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Prediction and assessment of
optimal concrete compositions for
overall radiation protection and
reduced global warming potential

Sanchit Saxena® & Hrishikesh Sharma2™*

Developing an efficient radiation-shielding concrete composition holds paramount importance for
nuclear, medical, and defence facilities. The intricate interactions between various radiation particles
and materials across different energy ranges present challenges in designing effective and resilient
overall shielding structures. This study presents a novel approach that integrates machine learning and
genetic algorithms (GA) to optimize concrete compositions for enhanced radiation shielding against
gamma and neutron rays across a wide energy spectrum. By leveraging these advanced techniques,
six compositions (concrete_1—concrete_6) spanning different density ranges were derived from an
extensive database developed from the previous experimental researches. Subsequently, the shielding
effectiveness of these compositions against all radiation particles was evaluated and compared using
the OpenMC Code. The findings revealed that the proposed concrete_5 and concrete_6 compositions,
comprising iron, boron, nickel, and tungsten at specified weight fractions, outperform other state-
of-the-art compositions in overall radiation shielding. Furthermore, the analysis indicated a 65.89%
reduction in Global Warming Potential (GWP) with the adoption of concrete_6 composition compared
to conventional concrete composition.

Keywords Radiation attenuating concrete, Monte-Carlo simulation, Multi-objective constrained genetic
algorithm, Machine learning, Sustainability

Nuclear energy has long been acknowledged as a crucial component of the global energy balance, providing a
sustainable, dependable, low-carbon electricity source!. The growing concerns regarding climate change and
the urgent necessity for transitioning to sustainable energy sources have led to a substantial increase in the
significance of nuclear power and its infrastructure, notably nuclear power plants (NPPs)2 However, NPPs are
often connected to the fear of disastrous accidents such as the Chernobyl disaster, Soviet Union (1986)%*and
Fukushima disaster, Japan (2011)*. Radiation plays a critical role in nuclear disasters, exerting immediate and
long-term impacts extending over vast areas and affecting a wide range of flora and fauna®®. The influence of
radiation can extend for thousands of kilometers, with profound consequences on ecosystems’. To ensure the
sustained success and public acceptance of nuclear energy and radiation-related risks, there is a requirement to
provide safety to humans and animals from radiation exposure risks.

The three fundamental principles used to minimize the risk of radiation exposure are time of exposure,
distance, and shielding®. With over 1 million people living within 75 km of 152 NPPs around the globe’, a large
area of the ecosystem and population will be at risk during any possible accident or radiation threat. In such
a scenario, there will be many constraints in decreasing the exposure time or increasing the distance, thereby
having a minimal effect on mitigating the radiation effects. Shielding is the most effective principle to mitigate
any such accident, as it can potentially confine radiation within its bounds. In Chernobyl (1986), the casket
around Reactor 4 contained radiation, reducing exposure to emergency responders’. Similarly, at Fukushima
(2011), concrete walls and water barriers helped prevent the spread of radioactive materials®. These incidents
highlight the vital role of shielding in protecting both people and the environment from radiation in nuclear
disasters.

Concrete is used as a conventional construction and shielding material in NPPs and other radiation shielding
structures due to its strength in withstanding tough conditions, good shielding properties against gamma rays
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and neutrons—attributed to its mixture of light and heavy nuclides—and its cost-effectiveness compared to other
efficient shielding materials'®13. Various investigations have been done on improving the gamma and neutron
radiation attenuation capacity of concrete by varying the types of aggregates'->, improvising cementitious
materials*>~*%, developing high-performing concrete (HPC)!*3*16-48 and by adding other additional materials
in concrete*®-%. Low-carbon radiation shielding materials have also gained significant attention due to their
ability to address both environmental sustainability and radiation protection requirements. Recent studies have
explored the incorporation of industrial byproducts and wastes like steel slag, fly ash, and waste powders such as
marble and granite, and recycling of cathode ray tubes, which enhance the shielding performance while reducing
its carbon footprint®»31-3$:6°-73 Various materials used in the researches are shown in Fig. 1. The shielding capacity
of these material compositions against discrete energies of gamma radiations was tested using experimental
set-ups containing a gamma radiation source, scintillator, and a detector. Simulations were performed using
various Monte-Carlo codes i.e., FLUKA3239:446264 N[CNPg!>27-5459.61.63 Geant43, and NXcom?2!-3944,53,54,59,63,65
to evaluate the shielding properties of different compositions of concrete against neutron and gamma radiation.

Inside an NPP, a nuclear fission reaction produces fission fragments accompanied by gamma rays and
neutrons’. Therefore, the shielding material developed for an NPP should be strong enough to withstand
accidental loadings and showcase high shielding efficiency against gamma and neutron rays. In addition to
radiation shielding, mechanical strength is critical for ensuring efficient protection. However, selecting the
optimal composition of elements/ materials for the design is essential before addressing mechanical strength.
Notably, this is challenging because high-density materials/elements (for example—lead, concrete) showcase
better attenuation against gamma rays, whereas low-density materials/ elements (for example — heavy water,
boron, polyethylene) show better shielding against neutron rays’>’¢. Moreover, different elements show different
attenuation values in different energy ranges””. In the literature, despite numerous configurations and materials
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Fig. 1. Materials for radiation shielding concrete.
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being used to improve conventional concrete’s gamma and neutron attenuation properties, the best composition/
combination of materials that offer the best radiation attenuation properties against neutron and gamma rays
over a wide range of energy has not been discussed.

To address these challenges, this study introduces novel concrete compositions that exhibit the highest level
of shielding performance against gamma and neutron rays over the entire energy spectrum of nuclear fission
reactions. The proposed compositions represent a substantial leap forward compared to existing state-of-the-
art materials, as they effectively address the complex and contrasting behaviour of different matter-particle
interactions while maintaining the required balance. By considering wide energy ranges and comprehensively
analyzing particle behaviour, the study successfully accounts for the unpredictability of potential radiation-
related incidents or accidents in real-life scenarios. This ensures the practical applicability of the developed
compositions and guarantees superior shielding performance in developing radiation-protected structures
and highly resilient NPP structures. Additionally, this work examines the environmental implications of the
proposed compositions, quantifying their impact on sustainability. The results reinforce the composition’s eco-
friendliness, making them suitable for developing highly resilient NPPs and other radiation shielding structures
and contributing to long-term sustainability. The workflow, as shown in Fig. 2, has been followed to achieve the
required objective.

Methodology

The methodology employed in this study comprises several vital steps. First, data was acquired from the literature
and processed to build the required dataset. Second, equations were formulated based on the dataset using
machine learning-based regression analysis. A multi-objective constrained genetic algorithm (GA) code was
written to optimize the developed equations while considering multiple objectives and constraints. Following
optimization, the obtained compositions were tested by simulations of a containment structure against different
radiation particles using OpenMC (Open-Source Monte Carlo particle transport)”® code. Lastly, the sustainability
parameters were studied and compared.

