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Abstract

X-Ray shielding efficiency of sand reenforced plastic concrete blocks synthesized using sand and waste sachet water
plastic in the percentage ratio of 50:50, 30:70, 10:90 and 0:100 has been studied in this paper. The density of the
synthesized concrete blocks and their x-ray shielding characteristics were measured using a densitometer and a set of
x-rays shielding fixed diagnostic x-ray machine and digital Geiger counter respectively. The density value decreased
as the sand percentage decreased from 1.922 gem! to 1.250 gem™ with an increasing plastic percentage, resulting from
the substitution of sand with lighter plastic. The linear attenuation coefficient (LAC) and the mass attenuation
coefficient (MAC) values increased with an increase in the percentage of plastic while the tenth value layer (TVL)
and half value layer (HVL) decreased with increase in the percentage of plastic in the concrete material. The value of
the mean free path (MFP) appeared higher when more sand composition. The results demonstrated that more plastic
composition improved the concrete shielding efficiency even as the density continued to decrease. This might be since
more spaces are closed with more plastic percentage, closing gaps between sand particles. The study demonstrated
that the sand reenforced plastic concrete presented in this work offers greater advantage solves the problems of light
weight and durability that is faced with conventional cement concrete materials in X-rays shielding applications.

Keywords: X-rays, Plastic waste, Concretes, Radiation shielding efficiency.
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INTRODUCTION

Human exposure to both non-ionizing and ionizing radiation (includes X-rays, gamma rays and
high energy particles) from both natural and artificial sources is inevitable, especially the natural
ones that comprise of the cosmic showers and earth crust emissions [1]. The artificial activities
such as nuclear medicine procedures (diagnostic and therapeutic), mining, space missions, nuclear
power plants and others also contribute greatly to the level of exposure of humans to ionizing
radiation [2][3].

Gamma and X-rays constitute a part of ionizing radiation with high energies and penetration
powers [4]. This radiation possesses great potential to harm human health and damage sensitive
equipment or materials around their vicinity. Thus, efficient shielding materials are required for
the attenuation of these high energy radiations to levels of safety and acceptability. Traditionally,
concrete blocks, tiles and clay bricks are used in shielding ionizing radiations [4][5].

In general, shielding characteristics and efficiency of any materials is dependent on the material’s
atomic number, density, radiation resistance shielding permanence, multi-use possibility, heat
dissipation ability, obtainability and radiation level lowering ability [6]. Concretes materials,
especially the cement concretes offer good shielding efficiency and cost effectiveness in X-ray
room and general shielding applications, but is faced with some setbacks that include their
durability (due to their permeability), microcracks occurrence resulting from related stresses and
hydration heat, corrosion, carbonation and chloride ingress [7]. Lead, which proved to be efficient
in shielding ionizing radiation have been used over the years for the ionizing radiation shielding
application in various hospitals and nuclear centers around the world. The use of lead in such
applications have faced serious opposition from experts, pointing the dangers of chemical toxicity

[8]-[10].

Over the years, researchers have been trying explore alternative materials for radiation shielding
applications, which include composites [11]-[15]. Polymer composite materials offer advantages
such as lower weight, improved durability, and reduced environmental impact. Several studies
have investigated the radiation shielding properties of polymer-based composites, including those
reinforced with metal oxides, ceramics, and natural fibers [11], [16]. Sand-reinforced plastic
concrete blocks have been identified as potential radiation shielding material due to their high
density, low cost, and sustainability. However, limited research has been conducted on the radiation
shielding properties of these blocks. In this paper, sand reinforced plastic concrete was synthesized
and the X-ray shielding characteristic of the materials was studied and discussed.

