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 ABS TRACT  

This study investigated the gamma-ray attenuation capabilities of pelletized cement, 
bentonite, and mine waste mud at three photon energies (59.54 keV, 661.66 keV, and 
1115.54 keV). The shielding performance of each material was analyzed experimentally, 
theoretically, and through Monte Carlo simulations. The study focused on evaluating the 
linear attenuation coefficient, mass attenuation coefficient, half-value layer, tenth-value 
layer, and mean free path. Experimental results indicated that cement demonstrated 
superior shielding performance at low photon energies. Conversely, mine waste mud was 
more effective at medium and high energies, attributed to its higher density and metal 
content. At 59.54 keV, cement exhibited the highest linear attenuation coefficient (0.943 
cm⁻¹), whereas at 1115.54 keV, mine waste showed a relatively higher linear attenuation 
coefficient (0.123 cm⁻¹). Bentonite consistently demonstrated the lowest linear 
attenuation coefficients. The experimental findings showed excellent agreement with 
theoretical and simulation results, with differences of less than 4.2%. This research 
highlighted the potential of utilizing industrial waste, such as mine mud, as a sustainable 
and efficient shielding material, particularly for applications involving medium- to high-
energy gamma radiation. These findings also suggested that mine waste mud can serve as 
a radiation shielding material and a potential alternative construction material, supporting 
circular economy principles in the building sector. 
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INTRODUCTION 
 

As electromagnetic radiation passes through matter, its 
intensity may decrease due to interactions with atoms in the 
material. These interactions determine how effectively a 
material can attenuate radiation. Materials that reduce 
radiation intensity in this way are referred to as shielding 
materials.  The choice of shielding materials relies on the type 
and energy of radiation.  

Gamma rays were chosen for this study due to their strong 
penetrating power and broad applications in medical 
imaging, radiotherapy, and industry. As a result, 
understanding their interaction with shielding materials is 
especially important. Gamma rays primarily interact with 
matter through the photoelectric effect, Compton scattering, 
and pair production [1]. The probability of these interactions 
depends on both the atomic number of the material and the 
energy of the incident photons. Higher atomic numbers 
increase the likelihood of photon interactions. At low photon 
energies, the photoelectric effect dominates. At intermediate 
energies, Compton scattering is the primary mechanism of 
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interaction. Pair production, which requires at least 1.022 
MeV, becomes more likely at higher energies [1]. 

Gamma-ray shielding materials are essential for radiation 
safety, especially in nuclear reactors, medical facilities, and 
radioactive waste management [2, 3]. While traditional 
materials like lead are effective, they pose serious 
environmental and economic concerns [4, 5]. Consequently, 
researchers are exploring sustainable and cost-effective 
alternatives [6]. Cement is commonly used as a radiation 
shielding material due to its availability, low cost, and 
structural strength. Various types of cement exist due to 
differences in calcium sources [7]. CEM I 42.5R Portland 
Cement is a high-clinker-content cement that provides rapid 
and stable strength development. This type of cement, 
designed for fast-setting concrete applications, consists of 
approximately 95% Portland clinker [7]. Concrete is 
produced through the hydration of cement when mixed with 
water and aggregates. By adding heavy aggregates such as 
barite and magnetite, its radiation shielding effectiveness can 
be significantly improved [8, 9]. 

Bentonite is an absorbent swelling clay, typically categorized 
into two main types based on its dominant exchangeable ion: 
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sodium and calcium [10]. It has been studied as a substitute 
for cement in cementitious materials, due to its beneficial 
properties such as cost efficiency, reduced carbon emissions, 
lower permeability, and enhanced chemical resistance [10]. 
Furthermore, the gamma-ray shielding capabilities of 
bentonite have been the focus of recent investigations [11–
13]. 

