
Vol.:(0123456789)1 3

Bulletin of Engineering Geology and the Environment          (2022) 81:415  
https://doi.org/10.1007/s10064-022-02914-6

ORIGINAL PAPER

Investigating the effect of hematite additive on the performance 
of clay barriers for radioactive waste disposals

Abbas Salati1 · Hajar Share Isfahani1  · Mohammad Ali Roshanzamir1 · Amin Azhari2

Received: 4 August 2021 / Accepted: 31 August 2022 
© Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
The radiation shielding performance of bentonite clay as the main component of the landfill liners is investigated using 
hematite powder as an additive. For this, theoretical and experimental methods have been used to examine different mixtures 
of hematite powder and bentonite clay, including pure bentonite, and bentonite with 15, 30, and 45% of hematite powder. 
Energy-dispersive X-ray (EDS) and scanning electron microscopy (SEM) experiments are undertaken to better understand 
and analyze bentonite and hematite from a chemical perspective. To evaluate the radiation shielding performance of the 
mixtures, the linear attenuation coefficient is calculated and simulated employing the XCOM database and MCNP code, 
respectively. The results are then compared with the experimental approach of radiation permeation by a NaI (Tl) detector 
which were in good agreement. The hydraulic permeability tests have been also conducted to ensure that the mixtures meet the 
requirement according to the EPA standard. The results revealed that with increasing the additive percentage the attenuation 
coefficient grows linearly; however, the hydraulic permeability increases simultaneously. The bentonite with 45% hematite 
powder outperformed other compounds in providing 30 and 50% improvement in gamma-ray radiation shielding and a 25% 
and 17% decrease in both TVL and HVL values, at the energy levels of 1173 and 1332 keV, respectively.
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Introduction

Nowadays, with the advancement of technology, countries 
around the world have become interested in various uses 
of nuclear energy in industries such as agriculture, medi-
cine, and industry (Rahman et al. 2011; Damla et al. 2012; 
Singh et al. 2017; Elmahroug et al. 2014). One of the chal-
lenges is radioactive waste management due to difficulties 
such as environmental hazards, negative genetic effects, 
cancer, cell destruction, headache, and vomiting (Akman 
et al. 2019a, b; Poltabtim et al. 2018; Singh et al. 2018a, 
b). These negative effects occur due to hazardous radiation 
such as gamma, beta, and neutrons emitted from nuclear 
waste. Therefore, it must be controlled by one of the excre-
tion methods. However, most of the waste is low-level radio-
active waste (LLRW). Therefore, proper and safe disposal 

of these substances is one of the most significant concerns. 
One of the most widely used methods of waste manage-
ment and disposal is surface landfilling and storage (Saling 
2001; Lersow and Waggitt 2020). However, the use of this 
method carries risks such as the possibility of groundwa-
ter and surface water leaking to landfills and, consequently, 
radiation outside the landfill. To overcome these problems, 
a protective layer is used around the landfill. To construct 
this shielding layer, various materials such as lead and heavy 
concrete are commonly used materials with high atomic 
numbers. However, due to the toxicity of lead (Lansdown 
and Yule 1986; Yue et al. 2009; Flora et al. 2012; Wani 
et al. 2015; Billen et al. 2019) or the environmental pollution 
of cement (Uwsau et al. 2014; Li et al. 2020), researchers 
are looking for alternatives. Bentonite is one of the avail-
able, cheap, sealing, and durable materials (Omotoyinbo and  
Oluwole 2008; Adegoka 1980). Therefore, bentonite can be 
considered a suitable alternative liner for radioactive dis-
posal landfills, due to its two properties of shielding and con-
trolling hazardous rays (Koch 2002). Bentonite is recently 
used in Europe and the USA as a radiation shielding layer 
(Lee and Tank 1985; Pusch et al. 2013). There is a large 
number of studies on the properties of radiation shielding 

 * Hajar Share Isfahani 
 hajarshare@iut.ac.ir

1 Department of Civil Engineering, Isfahan University 
of Technology, Isfahan 84156-83111, Iran

2 Department of Mining Engineering, Isfahan University 
of Technology, Isfahan 84156-83111, Iran

http://orcid.org/0000-0001-7126-6197
http://crossmark.crossref.org/dialog/?doi=10.1007/s10064-022-02914-6&domain=pdf


 Bulletin of Engineering Geology and the Environment          (2022) 81:415 

1 3

  415  Page 2 of 15

by various materials. The following presents the studies con-
ducted on five general groups of materials, namely heavy 
concrete, polymers, rocks, elements, and soil.