MATERIALS AND METHODS
Preparation of Samples

Sand reinforced plastic/polymer concrete with varying sand content of 0 %, 10 %, 30 % and 50 %
of total aggregate content. The bricks were made by using granulated plastics waste and sand.
Mixtures matching the intended compositions were weighed using an Adam PW 184
(180X0.0001g) AE437713 electronic digital scale with an error measurement of +0.0001g in
accordance with equation. The components were vigorously mixed after heating and melting the
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plastics in a breaker on an electronic stove before adding the sand sample. Proper mixing was done
until homogenous mixture was obtained before purring the mixture into the mold with thickness
of 1 inch.

Table 1: Sample Composition and Labels

Samples Sand(g) Plastic(g)
S1 50 50
S2 30 70
S3 10 90
S4 0 100

Figure 1: Sample sand and Plastics Used

Density Measurement Procedure

Densities of all bricks were measured by using the Archimedes’ principle which involves the
weighting of glass in air and in distilled water at room temperature. The difference between these
two masses were measured using digital electronic densimeter MH-300A with accuracy + 0.0001
g. Serial number 20230409001-2, Model number MH-300A, manufacturing date 2023/04/10.
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Figure 2: Density Measurement Procedure

The density p of the synthesized plastic-based concretes were measured using a densitometer
model. The density resolution will be estimated at around + 0.001gcm3. For each of the samples,
the density will be determined using the Archimedes method where distilled water is the immersion
liquid using the following relationship at room temperature using

w- —
Psample = W; Pwater (gcm 3) (1

Where p = is the density, W] is the weight of sample in air and W, is the weight of sample in water
[17].

X-ray Attenuation Experiment

The setup for the radiation shielding experiment was done in line with the method reported by
Kaewjaeng et al. [22] as shown in Figure 3. The holder was positioned at 40 cm from the X-ray
tube while the detector probe was placed 100 cm away from the tube. The generated X-ray beams
were collimated to 1.5 cm by 1.5 cm in the machine accompanying collimator.

Radiation Shielding Calculations

The total cross-section of radiation contact with an atom is equal to the sum of the cross-sections
of the particle, photoelectric effect (1), Compton Scattering (o) and pair production (k), depending
on the photon energy and the absorbing material. By either absorbing them or scattering them,
each impact eliminates photons. In the absorber, this relationship is defined as the likelihood of
occurrence per unit path length. The Linear Attenuation Coefficient (LAC) can be desired as the
interaction's full potential [18]; [19].
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p= (1) + (o) + (x) ()
Linear Attenuation Coefficient (LAC)

When radiation is flowing through a material, the linear attenuation coefficient (1) reduces the
radiation's intensity. When radiation passes through a substance, the substance's electrons absorb
some of the energy. Therefore, LAC is dependent on the physical state of the material. Therefore,
using narrow beam geometry, Beer-Lambert's law can be used to calculate the attenuation of X-
rays or gamma rays [20].

[=1e ¥t 3)

Where [, = the initial photon intensity, / = the transmitted photon intensity, t is the penetration
depth (cm), and p is the linear attenuation coefficient.

Mass Attenuation Coefficient (MAC)

Since LAC depends on the density of a material. Therefore, MAC is being used for practical
purposes. The Mass Attenuation Coefficient values of the glasses will be evaluated by applying
mixture rule of photons can be estimated from measured values of p and p as follows:

Hm = 1/ p 4
Where p is the density of the material and p is the linear attenuation coefficient [2].

The Mass Attenuation Coefficient of the glasses will be evaluated by the transmission method
according to Lambert-Beer’s law, equation (4). Which accounts for the radiation flux distribution
when the ideal Lambert-Beer law conditions did not fulfil in the experimental conditions or setup
[20], [21].