Data acquisition and generation

Figure 1 shows most of the materials used to improve concrete’s radiation shielding property against either
gamma rays, neutron rays, or both. There are a number of possible combinations of different materials used
to obtain an improvised composition, making it very complex to study and compare. Therefore, to eliminate
such complexity and facilitate a meaningful comparison, concrete can be studied as a combination of weight-
fraction of each element present in it. The chemical composition data of concrete provided in various researches
was processed and converted into its elemental form. This conversion was based on the element’s weight and
proportion in the corresponding oxide compound. Each element oxide in the concrete was converted into the
element’s weight and oxygen. After processing the data, the 30 common elements found in improved radiation-
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Fig. 2. Flow-Chart of the work.
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shielding concrete are shown in Fig. 3. To establish a correlation between the weight fraction of each element
present in the concrete composition and radiation shielding performance, a comprehensive database consisting
of 495 entries was meticulously prepared. Each entry corresponds to the elemental composition of a concrete
mix, considering the 30 most common elements found in radiation shielding concretes.

Radiation shielding performance can be evaluated using linear attenuation coefficient (LAC)”’and
macroscopic attenuation coefficient (MCS)* for gamma and neutron rays, respectively. Both LAC and MCS are
characteristic properties specific to the elements present in the material and vary continuously with respect to
the energy of the radiation beam. Mathematically, LAC value is defined as:

I=1I .e™ (1)

where ‘T is the intensity of material after passing distance “x’ in medium, ‘I’ is the initial intensity of radiation,
and ‘¢’ is the LAC value. Conversely, MCS (X) is defined as:

2=0.N (2)

where, ‘0’ is the Microscopic Cross-Section (barns) and ‘N’ is the Nuclei Density (Nuclei/cm?). The radiation
dose rate can also be used to evaluate the radiation shielding performance. The effective dose rate represents the
potential radiation risk per unit time and is typically measured in sieverts per hour (Sv/hr). By calculating the
effective dose rate at various locations beyond the shielding, radiation protection professionals can ensure that
the public and workers are not exposed to unacceptable radiation levels®!.

LAC and MCS are typically obtained at a single energy point, which limits their applicability in evaluating the
radiation shielding performance of concrete structures in NPPs. These structures are exposed to complex energy
spectrums of gamma and neutron radiation, which vary significantly in energy and intensity. Best protection
over the entire energy spectrum cannot be evaluated solely based on LAC and MCS values, as these values are
highly susceptible to changes in energy. Evaluating the shielding effectiveness using LAC and MCS does not fully
capture the diverse range of radiation energies in such environments. Further, the impact of radiation on the
environment and human health differs for various radiation particles. By utilizing the dose rate, a more accurate
and comprehensive understanding can be made of how well a concrete composition can protect against the
energy spectrum of different radiation particles.

Calculation of radiation dose rate

The interaction of radiation particles with materials can be understood and simulated using various radiation
particle transport codes such as FLUKA®2, GEANT4%, and OpenMC code’®. OpenMC is an open-source
Monte Carlo computational tool designed explicitly for particle transport simulations in nuclear engineering
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Fig. 3. Major elements used for developing radiation shielding concrete.
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and radiation physics. It provides a wide range of features for simulating interactions of neutrons, gamma rays,
and electrons, allowing for precise predictions of various nuclear phenomena and reactor behaviours. OpenMC
allows the user to develop complex geometries using Constructive Solid Geometry (CSG) modelling technique.
Using the CSG modelling technique, a three-dimensional nuclear containment structure (NCS) was modelled
with half a metre thick section dimensions and a radiation source in the centre. The corresponding thickness
was defined in order to capture the shielding penetration effectively. The geometrical details of the model are
shown in Fig. 4.

An NCS structure is subjected to the energy spectrums of gamma rays and neutrons. Neutrons are further
divided into thermal neutrons (TN) and fast neutrons (FN) based on the energy ranges®*. In a nuclear fission
reactor, Nakashima et al.®> experimentally evaluated the gamma ray’s energy spectrum around the nuclear
fission reactor. It was observed that the energy distribution was continuous around the spectrum with negligible
major distinctive peaks. Further, a recent study by Makii et al.%¢ observed that the prompt fission gamma ray’s
spectra (PFGS) can extend up to 20 MeV of energy in a spontaneous fission reaction of uranium-235. Therefore,
the energy distribution of gamma rays in this study was kept continuous, with a maximum energy of 20 MeV
to consider all the extremities. The energy distribution of gamma rays is shown in Fig. 5(a). TN are neutrons
with energy ranging between 0.025 eV to 1 eV. The energy distribution of TN was kept continuous, as shown
in Fig. 5(b), covering the entire thermal energy spectrum. The energy distribution followed by FN in a nuclear
fission reaction is a Gaussian distribution®” with a mean of 2 MeV. Therefore, the Gaussian distribution was used
for the simulation with the energy distribution, as shown in Fig. 5(c).

The material of the NCS was varied with different concrete compositions from the established dataset.
The elemental composition of air, shown in Fig. 4, was kept at 78.441% nitrogen, 21.075% oxygen, and 0.46%
argon, with a density of 0.0012 g/cc. Simulations were conducted for various concrete compositions exposed to
individual gamma rays, TN, and FN sources, each characterized by their respective energy spectrum, as depicted
in Fig. 5. The simulations were operated under the fixed source run mode with a specified source setting. Each
batch consisted of 5000 particles, and 50 batches were executed to ensure thorough data collection and statistical
robustness.

The energy spectrum corresponding to each radiation type was obtained at an outer boundary. The particle
energy spectra were multiplied by the respective dose coefficient to yield a dose value. Dose coefficients can
be applied in a neutronics tally using the OpenMC energy function filter. The International Commission on
Radiological Protection (ICRP) recommends a four-point cubic Lagrangian interpolation formula on a log-log
graph scale interpolating absorbed dose and effective dose per fluence®. The dose tally was expressed in units
of pico sieverts square centimetres (pSv cm?) per source particle. The tally result was divided by the surface area
to convert it to pSv. Subsequently, the converted value was multiplied by the activity of the source, measured
in becquerels (Bq), to obtain the effective dose rate (pSv/s). In this research, a source activity of 0.15 MBq was
assumed to achieve the desired comparative results. Additionally, each fission reaction is expected to release
three neutron particles and seven gamma rays particles on average®. These values were then used to calculate
the effective dose rates for gamma rays, TN, and FN. To further enhance the authenticity of the simulation
process, a multi-type particle simulation was also conducted using a defined continuous energy spectrum of
different particles, allowing the Total Effective Dose Rate (TEDR) to be calculated collectively. The results from
both approaches were compared and analyzed to provide a deeper understanding of radiation shielding and
validation of the simulation process.