Heavy concrete is consistent with the Beer-Lambert theory 
and has attracted the attention of researchers, due to its high 
density. Abdo et al. (2002), investigated the properties of 
gamma and neutron absorption by barite concrete and com-
pared the results with the XCOM code (Abdo et al. 2002). 
Ristinah et al. (2011) made heavy concrete using steel fibers to 
increase the density and the gamma-ray absorption by increas-
ing the density, where their goal was stability in the mechani-
cal properties of concrete. It was concluded that fiber con-
crete with steel fibers has the potential for radiation shielding 
(Ristinah et al. 2011). Nikbin et al. (2019) also investigated 
the properties of gamma-ray absorption by heavy concrete 
containing titanium dioxide nanoparticles. In this research, 
60 cobalt and 137 cesium sources have been used to produce 
radiation with intensities of 662, 1173, and 1332 keV (Nikbin 
et al. 2019). El-Sayed (2021) investigated the mechanical and 
radiation protection properties of heavy concrete including 
magnetite aggregate, cement, rice husk ash, polyethylene, 
boric acid, nano-silica, and water reducer. The results show 
that magnetite concrete containing 3% polyethylene is the best 
mixture for radiation shielding (El-Sayed 2021).

A study by Nambiar and Yeow (2012) on the use of five 
different types of polymer composites used as radiation 
shields is conducted, which emphasizes the preservation of 
features such as efficiency, lightness, cost-effectiveness, and 
flexibility. Polymer composites were reinforced with vari-
ous micro- or nano-materials (Nambiar and Yeow 2012). 
Mann et al. (2015) investigated the physical parameters and 
behavior of some polymeric materials exposed to gamma-
rays, including bone-equivalent plastic, polyvinyl chloride, 
air-equivalent plastic, radio chromic dye film (nylon base), 
polyethylene terephthalate (mylar), polymethyl methacrylate 
(PMMA), and concrete. They examined the mass attenuation 
coefficient of the samples by WinXCom software. According 
to the results of mass attenuation coefficient and equiva-
lent atomic number, it was found that polyvinyl chloride 
has the maximum ability to protect against gamma-rays for 
the energy range of 10 to 110 keV, among the selected sam-
ples and concrete (Mann et al. 2015). Kacal et al. (2019) 
investigated the absorption of gamma and neutron radia-
tion by eight different polymer samples. These examples 
included polymers such as polyamide (PA-6), polyacryloni-
trile (PAN), polyvinylidene chloride (PVDC), polyaniline 
(PANI), polyethylene terephthalate (PET), polyphenylene 
sulfide (PPS), polypyrrole (PPy), and polytetrafluoroethyl-
ene (PTFE). The experimental linear attenuation coefficient 
values are compared with the theoretical data of the WinX-
Com database using a high-resolution germanium detector 
and various radioactive sources in the energy range of 81 to 
1333 keV. PTFE was found to have the highest density and, 

therefore, the highest linear attenuation coefficient (Akman 
et al. 2019a, b). Mahmoud et al. (2020) investigated the pro-
tective properties of polyvinyl chloride (PVC) along with 
various fabricated hematite- and chalcocite-based PVCs. 
Here, the mass attenuation coefficient for various samples 
was calculated using the MCNP code and the results have 
been obtained with the values calculated using XCOM soft-
ware at different energy levels. The results showed that the 
addition of hematite and chalcocite increased the mass atten-
uation coefficient of polyvinyl chloride polymers. The high-
est mass attenuation coefficient was obtained for polyvinyl 
chloride polymer composite with 31% chalcocite (Mahmoud 
et al. 2020).

