested for shielding against gamma and
neutron radiation. Gamma radiation is sourced from Cs-137 and Co-60 while neutron radiation is sourced from

AmBe. The summary of experimental results are shown in Table 3.

Table 2: Mix design for UHPdC

Ce

me Silica Sand/Bari Col 3

nt Fume te/Magnet ,O ema PVA upe'r ) Steel Fibres Water
Sample s . nite 4 Dlasticizer 5 5

(kg (kg/m® ite 5 (kg/m?®) s (kg/m?®) (kg/m?)

5 (kg/m?) (kg/m?)

/m ) (kg/m?)

%)
Sand 825 200 950 50 9.75 28 120 191
UHPAC '
Barite 825 200 1580 50 9.75 28 120 226
UHPAC '
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Magnetite
825 200 1819 50 9.75 28 120 236
UHPdC
Table 3: Experimental data of UHPdC
. Lo Linear Linear .
Compressive Residual 3 Flexural Spht%lng Attenuation Attenuation Macroscopic
Compressive Tensile . . Removal Cross
Strength Strength Strength Strength Coefficient Coefficient Section against
(MPa) (MPa) (MPa) (MPa) against _ Cs- against- Co- AmBe (cm™)
137 (cm™) 60 (cm™)
Sand 131 30.69 2005  17.55  0.1663 0.1156 0.0262
UHPAC . . . . . .
Barite 4 30.21 1405 1439 0.1957 0.1306 0.027
UHPAC . . . . . .
Magnetite | 49.42 1701 1518 0.1972 0.139 0.0307
UHPAC . . . . . .

RESULTS AND DISCUSSION

Structural simulation using ANSYS

Simulations are carried out using ANSY'S software and modelled on flexural tests that were carried out on UHPdC
of sand, barite and magnetite. Based on the calculated flexural modulus and peak load recorded for each sample,
model of beam is simulated to produce displacement on z-axis as point of validation. Overall, simulated deflection
is lower compared to experimental data but at only small amount. Experimental data recorded 5 mm deflection
at peak load while simulated deflection for sand UHPAC is 4.52 mm (Figure 1). While barite and magnetite
UHPAC recorded 4.46 and 4.51 mm simulated deflection. Summary of data is shown in Table 4 and it can be
summarized that the results of simulation validated the experimental results.

Table 4: Summarized data on samples simulated in ANSYS

Flexural Deflection — .
Peak load . Deflection —
Sample modulus Experimental i .
(kN) simulation (mm)
(GPa) (mm)
Unoptimized sand UHPC 1.61 50.4 5 4.52
Optimized sand UHPdC 1.60 50.1 5 4.52
Optimized barite UHPdC 1.12 35.1 5 4.46
Optimized magnetite UHPAC  1.36 42.5 5 4.51

10
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Figure 1: Simulated beam deflection of (a) sand UHPAC, (b) barite UHPAC and (c) magnetite
UHPAC

Further simulation on application of UHPAC as dry cask storage is carried out based on dimension from previous
work which follows Nuclear Regulatory Commission on spent fuel storage and handling [33] (Figure 2). Structural
simulation is design with stacking loading of another dry cask storage to maximise usage per area. Modulus of
elasticity is calculated using Equation 4 based compressive strength results of the experimental work. Based on
the simulations, UHPdCs shows no significant deformation due stacking loading. Maximum deformation of
0.0381, 0.0467 and 0.0498 mm is recorded by sand, barite and magnetite UHPAC respectively (Figure 3). However,
deformations recorded by barite and magnetite UHPdAC is larger due to their denser property which resulted in
larger axial loading when stacked.

Overall, UHPAC is viable to be applied as dry cask storage that follows guideline by the regulatory commission.
Furthermore, simulation on the cask to withstand stacking load would increase the storage per area.
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Figure 2: Reproduced 3d model of dry cask storage from [33]
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Figure 3: Simulated dry cask storage of a. sand UHPdC, b. barite UHPdC and magnetite
UHPA4C

Radiation shielding simulated using PHITS

The dry cask storage model used in ANSYS is also simulated for radiation shielding using PHITS software which
is a particle transport simulation software using Monte Carlo. Dry cask dimension is defined in geometry section
while observation and tracking of particles are defined in tally section. T-track is defined for tally parameter
which record the transport of particle within the area of interest. Total of 10000 histories per batch and a total
of 10 batches are defined in the simulation to achieve acceptable statistical error.