The performed evaluation resulted in the development of an extensive dataset of different concrete
compositions and effective dose rates corresponding to each radiation type. The developed dataset will help us
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Fig. 4. Dimensions and cross-section of (a) Front view (b) Top view of the simulated NCS.
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Fig. 5. Simulated energy distribution of (a) Gamma rays Energy, (b) Thermal neutrons, and (c) Fast neutrons.

understand the effect of individual elements present in the composition on its shielding performance against
different radiation particles across a broad energy spectrum.

Generation of equations

A relationship needs to be developed between the elements weight fraction and dose rate to understand the
behaviour of concrete composition on radiation shielding performance. To establish three mathematical
correlations, i.e., weight fraction of each element v/s dose rate, in the case of gamma rays, TN, and FN,
linear regression analysis was performed on the three datasets using the regression learner app available in
MATLAB?2023%. Supervised machine learning algorithms and techniques are the underlying technology in the
regression learner app, which helps in model selection, training, feature engineering, hyperparameter tuning,
evaluation, and prediction. The models underwent training and validation using 70% of the dataset, randomly
partitioned, and subsequently tested on the remaining 30% as a test set. The evaluation of prediction accuracy
in these datasets relied on commonly employed performance metrics, i.e., correlation coeflicient (R) and root-
mean-square error (RMSE), shown in Equations 3 and 4, respectively.
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In the above equations, n is the total number of concrete compositions in the dataset, Y;" andY; are the predicted
and actual dose rate values, Y *andY” are the mean values of predictions and observations, respectively.

K-folds cross-validation technique was used to improve the quality of the developed regression model.
In this, the data was split into k equal folds and the model was trained k times, with each training iteration
utilizing k-1 folds of data and evaluating the remaining fold. The performance metrics were calculated for each
iteration and then averaged to evaluate the model’s overall performance. K value was selected as 10 in this study.
This technique facilitates model selection, hyperparameter optimization, and assess how well the model will
generalize to new data.

The overall statistical significance of the generated regression models was evaluated by performing the F-test
on the parameters obtained in regression analysis®!. The F-test enables us to determine if the model with all the
input parameters is superior to a basic model that predicts the mean value (intercept). It compares the model
sum of squares (explained variation) with the residual sum of squares (unexplained variation) and evaluates
whether the variation explained is substantially greater than what would be expected by chance alone. MATLAB
code was written to perform an F-test on the three linear regressed models generated in the previous step. The
steps covered in performing the F-test and examining the null hypothesis® are shown in Fig. 6. The significance
level was kept to 0.05 as a limit.

Optimization using multi-objective constrained genetic algorithm

Relationships between the element’s weight fraction and effective dose rate for gamma rays, TN, and FN were
established in the previous section. These can be optimized to achieve the best combination of elements and their
percentage, that will provide better shielding in all three directions without compromising each other. Various
techniques and algorithms for optimization are available in the literature. However, for the given problem, the
GA was used as it offers advantages such as parallelism, global optimization, flexibility, and ease in handling
multi-objectives and constraints®.

A multi-objective constrained GA code was written to find the weight fraction of all 30 elements for the
minimum value of dose rates in all three cases. This optimization considered all three regression equations to
account for the effects of energy variation. To ensure the feasibility of the code output, the following constraints
were applied:

Element constraints

Durability, strength, and production of concrete constraints the maximum and minimum quantity of elements
in the concrete. The range of weight fraction of each element based on the essential requirement and element
limitations of concrete were defined in this constraint. The range was decided based on previous research’s
maximum and minimum values. The element constraints applied in the algorithm are shown in Table 1.
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Density constraints

The density of heavy radiation shielding concrete varies from 3000 kg/m? to 3600 kg/m?>. Therefore, to achieve
feasible results, density constraint was applied, and optimized compositions were obtained for density ranges
3000-3100 kg/m?, 3100-3200 kg/m?, 3200-3300 kg/m?, 3300-3400 kg/m®, 3400-3500 kg/m® and, 3500-
3600 kg/m?. These variations were considered to analyse the variation of each element while considering changes
in density and maintaining practicality as a critical factor.

Oxygen weight constraint

The total weight fraction of element ‘O’ is the sum of the weight percentage of oxygen in the oxides of other
elements. A linear regulation was established to ensure an equal oxygen distribution among all the elements
involved.

The optimization of elemental composition in concrete required balancing several trade-offs to ensure both
effective radiation shielding and structural integrity. Heavy elements like lead and bismuth, which are crucial
for enhancing shielding, had to be carefully balanced with essential structural elements such as calcium, silicon,
and aluminium. Increasing the proportion of heavy elements for better shielding could compromise mechanical
strength, complicate production feasibility, and reduce workability. Similarly, while optimizing for higher density,
leading to improved radiation attenuation, it introduces challenges such as reduced flexibility in production
and potential practical limitations in real-world applications. Managing the oxygen weight constraint was also
essential, as most elements exist in oxide form, and controlling free oxygen content was necessary to maintain
proper balance. Although these constraints limit the shielding performance to some degree, they are crucial to
ensure that the final concrete compositions are both practical and feasible for radiation shielding applications.

In the code developed, three input functions were taken with zero tolerance. The population size of 1000 with
a maximum of 500 generations was considered in the code. The convergent solutions obtained after applying GA
and the constraints were compared and evaluated using the Pareto Dominance Relationship (PDR). PDR helps
in determining whether solutions are dominated by one another in case of possible conflicts between multiple
objectives. In this process, non-dominating solutions are sacrificed to increase the algorithm’s effectiveness and
deal with conflicting goals. Three-dimensional pareto-optimality curves were plotted to understand the optimal
solutions in the decision space and identify the desirable solutions.

Radiation analysis using OpenMC code

The effectiveness of the optimized compositions generated from the GA code must be inspected against gamma
and neutron rays over the defined energy spectrums to consider all the aspects. Using OpenMC code, the
interaction between matter and gamma rays, TN, and FN were analysed separately.

Gamma rays simulation

Gamma rays are a form of high-energy electromagnetic radiation with the electromagnetic spectrum’s shortest
wavelengths and highest frequency. They are produced through nuclear processes, such as radioactive decay and
nuclear fission reactions. Due to their tremendous energy, gamma rays have exceptional penetrating abilities™*.
Therefore, it is necessary to provide shielding against gamma rays due to their high penetration and possible
threat. A wide range of possible interactions can occur when gamma rays come in contact with matter, as shown
in Fig. 7. These interactions are random and depend on the matter’s specific properties and the gamma rays’s
energy. As a result, the outcome of any interaction is probabilistic in nature. Uncertainties and the stochastic
nature of material-particle interaction can be addressed with the help of Monte Carlo simulations. Therefore,
OpenMC code was used to simulate the transport of neutrons and gamma rays through materials.