Awadallah and Imran (2007) compared the shielding  
properties of limestone, brick, and concrete with a high 
purity germanium detector. The samples were also irradi-
ated with gamma-rays with different energy levels. A 10-cm 
brick is able to block 60% of gamma radiation with an energy 
level of 1461 keV. Seven-cm-thick limestone stops 75% of 
gamma-rays with an intensity of 662 keV, while a medium-
thick (7 cm) brick stops about 60% for an energy level of 
662 keV (Awadallah and Imran 2007). Mann et al. (2012) 
inspected several types of rock types and construction materi-
als widely used in India in terms of radiation protection prop-
erties. These include soil from Bathinda, Punjab, India (S1); 
soil from Muktsari in Punjab, India (S2); dolomite (S3); gyp-
sum (S4); igneous rock (S5); and limestone (S6). The results 
showed that soil samples S1 and S2 were the best shielding 
material against the gamma-rays in the energy range of 0.015 
to 15 MeV. The protective effect of all samples is the same 
in the energy range of 0.3 to 3 MeV. However, the S4 sample 
acts as a suitable shielding material for deep penetration in 
the energy range of 3–15 MeV (Maan et al. 2012). The physi-
cal properties of some ores against gamma-rays were inves-
tigated by Oto et al. (2015). In this study, the linear attenua-
tion coefficient of barite, magnetite, limonite, hematite, and 
serpentine minerals are investigated emitting photons with 
energy levels of 383, 356, 312, 276, and 81 keV released 
from barium 133 and photons with energy levels of 444, 
344, 121, 244, and 778. The emitted photon from europium 
152 was determined using a high purity germanium (HPGe) 
detector. Barite has the highest linear attenuation coefficient. 
Therefore, it is superior to other samples in terms of shield-
ing properties. In general, the results show that barite and 
magnetite were found more effective as protective materials 
against gamma-rays (Oto et al. 2015). Obaid et al. (2018) 
evaluated seven rock types, namely olivine basalt, green 
marble, jet black granite, black granite, Cuddapah limestone, 
white marble, and pink marble for radiation shielding. In this 
experiment, cobalt 60, barium 133, sodium 22, cesium 137, 
and manganese 54 sources were used to generate gamma-
rays in the NaI (Tl) detector. The results were compared 
with the simulation results with XCOM software and the 
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MCNP code where a reasonable agreement was observed. 
The results showed that the values of linear attenuation coef-
ficient in pink marble are maximum whereas these values 
were minimum in black granite (Obaid et al. 2018). Alorfi 
et al. (2020) examined four rock samples from East, West, 
South, and North Saudi Arabia with various geomechanical  
characteristics. The samples were then compared with con-
crete and brick. The WinXCom computer program was used 
to calculate the half-layer absorption coefficient and linear/
mass attenuation coefficient. Stone samples are better protec-
tive materials for low gamma-ray energy (medium energy 
for diagnostic radiology applications), while concretes and 
bricks are better for nuclear medicine diagnostic energies. 
RW rock samples have the best protective properties at 
energy 22, 32, 42, and 62 keV and of course with the highest 
performance at 22 keV; therefore, stone samples can replace 
the materials that are now used to build nuclear diagnostic 
centers and radiological facilities due to their properties and 
cheap price (Alorfi et al. 2020). A study on the combination 
of different percentages of lead and tin metal alloys was con-
ducted to examine the performance of gamma-ray shielding 
(Kaur et al. 2016). Lead and tin metal alloys were prepared 
in different compositions and then various physical param-
eters such as effective atomic number, electron density, and 
the average free path for the energy range from 1 keV to 
100 GeV were calculated. The various compounds made in 
this experiment include 90% tin with 10% lead, 30% tin with 
70% lead, 50% lead with 50% tin, and vice versa. The results 
show that among the selected alloys, the maximum effective 
atomic number in the whole energy region belongs to alloys 
with 90% lead with 10% tin. However, the minimum effec-
tive atomic number values were observed at 90% tin along  
with 10% lead (Kaur et al. 2016). 