Rapid industrialization has led to the generation of large-
scale solid waste, including mining residues and other 
industrial byproducts [14]. Recycling such materials—
especially in concrete—enhances performance, reduces 
environmental impact, and helps conserve natural resources 
[15]. Red mud, a hematite-rich by-product of the aluminium 
industry, has shown effectiveness in attenuating high-energy 
X-rays and gamma rays [16]. When mixed with additives such 
as barium hydroxide or bismuth oxide, red mud becomes a 
cost-effective alternative to lead, improving bentonite’s 
shielding performance [17–19].  A radiation shielding 
composite enhanced with iron-rich industrial waste was 
developed using steel slag as the precursor and heavy 
aggregate [20]. The use of iron tailings as a replacement for 
common aggregates increased gamma-ray attenuation 
capacity. An eco-friendly glass shield was developed using 
lead and cadmium recovered from spent batteries, resulting 
in enhanced attenuation and a lower half-value layer [21]. 
Recycling cathode ray tube glass increased both the density 
and shielding capacity of geopolymer concrete [22]. Other 
mine wastes—including nickel tailings, metallurgical 
residues, and barite-fluorspar—have also exhibited strong 
attenuation capabilities [15, 23, 24].  

The gamma-ray shielding properties of pelletized cement, 
bentonite, and mine waste mud were examined at low, 
medium, and high photon energies in this study. Mine waste 
mud was selected for its high density, metal-rich content, and 
abundance as an industrial by-product, making it a 
sustainable and practical alternative for radiation shielding 
while mitigating environmental waste. Shielding 
performance was assessed and compared through 
experimental measurements, theoretical calculations 
(EpiXS), and Monte Carlo simulations (Geant4). 
 

MATERIALS AND METHODS 
 

Gamma-Ray Attenuation Parameters  
 

The primary equation for gamma radiation shielding follows 
Beer-Lambert’s law, describing the exponential attenuation 
of radiation as it passes through material [25]. 

 

𝐼 = 𝐼0𝑒−𝜇𝑥  (1) 

 

where I represents the radiation intensity after it has passed 
through the material, I₀ represents the initial radiation 
intensity, μ represents the linear attenuation coefficient (LAC, 
cm-1), and x represents the thickness of the shielding material 
(cm). 

The half-value layer (HVL, cm) and tenth-value layer (TVL, 
cm) represent the thickness required to reduce radiation 
intensity by 50% and 90%, respectively [9]. 

 

𝐻𝑉𝐿 = ln 2
𝜇⁄   (2) 

 

𝑇𝑉𝐿 = ln 10
𝜇⁄   (3) 

The mass attenuation coefficient (MAC, cm2.g-1) expresses 
attenuation per unit mass and is useful for comparing 
materials of different densities. 

 

𝑀𝐴𝐶 =
𝜇

𝜌⁄   (4) 

 

where  represents the material density (g·cm-3).  

The mean free path (mfp, cm) is the average distance a 
particle travels before interacting with matter. It is the 
average distance a photon travels through a material before 
undergoing interactions such as photoelectric absorption, 
Compton scattering, and pair production (for E≥1.022 MeV) 

 

𝑚𝑓𝑝 = 1
µ⁄   (5) 

 

The combined standard uncertainty of the linear attenuation 
coefficient (𝑢𝑐(µ)) was assessed following the Guide to the 
Expression of Uncertainty in Measurement [26], considering 
all significant contributions. Since other shielding parameters 
were derived from the linear attenuation coefficient, the 
associated uncertainty was also applied to each of them. 

 

𝑢𝑐(µ) = µ × √(
𝑢(𝐼0)

𝐼0
)

2
+ (

𝑢(𝐼)

𝐼
)

2
+ (

𝑢(𝑥)

𝑥
)

2
  (6) 

 

where 𝑢(𝐼0) and 𝑢(𝐼) are the standard uncertainties of the net 
photopeak count without and with shielding, respectively, 
and 𝑢(𝑥) is the standard uncertainty of the material thickness 
[27]. 
 