An NCS structure generally consists of concrete sections in a range of one-metre thickness®>. The NCS model,
shown in Fig. 4, was modified with a one-metre thickness to understand the behaviour of various compositions
and their efficiency in shielding. The energy distribution of gamma rays has already been shown in Fig. 5(a).
Simulations were performed to obtain the flux leakage and effective dose rate for different concrete compositions
and those available in the literature. The secondary gamma rays, generated through Compton scattering, pair
production, or photoelectric absorption, were also considered while calculating the tallies. A comparative
study was conducted to evaluate the efficiency of the optimized concrete compositions quantitatively with the
inclusion of associated probabilities. To keep the structure’s resilience in check, just like the factor of safety, an
additional command of “survival biasing” being true was added to the code.

Neutron rays simulation
Neutrons are zero-charged particles found in the nucleus of an atom alongside protons. They play a crucial role
in nuclear fission reactions as they can initialize a reaction, be released as a product, and produce chain reactions.

Elements | H |C [N |O [Na |Mg |Al [Si [P |S |ClI |Ar |K Ca |Ti
Max % 54 18 |50 |35 |5 |5|16 |0 |2 30 |7
Min % 060 |0 |31 0 06(8 |0|0|0 (O |O 8 0
Elements |V |Cr |Mn |Fe |[Ni |[Cu |Zn |Sr |[Sn |B |Ta |Bi | W | Ba | Pb
Max % 0.5 | 46 0407 |1 |[01]44 0.1 22|19 |16
Min % 0|0 0 0 |0 0 0 0 |0 0 |0 0 |0 |0 0
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Table 1. Maximum and Minimum values constraints on each element for results viability.
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The possible neutron interactions with a nucleus are shown in Fig. 8. MCS of several additional elements in the
targeted concrete compositions were plotted and compared over the energy range, as shown in Fig. 9. From
the graph plotted, it is quite visible that different elements show better behaviour in different energy ranges.
Therefore, the study is further bifurcated based on the energy ranges of neutrons to include the variation of
element v/s neutron energy into the scope of this work.

Thermal neutron simulation TN has energies corresponding to the environment’s temperature and plays a cru-
cial role in nuclear fission reactions. An NCS, as shown in Fig. 4, with a 1 m thick cross-section was simulated.
The energy distribution of the thermal neutron was kept continuous, as shown in Fig. 5(b). Simulations were
performed to obtain the TN flux and dose tally of the optimized concrete compositions and the best composi-
tions from the literature. Considering the survival biasing being true, TN flux leakage of the NCS was obtained
and compared for all the compositions.

Fast neutron simulation Neutrons with high kinetic energy ranging over 1 MeV are called FN. These neutrons
are generated during nuclear fission reactions and show high penetrations to matter, including lead. The Gauss-
ian distribution was used for the simulation with the energy distribution, as shown in Fig. 5(c). A similar NCS,
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as discussed before, was simulated with the fast neutron as an energy source. Neutron interactions with matter
can also produce secondary particles, including gamma rays, protons, alpha particles, and additional neutrons.
In the default settings of the OpenMC code, tallies for secondary particles generated during neutron interactions
are not calculated. To address this, the default configuration was modified by enabling the “photon_transport”
option, allowing the evaluation of secondary gamma rays produced during neutron interactions with matter.
Once enabled, gamma rays flux and current tallies were defined alongside neutron tallies at the outer surface.
However, the contribution of secondary gamma rays at the surface was found to be minimal, accounting for only
about 0.6% of the neutron dose rates at their maximum. As a result, only neutron flux and dose measurements
were primarily considered, as they represent the most significant contribution to overall radiation shielding
effectiveness. For reference, the EDR values of secondary gamma rays released during the interaction of neutron
with matter have been presented in Table S1. Rest assured, all the parameters were kept the same, and flux leak-
age and radiation dose rates were obtained.

Overall evaluation of radiation shielding performance

The overall radiation performance of the concrete compositions can be evaluated and compared based on the
TEDR value. An effective dose rate helps compare all the radiation particles on the same scale. Therefore, this
approach provides a comprehensive measure of the shielding capabilities of various concrete compositions
against different types of radiation. The effective dose rates were obtained individually for gamma rays, TN,
and FN. The summation of all the effective dose rate values is a measure of TEDR. The value of TEDR was
obtained for the proposed concrete compositions and compared with the compositions available in the literature
to evaluate the overall shielding performance over the defined energy spectrum.

Assessment of long-term sustainability of the proposed composition

As the world is moving towards sustainable development goals, it is essential to understand the effects of every
proposed composition or structure on the environment. The sustainability of a product, material, or configuration
can be quantified by measuring the Global Warming Potential (GWP). GWP estimates the emissions from both
the production processes, including raw material extraction and manufacturing, as well as the transportation
phase, which accounts for the emissions from moving raw materials and finished products. By considering all
stages, from production to transport and disposal, GWP provides a comprehensive view of the environmental
impact associated with a product or process.

To assess the sustainability of optimized concrete composition, an NCS structure was simulated with
optimized concrete composition and conventional concrete composition. The composition of conventional
concrete considered in this research is 380 kg/m?® cement, 750 kg/m? sand, 1345 kg/m® coarse aggregates, and
152 kg/m3water*®. The wall thickness of the NCS was varied to achieve the equivalent performance level of
the best concrete composition developed against all the radiations. The GWP of all the construction materials
(cement, fine natural aggregates (FNA), coarse natural aggregates (CNA))%, and metals®’are provided in the
literature. Due to data availability constraints, it was assumed that the GWP values of metals closely approximate
those of their oxides. This is a conservative but practical assumption, as the GWP of refined metals is typically
higher than that of their oxide forms due to the additional energy-intensive refining processes’’. GWPs of the
materials required per cubic meter for the mix design of the required concrete composition, along with the
additional element oxides, are shown in Table 2.

The results of the optimum concrete composition were defined in elemental oxide form. The defined
elemental composition can be achieved using different possible material combinations depending on the choice.
A sample mix design was assumed to calculate the GWP, considering the elemental weight fraction of the
proposed optimum composition. Using the GWP data, the GWP for developing the required concrete per cubic
meter was calculated. In both cases, the material required for developing the NCS was calculated, and the overall
GWP was calculated for developing the required structure at a given performance level.
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Material name Cement | Water | FNA | CNA | Iron oxide (Fe,0,) | Nickel oxide (NiO) | Boron oxide (B,0,) | Tungsten oxide (WO;)

GWP (kg CO,-eq/kg) | 315 002 [7.53 333 |15 6.5 1.5 12.6

Table 2. Global Warming Potential (GWP) (kg CO,-eq/kg) values of materials required for improvised
concrete production.
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Table 3. Variable names representing each element.
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Fig. 10. EDR values of (a) gamma, (b) TN, and (c) FN values for different concrete compositions.

Results and discussions
Results corresponding to each task performed are discussed in this section:

Generation of equations
Each element’s weight fraction was assigned to a variable name, as shown in Table 3.