Half Value Layer (HVL) and Tenth Value Layer (TVL)

Half value layer and Tenth Value Layer is the thickness at which the transmitted intensity is
reduced to 50% and 90% the initial intensity [20]. Lower HVL/TVL and MFP values allow for the
production of better shielding materials. In the HVL & TVL are the thicknesses of radiation
shielding material required. The material's capacity to block radiation increases with decreasing
HVL and TVL values. The HVL of any material is the matric that determines the effectiveness of
X-ray or gamma-ray shielding and expressed as:

In(2)

HVL = == )
Where HVL is the half value layer

TV = 209 (6)
Mean Free Path (MFP)

The MFP, which is the mean distance required to attenuate photons is an absorber calculated from
the LAC as follows:

MFP = % (7)
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Figure 3: Experimental X-ray-up for Radiation Shielding Measurement
RESULTS AND DISCUSSIONS

Fabrication of radiation attenuating bricks system using sand and plastics waste was successful, as
shown in Figure 4 below. The following characterization such density and radiation attenuation
properties were carried to test the radiation ability of the bricks.

Figure 4: Fabricated Sand Reenforced Plastic Concrete Samples
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Density of Synthesized Sand Reinforced Plastic Concrete

Using Archimedes method, the weight of an object in air W1 / weight an object in water W2 using
DI water is used as immersed fluid at room temperature. The results show a decrease in density
from 1.922 to 1.250 (gcm™3) for bricks. The results displayed decrease is due to reduction of the
sand sample and increase of the plastics content. As shown in Table 2 and Figure 5.

Table 2: Density Measurement Data

Samples 1 2 3 Total Average
S1 1.914 1.918 1.934 1.922

S2 1.434 1.446 1.464 1.448
S3 1.347 1.361 1.349 1.352
S4 1.221 1.262 1.268 1.250

—— Density (g/cm?)

Density (g/cm?®)

1.4.: T
13- \

1.2 1

S1 S2 S3 sS4
Bricks Samples

Figure 5: Density Plot for the Synthesized Plastic Concrete Samples
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X-ray Attenuation Properties of Sand Reenforced Plastic Concrete

Attenuation efficiency of the new block series was investigated against low energy photons using
diagnostic X-ray machine the evaluation of some parameters like LAC, MAC, HVL & TVL, and
MFP. The blocks samples are S1 (50:50), S2 (30:70) S3 (10:90) and S4 (0:100) of sand to plastic
ratio.

Table 3: Radiation Dose for the Synthesized Plastic Concrete Samples

Energy (kVp) Background S1 S2 S3 S4
80.00 1.68 0.92 0.70 0.5673 0.61
70.00 1.46 0.81 0.53 0.468 0.43
60.00 1.27 0.72 0.47 0.355 0.426
50.00 1.19 0.43 0.44 0.3904 0.384
40.00 0.57 0.46 0.31 0.396 0.336

Linear (LAC) and Mass Attenuation (MAC) Coefficients

LAC is a useful parameter used to determine the X-ray radiation attenuation shielding of any
sample. As we can recall from equation (3) linear attenuation coefficient is the combination of
interaction cross sections for photoelectric effect, Compton scattering and pair production, which
are the three most important principles of photon attenuation in materials. Figures 6 and 7 present
LAC and MAC of the samples against photons generated with tube voltages of 40, 50, 60, 70 and
80 kVp. The LAC and MAC values decrease with increasing photon energy. The maximum and
minimum LAC and MAC are observed at 40 and 80 kVp respectively, which is in consonance to
the results reported in literature [22][23][24].

LACs were evaluated in a wide energy range to examine the behavior at higher energy levels. For
all studied energies, the LAC values for any systems (doped with varying concentrations of leather)
followed the following declining trend of LAC characteristics. And thus, with lower contraction
of sand showed higher LAC values, Also the sample with zero (0) concentration of sand gives
higher shielding ability. At the energy of 80 kVp, the LACs decreased. Sample S1 with the highest
concentration of sand (50:50) for both sand and leather shows lower LAC and MAC values
compared with the other samples, which is not correlation with higher concentration of dopants.
Thereby suggesting that higher plastic concentration increases the shielding efficiency. The MAC
and LAC value demonstrated by the sand reenforced plastic concrete presented in this work
showed great shielding efficiency when compared with those of some concrete materials as
presented in the work of Thakur et al.[25].