Singh et al. (2017) investigated the protective effect of 
lead and copper metal alloys. The combinations of these 
two metal alloys are prepared based on the equation of 
xPb − (1 − x) Cu where x changes from 0.1 to 0.9 with an 
incremental rate of 0.1. Detector (NaI) Tl physical properties 
and protection parameters against gamma-rays were exam-
ined in terms of density, mass attenuation coefficient, free 
path average, absorption half-thickness, eleventh absorption 
layer thickness, effective atomic number, effective electron 
number, and radiation protection efficiency. Among the 
selected alloys, the combinations of 90% lead with 10% 
copper with maximum specific gravity, linear/mass attenu-
ation coefficient, and thus the best combination for use as 
a radiation absorber were investigated (Singh et al. 2018a, 
b). Agar et al. (2019) have investigated the properties of 
alloys containing lead and silver against radiation emission. 
In this study, four samples of alloys with different mixing 
percentages at different photon energies between 81 and 
1333 keV were irradiated using an HPGe detector, and the 
mass attenuation coefficients were measured in addition to 

the experimental results with simulation results including 
WinXCom software and the MCNP code. The 75% lead-
25% silver alloy sample with the maximum radiation pro-
tection efficiency was found to be 53% for the energy level 
of 81 keV and a minimum thickness of the absorption half-
layer compared to other alloys (Agar et al. 2019). Levet et al. 
(2020) investigated the radiation absorption properties of 
iron and boron alloys for samples with different percentages 
of alloys with the formula Fe(100 − x)B(x), where x is the 
alloy percentage (between 1 and 20). In this research, radio-
activity sources including americium 241, barium 133, and 
europium 152 have been used in Ultra Ge detector where 
physical parameters including mass attenuation coefficient, 
absorption half-layer thickness, and the effective atomic 
number were calculated. The results were then simulated 
using the WinXCom database. Iron powder with 95.99% 
purity and boron powder with 99% purity were used to cre-
ate the sample. The results show that iron and boron alloy 
containing 20% boron have the highest values of absorp-
tion half-layer thickness compared to other samples (Levet 
et al. 2020).

Ciaravella et al. (2004) investigated the effect of X-ray 
radiation on pure deoxyribonucleic acid (DNA) and DNA 
impregnated with clay (montmorillonite and kaolinite). In 
this study, DNA samples were exposed to X-rays under dif-
ferent intensities and for different durations. The biological 
deformation technique was used to estimate the extent of 
DNA damage. It is obvious that the amount of damage var-
ies depending on the intensity of the radiation. The results 
showed that DNA impregnated with clay was found to be 
several times more resistant to radiation than pure DNA 
(Ciaravella et al. 2004). Akkurt and Canakci (2011) inves-
tigated the properties of boron in combination with clay 
to protect against radiation. They have studied the photon 
attenuation coefficient of clay using different percentages 
of boron, i.e., 5 to 30%, in order to investigate the mixture 
application in the disposal of radioactive waste. In this 
study, five types of clay samples with different percentages 
of boron were tested using the (NaI) Tl detector at energy 
levels of 662, 1173, and 1332 keV, utilizing cesium sources 
of 137 and cobalt 60. By measuring the linear attenuation 
coefficient, it was found that boron in clay increases the coef-
ficient. It can be concluded from this study that boron is 
effective for radiation protection (Akkurt and Canakci 2011). 
Mann et al. (2016) evaluated the radiation protection proper-
ties of light clay. The initial compositions of clay bricks with 
fly ash were investigated using energy-dispersive X-ray fluo-
rescence spectrometry (EDXRF) spectroscopy and the sam-
ples were compared with concrete samples (witness sample). 
Two variable parameters were examined, the intensity of 
radiation energy and the ash percentage. In this experiment, 
the intensity of radiation energy is 1173, 661, and 1332 keV, 
and samples of pure clay and clay with ash in percentages of 
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10, 20, 30, 40, and 50% have been exposed to gamma-rays. 
The results showed that the multilayer exterior walls made 
of these bricks could effectively reduce the transmission of 
gamma-rays (Mann et al. 2016). Share Isfahani et al. (2019) 
studied the effect of clay modified by barite to improve 
the radiant performance and maintain the low hydraulic 
permeability of the clay. In this research, HPGe was used 
to measure the linear and mass attenuation coefficients at 
energy levels of 662, 1173, and 1332 keV. Radiation attenu-
ation coefficients were simulated using the MCNP code and 
XCOM database which were in good agreement with the 
experimental results. In general, the results showed that the 
combination of bentonite with 40% barite powder can form 
a reliable mixture against radiation shielding and hydrau-
lic permeability (Isfahani et al. 2019). Asal et al. (2021) 
examined the radiation shielding performance of different 
percentages of ceramic as an additive for bentonite. They 
concluded that the mass and linear attenuation coefficients of 
the prepared mixtures vary between 0.238 and 0.443  cm2  g−1 
and between 0.479 and 1.06  cm−1, respectively, depending 
on their thicknesses. El-sharkawy et al. (2022) studied new 
nanocomposites, based on bentonite clay and bismuth oxide 
nanoparticles (Bi2O3 NPs), as a non-toxic nano-additive. 
They used the theoretical XCOM procedure, and experi-
mental method using a NaI (Tl) scintillation detector. It was 
found that the γ-ray shielding properties were improved by 
increasing the loading of bismuth oxide nanoparticles. Ulti-
mately, the nanocomposite specimen, containing 40.0 wt% 
Bi2O3 NPs, was characterized to experience the highest lin-
ear attenuation coefficient value.