Regression learner app available in MATLAB®2023, based on supervised machine learning, develop a linear
predictive model with high predictive accuracy. The developed models were based on the calculated dose rate
values of different concrete compositions, as shown in Fig. 10. The format of the equation is shown in Equation
5, where ‘e’ represents the error associated with the model. The results of performed linear regressions on three
energy ranges are shown in Table 4.

30

Dose rate( PSV/py) :Z a, X +c+e (5)
i=1

The performance of the generated equations was evaluated by plotting the predicted v/s true response for the
training and test data, as shown in Fig. 11.

The RMSE and R-squared values were obtained to evaluate the goodness of fit. The correlation value (R) in
the case of training data was obtained as 0.9055, 0.9539, and 0.9219 for gamma rays, TN, and FN, respectively.
For the test data, the values were 0.9592, 0.9539, and 0.9327 for gamma rays, TN, and FN, respectively. The high
correlation coeflicients on the training and test set indicate the model’s strong predictive capability. Additionally,
the very low RMSE values for the training and test sets suggest that the model did not suffer from overfitting.
Based on the developed plots and evaluating parameters, it is evident that the linear relationship between each
element’s weight fraction and the effective dose rate represents a good fit. Further, the overall significance of the
models was evaluated by performing F-tests on the statistics parameters, shown in Table 4. The null hypothesis
was “rejected” in all three models, which validated the overall statistical significance of all three linear regression
models.
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Regression Results (Gamma rays (pSv/

hr)) Regression Results (TN (pSv/hr)) Regression Results (FN (pSv/hr))

Estimate | SE TStat P-value | Estimate | SE TStat P-value | Estimate | SE TStat P-value

Intercept 52.92642 |3.251073 | 1627968 |7.43E-28 | 5.653168 | 1.174856 | 4.811797 | 6.42E-06 | 785.9143 |207.104 |3.794781 | 0.000276
a, ~0.03414 | 0.004557 | ~7.49119 | 5.92E-11 | —0.01418 | 0.001807 | ~7.85022 | 1.13E-11 | -1.8949 |0.329678 | —5.74772 | 1.38E-07
a 0.031581 | 0.008593 | 3.675142 | 0.000415 | 0.011307 | 0.004365 | 2.590177 | 0.011286 | —0.96534 | 0.527745 | ~1.82919 | 0.070878
a, ~0.01671 | 0.003411 | -4.89907 | 4.55E-06 | —0.00189 | 0.001597 | ~1.18342 | 0.239942 | 0.118311 |0.243706 | 0.485467 | 0.628594
a, ~0.01176 | 0.001246 | -9.43754 | 7.03E-15 | —0.00096 | 0.000589 | ~1.62635 | 0.107577 | -0.22514 |0.0766 | -2.93919 | 0.004236
a, -0.10362 | 0.029152 | -3.55447 | 0.000621 | —0.02578 | 0.013588 | ~1.89707 | 0.061214 | -2.29868 | 1.823618 | ~1.2605 | 0.210937
a 0.00612 | 0.011439 | 0.535027 | 0.594028 | -0.00219 | 0.006235 | ~0.35111 | 0.726377 | ~1.32708 | 0.717167 | ~1.85045 | 0.067723
a, -0.01501 | 0.001627 | -9.22524 | 1.89E-14 | —2.2E-05 | 0.0006 | —0.03611 | 0.971275 | -0.30312 | 0.116935 | -2.59219 | 0.011225
a, ~0.01204 | 0.002554 | -4.71522 | 9.37E-06 | 0.000961 | 0.000841 | 1.142884 | 0.256296 | ~0.18501 | 0.164846 | —1.12233 | 0.264882
ag 0.082867 |0.177172 | 0.467719 | 0.641183 | 0.003429 | 0.004066 | 0.843153 | 0.401509 | —1.45622 | 0.500086 | ~2.91195 | 0.004587
a, -0.03452 | 0.005525 | -6.24761 | 1.59E-08 | 0.003537 | 0.003921 | 0.902088 | 0.369559 | 0.699127 |0.382983 | 1.825478 | 0.071441
a, 0306569 | 0.154834 | 1.979991 | 0.05094 | 0.056075 | 0.086215 | 0.6504 | 0.517188 | —13.5286 | 9.584988 | ~1.41143 | 0.161767
a,, 0 0 0 0 0 0 0 0 0 0 0 0
a, 0.05569 | 0.023375 | 2.382446 | 0.019429 | 0.008108 | 0.01119 | 0.724583 | 0.470698 | 0.574134 | 1.469471 | 0.390708 | 0.696991
a, -0.03028 | 0.002503 | ~12.0997 |3.52E-20 | —0.00523 | 0.001165 | ~4.48447 | 2.27E-05 | 0.213986 |0.14879 | 1.438177 | 0.154056
a, -0.01117 | 0.00421 | -2.65423 |0.009487 | 0.002107 | 0.001786 | 1.17972 | 0.241403 | -0.05139 | 0.251005 | —0.20474 | 0.838266
a, ~7.04918 | 6.590466 | ~1.0696 | 0.287826 | —3.45317 | 3.076798 | ~1.12233 | 0.264884 | ~289.064 | 455.7517 | —0.63426 | 0.527616
a ~0.02041 | 0.085603 | 0.34353 | 0.732051 | —0.0451 | 0.048582 | —0.92824 | 0.355912 | -8.80264 | 5.074287 | —1.73475 | 0.086409
a, -0.0721 |0.02752 | -2.61986 |0.010417 | —0.00212 | 0.008562 | ~0.24807 | 0.804675 | ~2.94624 | 1.276565 | —2.30795 | 0.023432
a, ~0.01537 | 0.000945 | ~16.2602 | 8.02E-28 | —0.0018 | 0.000335 | ~5.39277 | 6.13E-07 | 0.000523 |0.053 | 0.009872 | 0.992147
a -2.23254 | 0.953479 | -2.34146 | 0.021548 | —0.39412 | 0.539436 | —0.73062 | 0.467018 | 86.59829 | 58.72823 | 1.47456 | 0.144025
» 0.024225 | 0.123249 | 0.19655 | 0.844649 | —0.02432 | 0.056932 | —0.42722 | 0.670297 | —4.91409 | 7.795423 | -0.63038 | 0.530136
a, 0.024576 | 0.062184 | 0.39521 | 0.693678 | 0.002544 | 0.025278 | 0.100655 | 0.920062 | 0.051673 |3.93384 |0.013136 | 0.98955
a, ~0.03609 | 0.035986 | ~1.00292 | 0.318747 | 0.005517 | 0.015445 | 0.357231 | 0.721804 | 4.86298 |2.8713 | 1.693651 |0.093993
a,, ~63.0547 | 46.00002 | ~1.37075 | 0.174061 | 18.3157 | 20.64783 | 0.887052 | 0.377554 | -1591 | 3101.972 | -0.5129 | 0.609352
a,, -0.01327 | 0.001568 | -8.46149 | 6.64E-13 | 0.002716 | 0.001112 | 2.442472 | 0.016658 | 0.50327 | 0.095954 | 5.244885 | 1.13E-06
a, 285.8862 | 131.5622 | 2.173012 | 0.032562 | ~31.2976 | 56.82937 | -0.55073 | 0.583264 | 7803.522 | 8782.918 | 0.888488 | 0.376785
a, ~0.19705 | 0.077407 | ~2.54564 | 0.012712 | —0.03013 | 0.042162 | —0.71454 | 0.476853 | 9.660343 | 4.776879 | 2.022313 | 0.046288
a,, -0.04029 | 0.002702 | ~14.9105 | 1.91E-25 | —0.00744 | 0.001141 | -6.51976 | 4.79E-09 | 0.804242 | 0.193523 | 4.15579 | 7.70E-05
a, -0.05591 | 0.003834 | -14.5818 | 7.52E-25 | —0.01223 | 0.001918 | —6.37596 | 9.05E-09 | 0.59943 | 0.264016 | 2.270435 | 0.02571
a, ~0.04503 | 0.007839 | ~5.74446 | 1.40E-07 | —0.00163 | 0.006339 | ~0.25787 | 0.797134 | 1.085195 | 0.442081 | 2.454742 | 0.016138
Table 4. Posterior statistics of parameters of developed regression models.
Optimization using multi-objective constrained genetic algorithm
Three developed equations were processed through GA to give six different concrete compositions in different
density ranges with the best shielding properties. The variation of density ranges was considered to keep the
possible deviations into the picture that might occur while developing the concrete in real life. Three-dimensional
pareto-optimality curves were plotted for all six density ranges to review the convergence and obtain the best
results in possible conflicts between results. The plotted curves are shown in Fig. 12. The scattered plots from
the Pareto curves follow the required convergence trend in a three-dimensional plane. From this, it can be
depicted that the three equations, along with all the constraints, converge to the most optimum solution for a
given density range of concrete. The results of the optimized concrete compositions in different density ranges
are shown in Table 5, 6, 7, 8, 9, 10.

