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a b s t r a c t 

Ionizing radiation is valuable for healthcare, industry, and agriculture. However, excessive expo- 

sure to ionizing radiation is detrimental to humans and the environment. Radiation protection 

aims at protecting people and the environment from the harmful effects of ionizing radiation. 

This work aimed to study the effectiveness of composites of red clay and waste glass for ionizing 

radiation shielding. Five samples of different mix ratios of red clay to waste glass were fabricated 

into different dimensions using hand molding, dried, and burnt. The samples were characterized 

for ionizing radiation shielding. Monte-Carlo simulation was done using the GEANT4 toolkit and 

web-based NIST-XCOM photon attenuation database. The findings show that the measured half 

value layer (HVL) for the composite bricks showed a linear decrease from (6.13 ± 0.10) cm for the 

CNT sample that had 0 % waste glass to (4.62 ± 0.12) cm for the RCG11 sample that had 50 % 

waste glass. The GEANT4 simulated HVL values for CNT and RCG11 samples were (6.05 ± 0.01) 

cm and (4.79 ± 0.01) cm respectively. The NIST-XCOM values were (6.09 ± 0.09) cm and (4.81 ± 
0.01) cm for CNT and RCG11 respectively. The measured and simulated results were in good 

agreement. The findings of this study indicate an improvement in the shielding properties of red 

clay with the addition of waste glass and will promote radiation safety by providing an environ- 

mentally friendly alternative shielding material. 

• Proper shielding is key in promoting radiation safety and protection. There is a need for alter- 

native shielding materials that can be used for walling during the construction of structures 

that house radioactive materials. 

• Red clay and waste glass composite bricks can provide alternative ionizing radiation shielding 

material. 

• This study will promote environmentally friendly practices in radiation safety and protection. 
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Method details 

Introduction 

Gamma rays are being used more frequently in sectors like nuclear medicine, medical physics, bioscience, as well as material

research [ 1–4 ]. Gamma radiation exposure over an extended period can harm living cells and tissues [1] . Ionizing radiation-related

adverse health consequences can be divided into deterministic effects as well as stochastic effects. The As Low As, Reasonably Achiev-

able (ALARA) principle, was developed in 1977 by the International Commission on Radiation Protection (ICRP). It provides guide-

lines for minimizing exposure to ionizing radiation. This is achieved by limiting the exposure time, increasing the distance from the

radiation source, and using the right shielding material for ionizing radiation shielding. 

Materials that are effective as a shield against ionizing radiation will absorb, scatter, or block the majority of the incident radi-

ation. The use of suitable shielding is one of the principles of radiation protection [1] . The type and intensity of incident radiation

determine the choice of material that would be suitable for radiation shielding. The selection of shielding materials should be based

on their radiation damage resistance, physical toughness, ease of manufacture, and relative affordability [ 5 ]. The coefficient of lin-

ear attenuation is a measure of the fraction of a gamma ray beam that is absorbed or dispersed per unit thickness of the absorber

material. It is used to evaluate or assess the effectiveness of the material for shielding. Materials like lead, steel, and concrete are the

most commonly used shields against ionizing radiation [ 5 ]. Ongoing research explores nanomaterials and advanced composites for 

enhanced shielding properties [ 6 ]. These materials aim to provide improved protection while addressing the limitations associated 

with traditional shielding materials. 

Red clay bricks have gained attention for their potential in radiation shielding. This study explores how these bricks, commonly

used in construction, exhibit properties that make them effective at attenuating ionizing radiation. Red clay bricks are primarily

composed of clay minerals, silica, alumina, and iron oxide. Studies have specifically evaluated the gamma-ray shielding behavior 

of burnt red clay bricks across a broad energy range. The results demonstrate their efficacy in attenuating gamma rays, making

them suitable for applications in storage facilities and other settings where radiation protection is essential [ 7 ]. Ongoing research

into enhancements, such as nanoparticle grafting, further expands the potential applications of red clay in the field of radiation

shielding. This study has used narrow beam geometry to examine the linear attenuation coefficient of red-clay and glass composite

brick at 662 keV gamma-ray energy. This was used to evaluate the HVL and Mean-Free-Path (MFP) for photons of this energy. These

parameters are considered in evaluating the effectiveness of a shield in radiation protection. 

Materials and methods 

Red clay was collected from the Siembeni area in the Kibwezi sub-county, Makueni County, Kenya. The waste glass was from

waste household glass bottles. Spectroscopic photon attenuation measurements were carried out at the Kenya Bureau of Standards, 

using a model SC10–1–12 Gamma Beam Irradiator supplied by Hopewell Designs.INC. The irradiator was available with a well-

collimated Cs-137 source and additional collimators for different beam sizes. A digital sodium iodide scintillation detector was used 

for quantitative assessment of the transmitted intensity. 