Investigating the shielding performance against gamma-rays 
with the help of clay composites with polyethylene was con-
ducted in the field of gamma radiation protection. Olukotun 
et al. (2020) made clay-polyethylene composites with seven 
different types of low-density recycled polyethylene, containing 
the weight percentage of polyethylene, in which the composite 

density varies between 1.34 and 2.33 g/cm3. The results show 
that the gamma-ray shielding performance for composites 
increases by reducing the percentage of polyethylene (density 
reduction) in the clay mixture. However, the protective effect of 
the composites was significant, which indicates the suitability 
of composites for gamma-ray protective applications (Olukotun 
et al. 2020).

Considering the suitable properties of bentonite for 
use in low-level landfills, this study aimed to increase the 
gamma-ray shielding performance of bentonite mixed with 
different percentages of hematite powder while maintaining 
the hydraulic permeability coefficient within the allowable 
range. An experimental approach along with theoretical and 
simulation methods is used for the analyses.

Materials and methods

Materials

Bentonite is a type of clay that has more than 95% mont-
morillonite and the remaining components are quartz, 
feldspar, smectite, illite, kaolinite, calcite, chlorite, and 
pyrite (Cokca and Yilmaz  2004; Akgun et  al.  2017). 
Bentonite has two types of sodium and calcium, where 
sodium bentonite was used in this study due to exten-
sive applications used in cases in the field and the 
high swelling capacity of sodium bentonite with lower 
hydraulic permeability (Cui  2017). Moreover, due to 
the significantly low hydraulic permeability (between 
1 × 10

−11and1 × 10
−9 ) and the importance of this feature 

for landfill cover, bentonite had a larger share compared 
to other soils (Swiss Standard 1999). The grading curve 
of the sodium bentonite used in this study obtained from 
the hydrometric experiment is presented in Fig. 1.

Fig. 1  Sodium bentonite grad-
ing curve
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Ordinary hematite (Fe2O3) is a mineral rich in iron ore and 
has capable of absorbing radiation. It is common to find hema-
tite in hydrothermal veins and magmatic rocks (Kavaz 2019). 
Pure hematite has a Moore hardness of between 5.5 and 6.5 
and a specific gravity of between 4.9 and 5.5 g/cm3 (Gencel  
2011; Gencell et al. 2011). However, the specific gravity 
of hematite ore can be between 3.2 and 4.3 (Gencel 2011).  
The hematite used in this research was initially in the form 
of rock lumps prepared from the mines of central Iran, which 

were crushed particles that passed through the sieve of grade 
10 used.