Results from the code also align with the already known concepts about these elements. It has already been
discussed before that different elements showcase superior shielding performance against different radiation
particles in different energy ranges. The right balance between low and high atomic number elements is required
for the best overall radiation shielding. It is already known that boron is highly effective against TN, whereas
tungsten and iron are effective against high-energy neutrons and gamma rays. The results from the code show
that these three additional elements at a given weight fraction will provide the highest overall shielding. Density
also plays an important role and in the given density range, code always converged to the highest density. The
density of the output composition came out to be 3100 kg/m?, 3200 kg/m?, 3300 kg/m?, 3400 kg/m?, 3500 kg/
m?, and 3600 kg/m? respectively in their density ranges. Although the generated data is in the form of the
optimum elemental composition of the concrete, it gives a clear picture of the quantity of addition of the new
materials and the corresponding modifications in the conventional concrete’s mix-design as per the requirement
and suitability of the different forms of additional materials.
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Scientific Reports |

(2025) 15:5785

| https://doi.org/10.1038/s41598-025-89683-w

nature portfolio


http://www.nature.com/scientificreports

Scientific Reports |

www.nature.com/scientificreports/

wed

200

(ayins® voned

(2025) 15:5785

(n\u\sd) o 15E 3
s 2

wed

2

(auas® sonnet

U]
Fig. 12. Pareto-optimality curves obtained from GA algorithm code for density ranges (a) 3000-3100 kg/m?
(b) 3100-3200 kg/m? (c) 3200-3300 kg/m? (d) 3300-3400 kg/m? (e) 3400-3500 kg/m? (f) 3500-3600 kg/m?.
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Table 7. Optimized Concrete Composition for Density range (3200-3300 kg/m?).
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Elements | H C|N|O Na | Mg | Al |Si P|S|Cl | Ar |[K|Ca Ti

Wt. (kg) | 20.4 2002.6 |0 |0 20.4 12652 |0 0|0 O |0 |2652 |0

(=]
(=]

Elements | V | Cr | Mn | Fe Ni |[Cu|Zn (Sr |Sn |[Ba |Ta |Bi | W |B Pb

Wt.(kg) [0 |0 |O 241.06 |51 |0 0 0 |0 |0 0 |0 |102 |431.8 |0

Table 8. Optimized Concrete Composition for Density range (3300-3400 kg/m?).

Elements | H |[C |[N |O Na Mg |Al |Si |P |S |Cl |Ar |[K |Ca |Ti

Wt. (kg) 21 |0 |0 |20615 |0 0 21 (273 |0 |0 |O |O 0 273 |0

Elements | V | Cr | Mn | Fe Ni |Cu|Zn |Sr |Sn |Ba |Ta [Bi |W |B Pb
Wt. (kg) 248.15 | 525 | 0 0 0 |0 0 0 |0 |105|4445 |0

(=]
(=]
(=]

Table 9. Optimized Concrete Composition for Density range (3400-3500 kg/m?).

Elements H |C |N |O Na |Mg | Al |Si P|S|Cl |Ar [K |Ca Ti
Wt.(kg) [21.6 |0 |0 |21204 |0 0 21.6 (2808 |0 |0 |0 |O 0 |280.8 |0
Elements | V | Cr | Mn | Fe Ni |Cu |Zn |Sr |Sn |Ba |Ta |Bi W |B Pb
Wt.(kg) |0 |O |O 25524 |54 |0 0 0 |0 (O |0 |0 |108 |4572 |0

Table 10. Optimized Concrete Composition for Density range (3500-3600 kg/m?).

Gamma rays simulation

The gamma rays flux contours were plotted based on the changes in flux intensity after the possible interactions
with the concrete walls for different concrete compositions. The developed plots are shown in Fig. 13. From
Fig. 13, it is evident that all six concrete compositions show equivalent or better attenuation properties than the
best compositions in the literature. The quantitative estimation of the mean and standard deviation of flux for
different concrete compositions is shown in Fig. 14. The results indicate that the shielding performance against
gamma rays improves as the density increases. Compared to the available literature, the concrete_5 and concrete_6
compositions demonstrated higher flux reduction in most cases. However, the configurations presented by
Sayyed et al.?’ and Luo et al.** outperformed concrete_5 and concrete_6 in gamma-ray shielding by a slight
margin. This slight difference in shielding performance is acceptable, given that the developed compositions are
designed to provide the highest overall radiation shielding. Therefore, they must balance shielding effectiveness
between gamma and neutron rays, which have contrasting properties and require different considerations for
optimal protection.