Sample Preparation 
 

CEM I 42.5R Portland Cement was used in this study. The 
bentonite was obtained from Reşadiye, Tokat, while the mine 
waste mud was obtained from a mining company in Bursa. X-
ray fluorescence (XRF) analysis revealed that the cement 
mainly comprises calcium, whereas the bentonite and mine 
waste mud are rich in silicon (Table 1). The chemical analysis 
identified bentonite as calcium bentonite. Additionally, the 
mine waste mud exhibited high levels of aluminium and iron, 
suggesting its potential as a radiation shielding material. 

 

Table 1. Elemental compositions of materials (%) 

Element Cement Bentonite Mine Waste Mud 

Si 2.52 30.39 22.47 

Al 3.66 11.43 16.73 

Fe 2.68 3.55 5.44 

Ca 49.34 2.94 2.64 

Mg 1.69 1.37 1.74 

K - 0.45 2.06 

Ti - - 0.62 

Zn - - 0.56 

Na 7.39 0.31 0.38 

O 31.61 48.92 46.55 

 

The wet mine waste mud was left to dry in the sunlight for 
two days. Once it had dried, it was ground in an agate mortar 
and sifted through an 850 µm sieve. Because the cement and 
bentonite samples were already in powder form, they didn’t 
require grinding or sieving. Using a hydraulic press, the 
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materials were compacted into cylindrical pellets, with four 
pellets of equal size produced from each sample (Figure 1). 
All pellets were compressed to a uniform diameter of 1.32 cm. 
Hydraulic compaction was employed to ensure the formation 
of consistent and reproducible pellet geometries, enabling 
reliable gamma-ray attenuation measurements under 
controlled laboratory conditions. This method was 
intentionally chosen to standardize sample preparation and 
minimize geometric variability that could affect the accuracy 
of comparative analyses. 

 

 

Figure 1. Mine waste mud (W), bentonite (B), and cement (C) 
samples 
 

The weights and dimensions of the samples were measured 
(Table 2). The experimental densities were estimated by 
dividing the mass of each sample by its corresponding 

volume. Since the pellets are cylindrical, their volumes were 
calculated using the equation V = πr²h, where r is the radius 
and h is the height (thickness) of the pellet. The high density 
of the mine waste mud was due to its highest content of 
aluminium and iron compared to cement and bentonite. The 
uncertainties (k = 1) of the mass, thickness, and density of 
each sample were evaluated using the methodology 
described elsewhere [27]. 
 

Gamma-ray shielding experiments 
 

The shielding experiments used a narrow beam geometry 
lead collimator and a NaI(Tl) detector (Alpha Spectra Inc., 
7.62 cm x 7.62 cm). The detector was connected to a DigiBASE 
(ORTEC) digital gamma spectrometer with MAESTRO 
multichannel analyzer (MCA) software (Figure 2a). The 
collimator had a diameter of 7 cm, a length of 4.8 cm, and an 
internal cavity diameter of 1 cm (Figure 2b). 

Certified point sources of 241Am (59.54 keV), 137Cs (661.66 
keV), and 65Zn (1115.54 keV) were used in the experiments 
(Figure 3). The activities of these sources at the measurement 
date were 0.95 µCi, 0.37 µCi, and 0.37 µCi, respectively. The 
point source was placed below the collimator, and the sample 
was placed above it (Figure 2). The intensities of gamma rays 
without samples (I0) and with samples (I) were measured for 
various sample thicknesses. The measurement geometry was 
adjusted to match the sample thickness, and this adjustment 
quickly provided good counting statistics at the gamma-ray 
energy of interest in the spectrum. The resulting spectra were 
analysed using the InterSpec spectral radiation analysis 
software developed by Sandia Labs [28]. The background 
spectrum was subtracted from the measured spectrum, and 
the uncertainties in the net photopeak area at the specified 
gamma-ray energies were below 3%. 