The chemical analysis was performed. The soil micro-
structure for bentonite and hematite was examined via scan-
ning electron microscopy (SEM) with four different scales 
and energy scattering spectroscopy (EDS). The results of the 
SEM analysis for bentonite and hematite powder are shown 
in Figs. 2 and 3, respectively. The results of the energy scat-
tering spectroscopy are presented in Table 1.

Fig. 2  Scanning electron 
microscope images for sodium 
bentonite powder

Fig. 3  Scanning electron 
microscope images for hematite 
powder
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It can be seen from Figs. 2 and 3 that hematite powder has 
a denser structure than bentonite powder. The structure of 
hematite powder is layered, while the structure of hematite 
powder is oval.

Table 1, which is based on information from the SEM test, 
shows that the most important elements in sodium bentonite 
are silicon (Si), oxygen (O), and aluminum (Al), while most of 
the hematite powder is composed of iron (Fe) and oxygen (O).

Sample preparation

To perform gamma-ray penetration and hydraulic perme-
ability tests, a combination of sodium bentonite and hematite 
powder is placed in a dryer (oven) at 80 °C for 48 h. Dry 
mixtures sit in lab condition for 4 h to adapt to the ambient 
temperature and cool down. To measure the linear attenua-
tion coefficient (μ), the desired percentage of bentonite and 
hematite powder is mixed in the optimum moisture content. 
The mixture is then poured into three PVC cylindrical molds 
with different heights and the same diameter. Figure 4 illus-
trates the prepared samples with heights of 2, 4, and 8 cm 
and the used mold for the sample preparation.

To prepare the specimen for the constant water load 
hydraulic permeable test, the preparation process is the same 
as before, but we consider the height of the sample to be 
half the height of the test mold because the free swelling 

index test shows that bentonite will swell by about 25% after 
saturation.

Radiation shielding test

The linear attenuation coefficient (µ) is considered to assess 
the gamma-ray absorption properties of the material. In this 
research, µ is calculated using both laboratory and theo-
retical approaches. The linear attenuation coefficient in the 
laboratory has been measured by a NaI (Tl) detector and 
theoretically calculated by the XCOM database along with 
the MCNP simulation code.

Theory and experimental radiation shielding test

To calculate the linear attenuation coefficient in the labora-
tory, the NaI (Tl) detector was used. Gamma-rays were emitted 
from a cobalt 60 source at two commonly used energy levels 
of 1173 and 1332 keV. This detector generally has five parts: 
the energy source, the shielding lead plate, the specimen sta-
tion, the scintillation detector, and the plotting system. The test 
setup to determine the linear attenuation coefficient with the 
NaI (Tl) detector is shown in Fig. 5. Two steel collimators are 
used at the top and bottom of the sample. To calculate the lin-
ear attenuation coefficient, the gamma-ray intensity is detected 
on the scintillation detector without (N0) and with sample (N). 
As a result, at both energy levels, lnN

0

N
 is plotted in terms of 

Table 1  Chemical analysis 
of bentonite in pure form and 
with different percentages of 
hematite powder

Atomic percentage Sample (index)

Fe Ca K Cl Mg Na Si Al O

2/57 0/39 0/59 0/86 0/91 2/47 45/42 7/83 38/97 BS
15/66 0/52 0/5 0/73 0/77 2/10 38/71 6/65 34/35 BSH15
28/76 0/64 0/39 0/6 0/63 1/73 32 5/48 29/73 BSH30
41/86 0/76 0/32 0/47 0/5 1/36 25/28 4/3 25/11 BSH45

Fig. 4  The prepared samples 
with bentonite base with 15, 30, 
and 45% of hematite powder in 
heights of 2, 4, and 6 cm
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sample thickness (t). The slope of the diagram indicates the 
linear attenuation coefficient (µ) of the specimens.

When a gamma-ray passes through a soil sample with a 
thickness of t (in centimeters), the photons are transmitted 
according to the Lambert–Beer law as follows:

where I0 is the initial gamma-ray intensity, I is the gamma-
ray intensity after attenuation through a soil column at height 
t (cm), and �

(

cm−1
)

 is the linear attenuation coefficient of 
the soil.