Sample collection and preparation 

Red clay was crushed into appropriate sizes and sieved through a 2 mm screen. Waste glass bottles were crushed into powder and

sieved through a 2 mm sieve mesh. Clay powder and glass granules were combined. Different mix ratios of red-clay to glass were

used, the mix ratios were 0 %,20 %, 25 %, 33.33 %, and 50 % waste glass for CNT, RCG41, RCG31, RCG21, and RCG11 samples

respectively. The bricks were made through hand molding. A rectangular brick form was used to provide a range of RCG sample

thicknesses. The samples were dried and burned in an electric laboratory furnace at 1000 °C with a ramping rate of 3 °C/min and a

holding time of 30 min. 

Sample analysis 

Linear attenuation coefficient 

The reduction in radiation intensity that occurs as radiation passes through a target material is quantified by the linear attenuation

coefficient (μ). It is based on the density of the absorber material. From the Beer-Lambert law given in Eq. (1) , Eq. (2) is derived. The

linear attenuation coefficient was determined graphically for Eq. (2) . 

𝑁 = 𝑁0 e− 𝜇𝑥 (1) 

𝑙𝑛𝑁 = − 𝜇𝑥 + 𝑙𝑛𝑁𝑂 (2) 

where x is the thickness of the absorber material, No is the intensity of incident photon energy before attenuation and N is the

transmitted intensity. 

Narrow beam gamma-ray spectroscopy was used. The experimental setup is shown in Fig. 1 . Laser beams were used for the

alignment to ensure the correct positioning of the source, sample, and detector. A video camera for instrument and room viewing
2
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Fig. 1. Experimental setup at Kenya Bureau of Standards. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

was used. The position stand held the sample and detector in position. RCG samples were placed at a distance of 200 cm from the

Cs-137 source. After exposure, live counts were recorded from the computer display. Approximately after 120 s of exposure, the net

counts per second at the photo peak energy of 662 keV were recorded. 

The linear attenuation coefficient affects the half-value layer (HVL). The transmitted photon intensity drops to half its initial

intensity at this minimum thickness of the material. The half value layer (HVL) which is the thickness of the sample that will reduce

the gamma radiation to half the initial intensity was calculated from Eq. (2) . 

𝐻𝑉 𝐿 = 𝑙𝑛 2 
𝜇

(3) 

The mean free path (MFP) is the relaxation length. It gives the average distance a single particle travels through a given attenuating

medium before interacting with it. It depends on the material properties and the energy of the photon. It is related to the linear

attenuation coefficient by Eq. 4 . 

𝜓𝑚 =
1 
𝜇

(4) 

Mass attenuation coefficient 

The mass attenuation coefficient is a measure of the ability of a material to absorb or scatter incident electromagnetic radiation per

unit mass and is independent of the density as given in Eq. 5 . It provides important information in determining how best the material

can attenuate a given photon energy and the possibilities of application in radiation shields [ 8 ]. The mass attenuation coefficient

is a crucial factor to consider when researching how radiation interacts with matter because the linear attenuation coefficient is

dependent on the density of the substance being used. The mass attenuation coefficient indicates how much energy is dispersed or

absorbed within a target material of a specific effective thickness. The size of the linear attenuation coefficient relies on the incident

photon energy, the chemical composition, the bonding, and characteristics like the thickness and density of the absorber material.

The sum of the weight fraction as well as the mass attenuation coefficient of the ith element, yields the mass attenuation coefficient

of the composite at specific energy. This is described in Eq. (5) . ( 

𝜇

𝜌

) 

=
∑

𝑤𝑖 

( 

𝜇

𝜌

) 

𝑖 

(5) 

where 𝑤𝑖 and ( 𝜇
𝜌
) 
𝑖 

are the fractional weight and total mass attenuation coefficient of the ith constituent element. Energy Dispersive 

X-ray spectroscopy (EDX) was used to calculate the elemental concentration of the composites. 

EDX-spectroscopy 

The elemental concentrations of the sample were analyzed using an Energy Dispersive X-ray spectroscopy machine (EDX 800-HS). 

The samples were pulverized for analysis in air mode and put in a sample cell. The detector was cooled by liquid Nitrogen in Nitrogen.