For facilities predominantly exposed to gamma radiation, such as healthcare centers and nuclear fuel storage
units, the concrete compositions developed by?” and Luo et al.** will offer a more tailored solution due to their
marginally superior gamma-ray attenuation capabilities. In such environments, neutron radiation is either
absent or of negligible concern; therefore, shielding against gamma rays released from radio-active materials
used in medical radiology, radiotherapy, or stored in storage containers becomes a critical factor. This targeted
approach allows for a more efficient design of shielding barriers, especially in environments where the interaction
mechanisms of neutron radiation do not need to be factored into the composition of the concrete.

Thermal neutrons simulation

Contour plots associated with TN flux leakage are shown in Fig. 15. The mean and associated standard deviation
of TN flux leakage against different compositions were obtained from the simulations performed, and the
results are shown in Fig. 16. The developed contours and graphical representation of flux leakage show that
all six developed concrete compositions show equivalent or better radiation attenuation properties than the
rest. Additionally, all six proposed compositions demonstrated superior shielding performance, with minimal
flux leakage against TN. The high performance against TN results from the presence of boron and the rightful
amount of low atomic mass elements such as hydrogen, boron, silica, and calcium.

The concept of contrasting behaviour discussed earlier in the interaction of different radiation with matter
is quite visible in the composition given by Sayyed et al.?’” and Luo et al.*’. The composition provided by the
researchers exhibited better performance level against gamma rays than the optimized compositions. Conversely,
the performance decreased significantly against TN, resulting in very high TN flux leakage.

Fast neutrons simulation
Contour plots associated with FN flux leakage are shown in Fig. 17. From the results obtained, it can be said that
none of the compositions are sufficient to restrain the FN flux from leaking out.

To understand the leakage in a quantified way, a graph was plotted with the mean and standard deviations
associated with the FN flux leakage for different concrete compositions and is shown in Fig. 18. The contour
plots and graphical representations demonstrate that all the developed compositions exhibit superior radiation
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Fig. 13. Flux mean and flux standard deviation of gamma rays’ interaction with different concrete
compositions (a) Dez (b) Esf (c) Gha(d) Gun (e) Kum (f) Luo (g) Mad (h) Nik (i) Say (j) Suw (k) Zey (1)
Concrete_1 (m) Concrete_2 (n) Concrete_3 (o) Concrete_4 (p) Concrete_5 and (q) Concrete_6 (where the
given acronyms represent the configurations by (a) Dezampanah et al.> (b) Esfahani et al.*” (c) Gharieb et al.!®
(d) Gunoglu et al.?! (¢) Kumar et al.*® (f) Luo et al.*’ (g) Madej et al.*® (h) Nikbin et al.% (i) Sayyed et al.? (j)
Suwanmaneechot et al.** (k) Zeyad et al.’* respectively.

shielding performance against FN. The composition by Dezampanah et al.>? achieved the minimum flux leakage
fraction when compared with the other compositions in the literature. However, the proposed concrete_6
composition further reduced flux leakage by 51.4% compared to the Dezampanah et al.>> composition.

Overall evaluation of the shielding performance

Based on the flux data, it is visible that the proposed compositions are able to maintain the balance between
shielding performance against the three radiation types to achieve the highest overall radiation shielding. For
reference, the mean and standard deviations associated with flux leakage have been shown in Table S2. However,
because flux-to-dose conversion factors vary significantly for different radiation types, the overall evaluation of
shielding performance was considered based on the TEDR.
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Fig. 14. Mean and standard deviation of gamma rays flux leakage fraction for different compositions of
concrete.

The effective dose rates corresponding to each radiation type, i.e., gamma rays, TN, and FN, were evaluated
and summed up to obtain the TEDR. The TEDR values were also determined using the multi-type particle
simulation process. A comparison of the results from the two processes is presented in Table S3. The findings
indicate that both approaches yield highly consistent results across all considered compositions, with a
maximum variation of only 1.7%. This minor variation can be attributed to uncertainties inherent in material-
particle interactions. The close agreement between the two methods underscores the robustness and reliability
of both approaches in accurately evaluating TEDR values. However, the approach focusing on individual particle
interactions was prioritized as it offers a more detailed understanding, making it more suitable for the objectives
of the study.

The graphical representation of the TEDR for all concrete compositions is plotted and shown in Fig. 19.

The plot illustrates that the overall shielding performance of the proposed concrete_5 and concrete_6
compositions is the highest. The highest performance by the existing concrete composition was given
by Dezampanah et al.>2, with a TEDR value of 54.476 pSv/hr. Compared to this, the values achieved in the
concrete_5 and concrete_6 composition were 47.331 pSv/hr and 39.908 pSv/hr, respectively. Further, concrete_4
composition resulted in a TEDR value of 56.291 pSv/ hr, which is close enough to the value in the case of
the Dezampanah et al.>? composition. However, the density of concrete_4 composition is 3400 kg/m>, whereas
the density of Dezampanah et al.>> composition was 3532 kg/m?>. Therefore, with the application of concrete_4
composition, the overall performance equivalent to the best composition in literature can be achieved with lower
density levels. Moreover, the overall performance can be increased above Dezampanah et al.>> composition
by 13.12% and 26.74% with the application of concrete_5 and concrete_6 composition, respectively. Thus, the
proposed compositions find the right balance between two extreme points with consideration of the dosage
factors and showcase the highest overall radiation shielding. Overall, the proposed compositions will not
only enhance shielding performance but will also reduce material usage and improve structural efficiency,
representing a major advancement in developing next-generation NCS materials. Their ability to achieve
superior performance with reduced density and greater reliability will also position them as ideal candidates for
modern nuclear shielding systems.

It should be noted that while the geometry and size of NCS will affect the absolute values of radiation
flux leakage, the optimization process for concrete compositions remains robust across different scales. The
performance comparison of different concrete compositions is based on equivalent volumetric units, ensuring
that the optimized compositions retain their relative effectiveness regardless of structural size or thickness.
Therefore, while scaling may influence the total radiation leakage, the relative shielding performance of
the proposed concrete compositions remains consistent, making the results applicable to a range of NCS
configurations.