 

 

 

Table 2. Properties of samples 

Sample Mass (g) Thickness (cm) Density (g·cm-3) 

C-1 0.602 ± 0.11% 0.220 ± 1.12% 2.000 ± 0.11% 

C-2 0.599 ± 0.11% 0.220 ± 1.12% 1.990 ± 0.11% 

C-3 0.601 ± 0.11% 0.230 ± 1.12% 1.909 ± 0.11% 

C-4 0.600 ± 0.11% 0.220 ± 1.12% 1.993 ± 0.11% 

B-1 0.604 ± 0.05% 0.240 ± 1.23% 1.840 ± 0.05% 

B-2 0.605 ± 0.05% 0.230 ± 1.23% 1.880 ± 0.05% 

B-3 0.604 ± 0.05% 0.230 ± 1.23% 1.893 ± 0.05% 

B-4 0.605 ± 0.05% 0.240 ± 1.23% 1.880 ± 0.05% 

W-1 0.602 ± 0.11% 0.205 ± 0.61% 2.147 ± 0.11% 

W-2 0.599 ± 0.11% 0.205 ± 0.61% 2.136 ± 0.11% 

W-3 0.601 ± 0.11% 0.205 ± 0.61% 2.142 ± 0.11% 

W-4 0.600 ± 0.11% 0.200 ± 0.61% 2.192 ± 0.11% 
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Figure 2. Gamma-ray shielding test setup: a) Gamma spectrometer, b) Schematic representation of the measurement geometry 
(not to scale) 
 

 

Figure 3. Certified point sources a) 241Am, b) 137Cs, and c) 65Zn 
 

Theoretical Calculations 
 

Theoretical calculations were performed using the EpiXS 
2.0.1 program [29]. The EpiXS program employs several well-
established physical models and photon data libraries 
(ENDF/B-VIII or ENDF/B-VI.8) to perform theoretical 
calculations related to photon attenuation. It determines the 
total photon cross section (σ) as the sum of partial cross 
sections corresponding to the photoelectric effect, coherent 
(Rayleigh) scattering, incoherent (Compton) scattering, pair 
production in the nuclear field, and pair production in the 
electron field. Subsequently, the mass and linear attenuation 
coefficients are derived from the total cross section.   

The chemical compositions of the cement, bentonite, and 
mine waste mud were entered into the program. The 
calculations were performed at gamma-ray energies of 59.54 
keV, 661.66 keV, and 1115.54 keV. The program output was 
the total MACs of the materials at the specified gamma-ray 
energies. 
 

Monte Carlo Simulations 
 

Monte Carlo simulations were conducted by Geant4-10.07 
[30]. The Geant4 toolkit includes several pre-coded examples 
categorized into three levels: 'basic,' 'extended,' and 
'advanced.' The basic examples illustrate simplified usage for 
the most common applications of Geant4. One such basic 
example, B1, is designed to calculate the number of particles 
in each volume. This study utilized the Geant4 B1 example. 
Example B1 uses the QBBC list, one of the predefined physics 
lists in Geant4.  

The samples were defined based on the chemical 
compositions obtained from XRF analysis, and the measured 

thicknesses of the samples were entered. The sources were 
modelled in spherical geometry, and the energies of the 
sources used in the experiments were entered. The collimator 
was modelled as a lead cylinder with a 1 cm diameter cavity 
in the center. The source and sample were placed at a distance 
in the experimental measurement geometry. The photons 
from the source were aimed in a single direction toward the 
detector. To determine the number of photons reaching the 
detector during the simulation, a 1 cm³ cube-shaped "scoring 
mesh" volume was defined. This volume was covered with 
lead to prevent the counting of scattered photons. 
Calculations were performed by determining the number of 
photons striking the midpoint of the cube. 
 

RESULTS AND DISCUSSION 
 

The slope of the plot of ln (I0/I) versus varying thicknesses of 
the materials was used to determine the LAC for both 
experimental measurements and Geant4 simulations. The 
MACs for each material derived from the EpiXS program were 
multiplied by their corresponding densities to obtain the 
theoretical LACs. 