Energy calibration for the detector was carried out using internal standard A750 which is an accessory of the machine. Analyses of

the measured spectra were carried out to estimate the chemical composition of the samples. 
3
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GEANT4 simulation 

Monte Carlo simulation was done using the Geometry and Tracking Version 4 (GEANT4) toolkit. The geometry was defined and

G4 material was defined using the elemental concentration of the samples as obtained from EDX-spectroscopy. The nature of the

particle was defined as gamma and beam energy set at 662 keV. Each sample was irradiated with 100,000 photons at the set energy.

During each run one file was called at a time using the macro files in the batch process. 

NIST-XCOM simulation 

The NIST- XCOM Database is a web-based resource that allows users to calculate photon cross-sections for different processes 

such as scattering, photoelectric absorption, and pair production [ 9 ]. The percentage elemental concentrations of each sample were

used as input for the web-based photon attenuation database NIST-XCOM. The energy range is set at default whose range is 1 keV

to 100 GeV. The mixture rule is applied in the XCOM program to find the total and partial mass attenuation coefficients for both

compounds, elements, and mixtures for photon energies [ 3 ]. On submitting, the system automatically calculated the mass attenuation

coefficient. The database provides output information of attenuation graphs which can be downloaded and text files which can be

analyzed. 

Compressive strength test 

To establish whether the bricks were suitable building materials, the compressive strength was examined through a destructive 

method. This was accomplished by inserting a brick between the testing machine’s plates with its flat faces horizontal and its mortar-

filled face facing upward. Up until failure, a load was applied axially at a constant rate, and the greatest load at failure was recorded.

Compressive strength was determined from Eq. (6) . The results were compared to the Kenyan set standard (Kenya standard DKS

2801–1:2019) brick specification for masonry units (clay masonry units). 

𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑎 𝑏𝑟𝑖𝑐𝑘 = 𝑀𝑎𝑥𝑖𝑚𝑢𝑛 𝑙𝑜𝑎𝑑 𝑎𝑡 𝑓𝑎𝑖𝑙𝑢𝑟𝑒( 𝑁) 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑏𝑒𝑑 𝑓𝑎𝑐𝑒

(
𝑚𝑚2 

) (6) 

Water absorption test 

The tendency of a brick to absorb water is one measure of a brick’s durability. The less the amount of water a brick absorbs the

greater the resistance to weathering, this increases its durability [ 10 ]. The absorption test was used to determine how much moisture

content can be absorbed under difficult circumstances. A dry brick’s weight was recorded as (m1 ), and the brick was then submerged

in water for 24 h. Weighing the brick once more was done and recorded as (m2 ). Water was absorbed due to the dry and wet

bricks’ different weights. The value obtained was contrasted with the Kenyan standard design (Kenya standard DKS 2801–1:2019).

Eq. (7) was used to evaluate the water absorption of each sample. 

𝑊𝑎 =
𝑚2 − 𝑚1 

𝑚1 
× 100 (7) 

Method validation 

Results and discussion 

Linear attenuation measurements 

The count rate was obtained at 662 keV peak energy. The data recorded gave the highest count rate of 883.17 cps without the

attenuator. Which is the incident photon intensity (No ). A linear decrease in the count rate was noted as the absorber thickness

increased. This could be a result of photon interactions with a large number of sub-atomic particles mainly through the Compton

effect which is predominant at intermediate energies [1] . 

The natural logarithm of the transmitted intensity against the sample thickness for the five samples was plotted on the same canvas

using Jupiter notebook as shown in Fig. 2 . From Eq. 2 the slope of each of the five graphs gave the linear attenuation coefficient. A

comparison of the samples indicates that RCG11 whose slope was steepest had the highest linear attenuation coefficient as obtained

from the measured data. The measured linear absorption coefficient ranged from 0.113 ± 0.011 cm− 1 for the CNT sample that had

0 % glass to 0.150 ± 0.018 cm− 1 for the RCG11 sample that had 50 % glass. 

Table 1 provides the linear attenuation coefficient for all samples from measured data. There was a significant increase in linear

attenuation values with the addition of waste glass. Since the linear attenuation coefficient is a parameter that characterizes the

radiation shielding property of a material, this suggests that waste glass addition to red clay bricks improves the shielding properties

of the composite brick. RCG11 sample is the best gamma ray shielding material of the five samples under this study based on measured

data. Waste glass increased the physical density of the samples. There was a linear relationship between the physical density and the

linear attenuation coefficient for materials [ 2 ]. 