Assessment of long-term sustainability of the proposed composition

Simulations of the NCS made of conventional concrete and concrete_6 composition were performed to achieve
zero flux leakage, considering all the radiation particles. The contour plots of mean and standard deviation
associated with zero flux leakage are shown in Fig. 20. The results depicted that the conventional composition
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Fig. 15. Flux mean and flux standard deviation of thermal neutron rays interaction with different concrete
compositions (a) Dez (b) Esf (c) Gha(d) Gun (e) Kum (f) Luo (g) Mad (h) Nik (i) Say (j) Suw (k) Zey (1)
Concrete_1 (m) Concrete_2 (n) Concrete_3 (0) Concrete_4 (p) Concrete_5 and (q) Concrete_6.

required a section with a minimum thickness of 350 cm, whereas a section developed from concrete_6
composition required a thickness of 150 cm, which is 57.143% less. Further, the TEDR value of conventional
concrete composition was calculated as 393.587 pSv/hr, almost ten times more than the TEDR value of
concrete_6 composition. The minimum thickness required for other concrete compositions to achieve zero flux
leakage can be found in Table S4 in the supplementary section. Assessing the material requirements necessary
to attain the desired performance level, the GWP of the proposed composition was calculated to evaluate its
environmental impact, comparing it with conventional concrete. The elemental composition of “Concrete_6”
serves as a basis for reverse-calculating the necessary materials for its development. A rough estimate of a mix
design composition for concrete_6 was made with few assumptions. The additional materials in concrete_6

composition were assumed to be added in their oxide form. This resulted in 136 kg/m* WO,, 1456 kg/m* B,0O

273

365 kg/m® Fe,0,, and 69 kg/m? NiO. Iron content can also be incorporated into the mix design as heavy coarse
aggregates, such as hematite or magnetite ores. For cement calculation, it was assumed that cement’s calcium and
silica content are around 65% and 20%, respectively. This resulted in 432 kg/m? cement content. The amorphous
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Fig. 16. Mean and standard deviation of thermal neutron flux leakage fraction for different compositions of
concrete.

silica was assumed to be contributed by fine sand, which has 75% of the silica content. This resulted in 300 kg/
m? of fine sand and around 650 kg/m? of coarse aggregates. The water content was estimated to be 175 kg/m°.
The particles’ gradation and size also matter for better compaction, density, strength, and durability. Based on
the considered mix design, the GWP of “Concrete_6” and conventional concrete was computed per cubic meter
of concrete.

The calculations revealed that “Concrete_6" emits 163.212 metric tons of equivalent CO, per cubic meter,
while conventional concrete emits 195.603 metric tons of equivalent CO, per cubic meter, which is 19.85% more
than concrete_6 composition. Utilizing the concrete volume required for constructing the previously discussed
NCS with the required thickness, the overall GWP associated with two different materials was calculated. The
calculations revealed that for "Concrete_6," the GWP stands at 1.596x 10° metric tons of equivalent CO,,
whereas for conventional concrete, it rises to 4.678x 10> metric tons of equivalent CO,. Consequently, the
employment of “Concrete_6” showcased an impressive 65.89% reduction in GWP compared to conventional
concrete while meeting the performance requirements for the targeted NCS. This substantial reduction aligns
with the United Nations Sustainable Development Goals (SDGs), particularly SDG 11 (Sustainable Cities and
Communities) by promoting environmentally responsible construction materials, SDG 9 (Industry, Innovation,
and Infrastructure) by fostering innovative and sustainable material design for advanced NCS, and SDG 7
(Affordable and Clean Energy) by minimizing the carbon footprint of construction of NCS, thus contributing to
the global transition towards a low-carbon future.

These findings strongly support the sustainability of the developed concrete configurations, which not only
deliver optimal performance but also contribute to a reduced environmental impact. However, a potential
concern arises regarding the disposal of concrete containing heavy metals after dismantling the unit, as improper
management could lead to soil and groundwater contamination. To address these challenges, future solutions
could focus on recycling concretes with heavy metals for the development of low- to moderate-energy radiation-
active waste disposal systems, integrating eco-friendly additives, and exploring sustainable recycling or disposal
methods for heavy-metal-infused concrete.

Conclusions

The research presented in this paper demonstrates a novel approach to predict optimum overall radiation
shielding concrete compositions using combined machine learning and GA. The key findings and conclusions
are as follows:

o The linear regression models developed demonstrated strong predictive capability for estimating the effective
dose rates from gamma rays, TN, and FN. The high correlation coefficients (0.9055 to 0.9592) and low RMSE
values for training and test sets indicate that the models did not suffer from overfitting and can accurately
predict the dose rates.

« The optimization of concrete compositions using a multi-objective constrained GA has resulted in the iden-
tification of optimal elemental mixes across six different density ranges. These mixes include specific weight
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Fig. 17. Flux mean and flux standard deviation of fast neutron rays’ interaction with different concrete
compositions (a) Dez (b) Esf (c) Gha(d) Gun (e) Kum (f) Luo (g) Mad (h) Nik (i) Say (j) Suw (k) Zey (1)
Concrete_1 (m) Concrete_2 (n) Concrete_3 (0) Concrete_4 (p) Concrete_5 and (q) Concrete_6.

fractions of iron, nickel, tungsten, and boron. Incorporating these elements offers targeted shielding against
gamma rays, TN, and FN, ultimately leading to superior overall shielding performance.

o The TEDR for concrete_5 and concrete_6 compositions was 47.331 pSv/hr and 39.908 pSv/hr, respectively,
which is 13.12% and 26.74% better than the best existing composition, respectively. Thus, the proposed con-
crete compositions (concrete_5 and concrete_6) demonstrated the highest overall radiation shielding perfor-
mance compared to existing compositions in the literature.

« Based on the considered mix design, concrete_6 emits 163.212 metric tons of equivalent CO, per cubic meter,
while conventional concrete emits 195.603 metric tons per cubic meter, which is 19.85% more. To achieve a
zero flux leakage condition, concrete_6 composition required 150 cm thickness, whereas conventional con-
crete required 350 cm. With consideration of performance level, concrete_6 showcased an impressive ap-
proximate 65.89% reduction in GWP compared to conventional concrete for realizing the targeted shielding
performance.
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Fig. 19. Overall evaluation of concrete compositions against total radiation based on the total effective flux

dosage.

In conclusion, the research has proposed innovative overall radiation-shielding concrete compositions,
demonstrating significant advantages in shielding effectiveness, material efficiency, and environmental
sustainability. These advancements hold promise for bolstering the resilience of nuclear power plant structures
and enhancing various facilities requiring robust overall radiation shielding. Ultimately, these findings stand to
propel the evolution of radiation shielding technologies, fostering the design of more efficient and eco-friendly
nuclear facilities poised for the challenges of tomorrow.
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Fig. 20. Nuclear radiation shielding of an NCS made from (a) Concrete_6 and (b) Conventional Concrete.

Future works

Future research should focus on several key areas to advance the development and application of the proposed
concrete compositions for radiation shielding. First, experimental validation is essential to verify their real-world
shielding performance. Additionally, selecting the most feasible types and content of raw materials, particularly
those closely matching the machine learning outcomes, will be prioritized to facilitate practical implementation.
A comprehensive cost-benefit analysis should also be conducted, considering both initial construction costs
and long-term factors such as durability, maintenance, and aging effects that may impact shielding efficacy.
Additionally, addressing the challenges associated with managing concrete containing toxic elements after the
decommissioning of radiation-shielding structures is crucial. Developing safe disposal, recycling, or repurposing
protocols will ensure environmental safety and compliance with hazardous waste regulations.
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Data is provided within the manuscript or supplementary information files.
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