Experimental I/I0 ratios were determined for various 
thicknesses of materials at gamma-ray energies of interest 
from the measured spectra. Figure 4 illustrates the gamma-
ray spectra at an energy of 59.54 keV, contrasting 
measurements taken without any shielding material (shown 
by the black line) against those with a 0.89 cm thick cement 
shielding material, which is the sum of the thickness of the 
four cement samples (shown by the green line). Both spectra 
were recorded using the same measurement setup for 900 
seconds. The variation in the height of the photopeaks at 
59.54 keV in the spectra derived with and without shielding 
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material indicates the differences in photopeak counts. A 
higher photopeak in the absence of shielding material 
represented a greater count (I0), while a lower photopeak 
observed with the shielding material represented a reduced 
count (I). This indicated that the intensity of the gamma rays 
was lowered due to the material's shielding effect. 

 

 

Figure 4. Gamma-ray spectra of 241Am without material and 
with a 0.89 cm thick cement sample (counting time =900 s) 
 

 

Figure 5. Geant4 simulations of I0 values for a) 241Am, b) 
137Cs, and c) 65Zn 
 

 

Figure 6. Geant4 simulations of I values for 0.89 cm thick 
cement for a) 241Am, b) 137Cs, and c) 65Zn 
 

The I₀ values were obtained from Geant4 simulations 
conducted without any shielding material (Figure 5), while 
the I values were obtained from simulations that included 
shielding material (Figure 6). 105 photons were sent from the 
source to the scoring mesh in an air environment to 
determine the number of photons reaching the mesh without 

shielding material (I₀). Following this, shielding materials 
were introduced, and the number of photons that reached the 
scoring mesh (I) was measured. 

The EpiXS program provided the total MACs for these 
materials at the specified gamma-ray energies (Figure 7). The 
MACs for each material were multiplied by their 
corresponding densities to calculate the theoretical linear 
attenuation coefficients. The MAC decreased with increasing 
energy for all the materials analyzed. The findings indicated 
that at an energy of 59.54 keV, the order of the MACs was 
cement, followed by waste, and then bentonite. Notably, there 
was a significant difference of 37% between the values for 
cement and bentonite at an energy of 59.54 keV. However, at 
energies of 661.66 keV and 1115.54 keV, the MACs of the 
materials were very similar, with differences of less than 1%. 

 

 

Figure 7. Mass attenuation coefficients (cm2g-1) of materials 
calculated by EpiXS 
 

The LACs of cement, bentonite, and mine waste mud were 
given in Table 3. The experimental LACs combined standard 
uncertainty (uc) was reported at k=1. For all materials, the 
LAC decreased as energy increased.  According to the results, 
the order of the LAC was cement > waste > bentonite for an 
energy of 59.54 keV. There was a high difference (~70%) in 
low energy between the cement with the highest LAC and the 
bentonite with the lowest LAC. At 661.66 keV and 1115.54 
keV, the order from high to low was waste > cement > 
bentonite. There was a smaller difference (~12%) between 
mine waste mud with the highest LAC and bentonite with the 
lowest LAC, compared to low energy at medium and high 
energy. Bentonite had the lowest density and LAC of all 
energies. Mine waste mud, exhibiting the highest density, 
demonstrated the highest gamma-ray attenuation at medium 
and high energies. 

Photoelectric absorption is the primary interaction process in 
low-energy photon regions, making it particularly significant 
at 59.54 keV. This phenomenon is closely linked to the atomic 
number of an element; specifically, the likelihood of 
photoelectric absorption increases with higher atomic 
numbers while decreasing with the energy of the incoming 
photons. Calcium was the element with the highest 
concentration in cement, accounting for approximately 
49.34% of its composition. Calcium, with an atomic number 
of 20, has a photoelectric absorption coefficient of 0.704 cm⁻¹ 
and a total linear attenuation coefficient (LAC) of 1.043 cm⁻¹, 
as calculated by EpiXS. These values are significantly higher 
than those of aluminium (Z=13) and silicon (Z=14). This 
indicates that calcium is more effective at absorbing low-
energy photons and contributes substantially to the overall 
gamma-ray attenuation at such energies due to its higher 
atomic number. In contrast, the photoelectric absorption 
coefficients for aluminium and silicon, both prevalent in mine 
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waste mud, are notably lower, 0.265 cm-¹ and 0.307 cm-¹ 
(calculated by EpiXS), respectively. This considerable 
difference highlights calcium's better photoelectric 
absorption capacity and effectiveness in shielding against 
low-energy radiation. Moving beyond low-energy 
interactions, Compton scattering becomes the more 
dominant mechanism at medium photon energies, 
specifically within the range of 100 keV to 10 MeV. This effect 
is particularly significant at energies of 661.66 keV and 
1115.54 keV, where Compton scattering plays a vital role in 
radiation interaction. Unlike photoelectric absorption, 
Compton scattering is less dependent on the atomic number 
of the materials; rather, it depends significantly on the density 
of the materials. Due to its denser structure, mine waste mud 
exhibited the highest attenuation effect in this energy range, 
making it an effective barrier against medium-energy 
photons.  