GEANT4 simulated linear attenuation coefficient 

The results obtained from the simulation were in good agreement with measured values. The range of absorption coefficient values

was (0.115 ± 0.001) (cm− 1 ) for the CNT sample to (0.145 ± 0.001) (cm− 1 ) for the RCG11 sample. Table 1 provides values for all

samples. A comparative graph was plotted to compare the measured and simulated values as shown in Fig. 3 . 
4
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Fig. 2. Linear fit of natural logarithm of transmitted intensity against sample thickness. 

Fig. 3. Comparison of simulated and measured linear attenuation coefficient. 

Table 1 

Measured, GEANT4 and NIST-XCOM linear attenuation coefficient. 

Sample Measured GEANT4 NIST-XCOM 

μ (cm− 1 ) μ (cm− 1 ) ± 0.001 μ (cm− 1 ) ± 0.009 

CNT 0.113 ± 0.011 0.115 0.114 

RCG11 0.150 ± 0.018 0.145 0.144 

RCG21 0.130 ± 0.013 0.130 0.129 

RCG31 0.125 ± 0.010 0.124 0.124 

RCG41 0.121 ± 0.018 0.121 0.121 

5
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Table 2 

Measured, GEANT4 and NIST-XCOM HVL and MFP. 

Sample Measured GEANT4 NIST-XCOM 

HVL (cm) MFP (cm) 

HVL (cm) 

± 0.01 

MFP (cm) 

± 0.001 

HVL (cm) 

± 0.01 

MFP (cm) 

± 0.004 

CNT 6.13 ± 0.10 8.85 ± 0.01 6.05 8.724 6.09 8.780 

RCG11 4.62 ± 0.12 6.67 ± 0.02 4.79 6.916 4.81 6.944 

RCG21 5.33 ± 0.10 7.69 ± 0.01 5.35 7.721 5.37 7.752 

RCG31 5.55 ± 0.08 8.06 ± 0.01 5.59 8.061 5.61 8.097 

RCG41 5.73 ± 0.15 8.26 ± 0.02 5.71 8.233 5.74 8.264 

Table 3 

comparison of mass attenuation coefficient and HVL values from this work and published data measured at 662 keV. 

Material Density (g/cm3 ) Mass attenuation 

coefficient (cm2 /g) 

HVL (cm) 

CNT 1.52 0.074 ± 0.011 6.13 ± 0.10 

RCG41 1.61 0.075 ± 0.018 5.73 ± 0.15 

RCG31 1.64 0.076 ± 0.013 5.55 ± 0.08 

RCG21 1.71 0.076 ± 0.010 5.73 ± 0.15 

RCG11 1.90 0.079 ± 0.018 4.62 ± 0.12 

Concrete (Dogan and Altinsoy, 2015) 2.25 0.081 3.8 

Ordinary concrete (Sharifi et al. 2013) 2.30 0.079 3.8 

Brick (Dogan and Altinsoy, 2015) 1.50 0.076 6.1 

Barite (Sharifi et al. 2013) 3.35 0.078 2.6 

Serpentine (Sharifi et al.2013) 2.60 0.082 3.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

XCOM simulated linear attenuation coefficient 

The system automatically calculated the mass attenuation coefficient of the samples and provided analysis graphs for the photon

interactions. The linear attenuation coefficients were evaluated using Eqn 5 . Table 1 gives the linear attenuation coefficient of the

five RCG samples as determined from this simulation. The linear attenuation coefficient increased from (0.114 ± 0.009) (cm− 1 ) for

CNT to (0.144 ± 0.009) (cm− 1 ) for the RCG11 sample. The results from this simulation are also in good agreement with those obtained

experimentally. 

The three graphs indicate a linear increase in the linear attenuation coefficient as the percentage of glass increased. The linear

attenuation of the RCG11 sample was highest across the three methods used. Since the linear attenuation coefficient is a measure

of the fraction of incident gamma ray beam that one centimeter of a material attenuates, then this implies that of the five samples

studied this was the best shielding material. 

The measured and simulated linear absorption values were used to determine the HVL and MFP according to Eqs. (3) and (4) . The

HVL values from the GEANT4 simulation were (4.79 ± 0.01) cm for the RCG11 sample and (6.05 ± 0.01) cm for the CNT sample, the

corresponding MFP values were (6.916 ± 0.001) cm and (8.724 ± 0.001) cm respectively. From the NIST-XCOM simulation, the HVL

values for RCG11 and CNT samples were (4.81 ± 0.01) cm and (6.09 ± 0.01) cm respectively. The corresponding MFP values were

(6.944 ± 0.004) cm and (8.780 ± 0.004) cm respectively. Table 2 provides the HVL and MFP values for the other samples under this

study. 