For a given thickness and density of material, the probability of interaction depends on the number
of atoms the X-rays encounter per unit distance. The cross section of photoelectric absorption
increases increased when the photo energy exceeds the binding energy of inner shell electrons.
Thus, increasing the plastic concentration results in an increase in the number of electrons available
for interaction. This process is very significant for high Z targets in diagnostic X-ray. From Figures
6, there is absorption edges in some samples (Si and S»), which results in abrupt increase in the
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attenuation coefficients in the blocks system 0:100 and 10:90 sand to plastic ratio as a result of k
— edge energy at 70 — 80 kVp [26].
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Figure 6: Linear Attenuation Coefficients as a Function of X-rays Photon Energy
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Figure 7: Mass Attenuation Coefficient as a Function of X-rays Photon Energy
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Half and Tenth Value Layer

The thickness at which the transmitted intensity is reduced to 50% and 90% of the initial intensity
is known as the Half Value Layer (HVL) and Tenth Value Layer (TVL), respectively. HVL and
TVL are parameters of interest in shielding experiments. These parameters are computed using
Equations (5) and (6) respectively [27] [27] [28].

Greater space conservation and improved radiation shielding efficacy are associated with lower
HVL [28], [30]. The HVL and TVL of the new block are presented in Figures 4.4 and 4.5. In other
words, HVL and TVL reveal their lowest values for lower sand concentration in the bricks.

High-energy photons have lower interaction cross sections with material atoms less frequently than
the travel through the material matrix, and this results in an increase in HVL and TVL values.
Accordingly, photons of lower photon energies, as seen in the data \ the block would have higher
shielding efficiency [31], [32].
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Figure 8: Half Value Layer as a Function of X-rays Photon Energy
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Figure 9: Tenth Value Layer (TVL) as a Function of X-rays Photon Energy

Mean Free Path

The mean free path (MFP), described as the mean distance through which the energetic photon
moves after interaction [33]. It is the inverse of LAC, and it is measured in cm.

The mean-free path (MFP) of the blocks under study in the given photon energy range of 40 to 80
kVp is depicted in Figure 10. The MFP values range from 0.45 to 0.95 cm for 0:100 (S4) block
and from 8.36 to 24.35 cm for 50:50 (S1) block. The least MFP are at lower energies and grow
progressively with the increase in photon energy, as seen in Fig. 4.7. This is because high-energy
radiation traverses easily through target materials.
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Figure 10: Mean-Free Path (MFP) as a Function of X-rays Photon Energy

These results are somewhat not related to the density of each block composition system because
photons interact more with atoms of the denser material, causing an increased attenuation [31],
[33]-[35]. In other words, increasing the dopant concentration (leather), results increase the
interaction cross section as reported by [23][24]. This indicates that the lower the sand
concentration the better the shielding.

Conclusions

This paper presents a study, on the X-rays shielding characteristics of sand reenforced plastic
concretes fabricated using sand and waste sachet water plastic materials in percentage ratio of
50:50, 30:70, 10:90 and 0:100 sand and silica. Density measurement was performed using a digital
densitometer device that works based on the Archimedes principle. The X-rays shielding
characteristics of the synthesized sand reenforce plastic concrete blocks was measured using a
combine system of fixed diagnostic x-ray machine (as X-rays source) and digital Geiger counter
(as detector and dose counter). The density of the synthesized concrete blocks continued to
decrease with increasing plastic percentage. The LAC and MAC values increased as the plastic
composition increased from 50% to 100%. The HVL, TVL and the MFP values showed a
decreasing pattern with an increase in the percentage of waste plastic material. The synthesized
plastic based concrete blocks showed great efficiency in shielding X-rays and light weight. These
quantities demonstrated that the studied material could solve the problem of durability and
heaviness of the traditional cement based concrete material and thus will be good for X-ray rooms
and nuclear centers construction.
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