The relative difference between the experimental, 
theoretical, and simulation results was calculated as follows. 

 

𝑅𝐷 (%) = |
µ𝐸𝑝𝑖𝑋𝑆 𝑜𝑟 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛−µ𝑒𝑥𝑝

µ𝐸𝑝𝑖𝑋𝑆 𝑜𝑟 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 
| × 100  (7) 

 

When comparing experimental, theoretical, and simulation 
results, the differences range from 0% to 4.2%, indicating 
consistent results (Figure 8). The differences arose from the 
uncertainties involved in sample preparation (mass, 
thickness, and diameter of sample) and gamma-ray 
measurement (I0 and I values) [27]. 

The parameters for shielding, including MAC, HVL, TVL, and 
mfp values, were derived from the experimental LACs. Since 

these values were obtained from the LAC, and the comparison 
of the LAC values from the three methods is provided in Fig 8, 
the shielding parameters calculated from Geant4 and EpiXS 
were not presented separately. The relative differences 
between the experimental, theoretical, and simulated values 
of these shielding parameters would be consistent with the 
differences between their LACs. 

Figure 9 presents the mass attenuation coefficients, mean 
free path, half-value layer, and tenth-value layer for gamma 
rays at energies of 59.54 keV, 661.66 keV, and 1115.54 keV in 
cement, bentonite, and mine waste mud materials. HVL 
values varied from 0.73 to 1.25 cm at 59.54 keV, 4.21 to 4.74 
cm at 661.66 keV, and 5.64 to 6.32 cm at 1115.54 keV. TVL 
values ranged from 2.44 to 4.15 cm at 59.54 keV, 13.98 to 
15.76 cm at 661.66 keV, and 18.74 to 20.99 cm at 1115.54 
keV. The results revealed a clear trend: as gamma-ray energy 
increases, the MAC values decrease across all materials, 
indicating a reduced probability of photon interaction at 
higher energies. Consequently, the mfp, HVL, and TVL values 
increased, signifying that higher-energy photons penetrate 
deeper into materials before being significantly attenuated. 
Cement had the lowest HVL and TVL values at low energy, 
suggesting that cement requires less material to attenuate 
low-energy gamma radiation effectively. Mine waste had the 
lowest HVL and TVL values at both medium and high 
energies. For all energies, bentonite had the highest HVL and 
TVL values and shows the least effective shielding 
performance among the tested materials, requiring 
comparatively thicker layers to achieve similar levels of 
radiation attenuation. 

 

 

 

Table 3. The linear attenuation coefficients (cm-1) of materials 

Energy  

(keV) 

Cement Bentonite Mine Waste Mud 

Exp. ± uc 

(k=1) 
EpiXS Geant4 

Exp. ± uc 

(k=1) 
EpiXS Geant4 

Exp. ± uc 

(k=1) 
EpiXS Geant4 

59.54 
0.943 ± 
0.028 

0.928 0.920 
0.556 ± 
0.015 

0.560 0.560 
0.719 ± 
0.019 

0.711 0.710 

661.66 
0.156 ± 
0.006 

0.152 0.152 
0.146 ± 
0.005 

0.144 0.142 
0.165 ± 
0.006 

0.165 0.163 

1115.54 
0.117 ± 
0.003 

0.118 0.117 
0.110 ± 
0.003 

0.113 0.110 
0.123 ± 
0.003 

0.128 0.125 

 