Figure 4 shows result of simulation on quadrant section of UHPAC dry cask storages. The results show the flux
intensity tracked from center of cask up to 200 cm radius. Intensity of flux increase as the colour changes from
blue to red. The red dot shown in each quadrant indicates the location of source and the colour changes to yellow
and teal up to perimeter of dry cask wall. Furthermore, all quadrant shows blue colour in the region outside of
dry cask storage which indicates that all UHPdCs dry cask are able to contain the gamma radiation.
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Figure 4: Gamma ray shielding simulated result of dry cask storage using a. sand UHPdC, b.
barite UHPdC and c. magnetite UHPdC
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Deeper analysis based on effective dose shown by Figure 5 indicates sharp declines in dose value from the inside
wall towards the outside face of dry cask. Highest dose rate which indicates lower shielding is reported by sand
UHPAC which 2.06 x107 psv/hour/source. This is followed by barite and magnetite UHPAC at 9.99 x10® and
7.09 x10® psv/hour/source respectively. These findings validate the experimental work on gamma ray
attenuation of UHPdCs based on the ranking of gamma ray shielding property. Table 5 summarizes the effective
dose of simulation which correlates with density of UHPdC that validates the findings of experimental work.

N . . emin = 0.0000E+00 [MeV
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Figure 5: Simulated effective dose of gamma ray for dry cask of normal concrete and optimized
UHPdC

Table 5: Summary of density, effective dose and linear attenuation coefficient of all UHPdCs

Type of UHPdC Density (kg/m?®)  Effective dose Linear attenuation
(psv/hours/source) coefficient from experiment
(cm™)
Sand UHPdC 2374 2.06x107 0.1663
Barite UHPdC 2776 9.99x10® 0.1957
Magnetite UHPdC 2991 7.09x10°® 0.1972

Simulated flux value due to neutron radiation is shown in Figure 6 where all UHPdC cask are able to reduce the
flux to less than 10 cm™?/source for region beyond the wall. The highest shielding of neutron which is indicated
by blue colour is shown by Magnetite UHPdC and this is followed with sand and barite UHPdC. Based on the
changes of colour from teal to blue near the surface of the cask for each type of UHPAC indicates sudden reduction
of flux which shows effectiveness of shielding by UHPdC material. Effective dose result in magnetite UHPdC
cask also demonstrate the superiority of neutron shielding in magnetite UHPAC compared to others (Figure 7a).
Value of effective dose tracked at beyond wall which is at distance of 114 c¢m is the lowest in magnetite UHPdC.
This finding is congruent with experimental work as magnetite UHPdC posses the highest neutron shielding
property.

Further analysis on flux tracked on the outer face of cask wall shows low shielding of neutron by barite UHPdC
(Figure 7b). Comparison between initial flux and flux tracked at outer wall of barite UHPAC cask indicates that

high amount of neutron with high energy passed through the wall that indicates lower neutron shielding.
Furthermore, low amount of lower enegy flux detected at outer wall of barite UHPdC cask indicates that less

13
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high energy flux being attenuated to lower energy level. This is further indication of lower neutron shielding in
barite UHPAC.

Overall, highest shielding of neutron shown in simulation by magnetite UHPAC validates the finding in expriment
work. Discrepancy shown between result of barite UHPAC cask storage and the experimental work is due to
difference level neutron’s energy distribution. Experimental work employs AmBe source while simulated work is
an alpha and neutron reaction of fissile material of spent fuel which is higher energy level. Furthermore,
experimental work used helium detector for thermal neutrons only while the all particles are tracked in simulation.
However, the difference is small and the results are still comparable. The low in neutron shielding of barite is
also highlighted by a study which reported that resence of barite reduced the amount of neutron moderator in
concrete hence lowering the neutron shielding based on the calculated neutron shielding coefficient [38][41].
Overall, the findings of simulation show the impact of element combination on neutron shielding which Fe and
B elements combination produces positive result on neutron shielding property.
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Figure 6: Simulated flux from neutron radiation of dry cask storage using a. sand UHPdC, b.
barite UHPdC and c. magnetite UHPdC
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Figure 7: Simulated a) effective dose and b) flux value of initial flux (INITTAL) and flux value
at the outer face of dry cask of sand UHPdC (USS), barite UHPAC (UB) and
magnetite UHPdC (UM).

CONCLUSION

This study aimed to simulate the performance of UHPAC in terms of mechanical and radiation shielding properties
using ANSYS and PHITS. Based on the results and analysis of data, the following conclusions are drawn:
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1. Mechanical properties of UHPdC relies heavily on the aggregate type which is validated with

simulation data.

2. Simulated dry cask storage of UHPdC shows viability of all types of UHPAC as cask for storing

spent fuel cell.

3. Gamma radiation shielding of UHPdC is largely influenced by density as magnetite UHPdC

recorded the highest value based on exposure to Cs-137 and Co-60.

4. Neutron shielding based on AmBe source shows largest value recorded by magnetite UHPdC

due to Fe element in the aggregate. Combination of element with large scattering cross section,
neutron moderator and neutron absorber produced UHPdC with higher neutron radiation
shielding property.

5. Overall, magnetite UHPdC shows overall practical mechanical strength and highest radiation

shielding property.
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