The mass attenuation measurements were determined using Eq. (5) . RCG11 had the highest mass attenuation coefficient 

(0.079 ± 0.018) (cm2 /g), while CNT had the lowest mass attenuation coefficient of (0.074 ± 0.011) (cm2 /g). The increased attenua-

tion coefficient was a result of increased physical density as a consequence of increased% waste glass, this increased the number of

atoms for interaction thereby raising the probability of photon-matter interaction. RCG11 sample whose density was (1.901 ± 0.002)

g/cm3 had a higher mass attenuation coefficient compared to ordinary concrete of density 2.38 g/cm3 that had a mass attenuation

coefficient of 0.07017 (cm2 /g) measured at 662 keV [ 11 ]. 

Table 3 compares the HVL and experimental mass attenuation data from this research with other published data. The experimental

mass attenuation coefficient and HVL values for the brick sample agree with the CNT results from this work [ 12 ]. The mass attenuation

coefficient of ordinary concrete compares well with that of the RCG11 sample that had 50 % glass [ 13 ]. 

Compressive strength test 

According to the Technical Committee on Kenya Standards (DKS 2801–1:2019) the required compressive strength for load-bearing 

category masonry units is 7 N/mm2 . All the RCG samples met this requirement as shown in Table 4 . The compressive strength was

extremely dependent on the amount of waste glass in the composites, this result agrees with published results [ 10,14,15 ]. This could

be attributed to the non-crystalline nature of glass which encourages sintering during heating hence a stronger brick. Moreover, as

the percentage of waste glass increased in subsequent samples the bulk density increased as the water absorption decreased this

contributed to increased compressive strength [ 10 ]. Waste glass addition brought in a glass phase transformation in the body that

contributed to vitrification and enhanced strength development by closing internal pores. During heating this liquid glassy phase 

acts as a binder which promotes a more compact microstructure with fewer pores, voids, and fractures delivering better physical and
6
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Table 4 

Compressive strength test and water absorption test values. 

Sample Compressive strength (N/mm2 ) Water absorption% 

CNT 7.12 ± 0.07 18.87 ± 0.03 

RCG41 7.89 ± 0.07 17.59 ± 0.04 

RCG31 8.51 ± 0.09 16.86 ± 0.03 

RCG21 9.26 ± 0.09 15.75 ± 0.03 

RCG11 10.30 ± 0.01 12.91 ± 0.02 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mechanical properties to the material [ 15 ]. The compressive strength was least in the CNT sample that had 0 % waste glass, this is

attributed to increased porosity compared to the other samples that had waste glass ( Table 4 ). 

Water absorption 

In this study, the dry weight of each sample was recorded. The composite bricks were immersed in water for 24 h and weighed

again. The water absorption test was determined using Eqn 7 . Since glass absorbs less water than clay, as the percentage of waste glass

increased in the samples the water absorption significantly decreased. Table 4 provides% water absorption for the various samples. 

All RCG samples met the Kenyan standard for masonry units of 12 % − 20 % (DKS 2801–1:2019). Other published work on red clay

bricks with waste glass addition shows a decrease in water absorption as waste glass increased [ 10,16 ]. Water absorption is directly

related to apparent porosity; therefore, the internal structure of bricks should be dense enough to avoid water intrusion [ 14 ]. The

addition of waste glass contributed to the densification of the clay brick, thereby reducing the water absorption resulting in increased

durability of the samples [ 17 ]. Increasing the waste glass content enhances the formation of liquid-phase glass resulting in reduced

voids and pore volume in the material [ 15,17 ]. This caused the water absorption rate CNT sample to be higher compared to the

other samples that had waste glass. Also, the decrease in water absorption with a% increase in waste glass is attributed to increased

compactness of particles due to vitrification of bricks and partial glassification of clay during burning leading to reduced absorption

in subsequent samples with higher% of waste glass [ 18 ]. 

Conclusion 

The objective of this study was to fabricate and characterize red clay and waste glass composite bricks with different mix ratios for

ionizing radiation shielding. The analysis from measured data indicates a linear decrease in transmitted intensity as the percentage 

of glass increases in subsequent composites up to 50 % waste glass. The HVL and MFP values of the five samples under study

make them suitable for ionizing radiation shielding. The simulated data agreed well with the measured data. This shows that RCG

samples can provide alternative ionizing radiation shielding material for use in walling during the construction of buildings that house

radioactive sources since they passed the basic requirements for masonry bricks. The use of these composite bricks would promote

environmentally friendly practices in radiation protection and safety through the recycling of waste glass bottles. 
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