 

 

Figure 8. Comparison of the results: a) EpiXS-Experiment, and b) Geant4-Experiment 
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Figure 9. Experimental shielding parameters: a) Mass attenuation coefficient, b) Mean free path, c) Half value layer, and d) 
Tenth value layer 
 

The linear attenuation coefficient of lead was calculated using 
EpiXS, and the corresponding HVL values were determined to 
enable a comparative assessment of the shielding 
performance of the materials against lead. At 59.54 keV, lead 
exhibits an HVL of only 0.12 mm; at 661.66 keV, 5.56 mm; and 
at 1115.54 keV, 9.52 mm. For practical shielding design, lead 
remains the material of choice where weight constraints are 
not critical. Cement and waste materials, while less effective 
on a per-unit-thickness basis, may be considered for use in 
structural or large-scale shielding applications where greater 
thickness can be accommodated. Notably, these materials are 
not employed as standalone shielding materials, but rather as 
components in radiation-shielding concrete, where their 
integration can contribute to both structural integrity and 
shielding performance. 

At 661.66 keV, the LAC and MAC values for bentonite, cement, 
and mine waste mud were compared to those reported for 
similar materials in the literature [31–33]. The LAC (0.144 
cm⁻¹, EpiXS) and MAC (0.077 cm²·g-1, EpiXS) values obtained 
for bentonite were comparable to those of soda-lime glass, 
which has an experimentally determined LAC of 0.162 cm⁻¹ 
and a MAC of 0.084 cm²·g-1 calculated via XCOM. Similarly, the 
MAC value of cement (0.077 cm²·g-1, EpiXS) showed a close 
match to that of soda-lime glass, suggesting similar photon 
attenuation capabilities. For mine waste mud, the LAC value 
(0.165 cm⁻¹, EpiXS) was very close to the value reported for 
soda-lime glass using XCOM (0.171 cm⁻¹), indicating a 
comparable level of photon absorption. Furthermore, the 
MAC of mine waste mud (0.076 cm²·g-1, EpiXS) was close to 
that of glass reported using XCOM (0.084 cm²·g-1). 
Additionally, the experimentally reported MAC value of fly 
ash (0.087 cm²· g-¹) lay within a range of those obtained for 
both bentonite and cement, further supporting the potential 
of these waste-based materials as sustainable alternatives for 
radiation shielding applications. 

 

CONCLUSION 
 

This study compared the gamma-ray attenuation properties 
of cement, bentonite, and mine waste mud using 
experimental measurements, theoretical calculations, and 
Monte Carlo simulations. Results confirmed that cement 
offers the best performance at low photon energy due to its 
high calcium content and superior photoelectric absorption. 
In contrast, mine waste mud was the most effective material 
at medium and high energies owing to its higher density and 
heavy metal content. Bentonite, while low-cost and naturally 
abundant, showed the weakest shielding capacity among the 
tested materials. The close agreement among experimental, 
theoretical, and simulation results supported the reliability of 
the methodology employed.  

Properly processed mine waste represented a sustainable 
alternative to bentonite in concrete production, particularly 
for applications involving medium and high energy gamma 
radiation. By partially replacing conventional raw materials 
with mine waste, this approach reduces environmental 
impact, conserves natural resources, and supports circular 
economy principles by converting industrial by-products into 
high-value, functional materials. The demonstrated shielding 
performance underscored its practical potential, while its 
integration into construction practices promotes 
environmental sustainability and reduces dependence on 
traditional resources. However, while the results offered 
valuable insight into the intrinsic gamma-ray attenuation 
properties of each material, further considerations—such as 
structural heterogeneity, large-scale compaction behaviour, 
long-term durability, and environmental interactions—must 
be addressed for real-world implementation. 
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