The linear attenuation coefficient can be expressed by 
Eq. 2 as follows:

where �S is the attenuation coefficient of a mass that has a 
unit of surface area on force and ρ is the density of a sample 
that has a unit of mass on volume. Combining Eqs. 1 and 2, 
we will have:

where t is the thickness of the sample and has a unit of 
length.

The thickness of the absorption half-layer and the aver-
age free path are important parameters for determining the 
protective properties of a material. The thickness of the 
absorption half-layer (HVL) is the thickness required for a 
material that can reduce the number of gamma-rays to the 
original half. The thickness of the absorption half-layer can 
be calculated using the following Eqs. (4 and 5).

(1)I = I
0
exp(−�t)

(2)� = �S�

(3)I = I
0
exp(−�st)

(4)HVL =
Ln2

�
=

0.693

�

The thickness of one-tenth of the absorption layer (TVL) 
is another factor known as the required thickness for radia-
tion shielding, after which the primary photons are attenu-
ated to one-tenth.

To evaluate the obtained linear attenuation coefficient, 
the maximum permissible error formula should be used. 
Because, the numbers obtained in this method must be 
within the allowable range to match the simulation and labo-
ratory results. The error is calculated from Eq. 6:

where Δt , ∆N0, and ∆N are the time error, number of multi-
purpose without sample presence, and number of multipur-
pose with sample presence, respectively.

Radiation shielding simulation

The Monte Carlo N-Particle (MCNP) code is a kind of ran-
dom number method, which is widely used in the field of 
nuclear computing. To perform the calculations, the sample 
dimensions, physical properties, available chemical ele-
ments, and their percentage in the composition under hypo-
thetical radiation permeability are defined to calculate the 
linear attenuation coefficient. The MCNP code is an effective 
method to investigate the interaction of radiation on exist-
ing materials (Mahdi and Kuraan 1999). The general pur-
pose of using the MCNP code is to model the interaction of 

(5)TVL =
ln10

�
=

2.3026

�

(6)Δ(�) =
1

t

√

(

ln

(

N

N
0

))2

(
Δt

t
)
2

+ (
ΔN

N
)
2

+ (
ΔN

0

N
0

)

2

Fig. 5  Schematic view and 
image of the test setup to deter-
mine the linear attenuation coef-
ficient with the NaI (Tl) detector
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gamma-rays and to track all particles at different energy lev-
els. Many studies have used the MCNP code to demonstrate 
the effectiveness of nanoparticles for protective properties 
(Al-Ketan 2012; Ceglie et al. 2011).

Theoretical calculation of radiation shielding (XCOM)

The XCOM database configures the calculations based on 
element. The database has various information from differ-
ent radiation permeability tests and, based on this informa-
tion and the elemental percentage of each compound in this 
research, simulates and determines the linear attenuation 
coefficient.

The XCOM database is capable of estimating the photon 
cross-sections and total attenuation coefficients for elements, 
compounds, and mixtures at different energy levels of 1 keV 
to 100 GeV. The summation of the corresponding atomic 
constituent’s quantities results in the total attenuation coef-
ficients for mixtures and compounds. Afterward, using the 
XCOM database, the weighting factors defined as the weight 
fractions of the constituents are calculated from the chemical 
formula. For this, the fractions by weight of the components 
are defined by the user (XCOM 2010).

Hydraulic permeability test

In addition to the radiation attenuation coefficient parameter, 
the hydraulic permeability (K) parameter is an important 
property for the shielding layer materials of low-level radio-
active landfills. In this study, the allowable hydraulic perme-
ability is considered to be in the range of 1 to 3E − 10 m/sec 
according to the US Department of Energy (DOE) (Bon-
aparte et al. 2008). The permeability test was performed 
based on ASTM D5856-95 on different samples including 
pure bentonite and bentonite with 15, 30, and 45% hematite 
powder under constant water pressure of 300 kPa. A metal 
cylinder with a diameter of 110 mm and a height of 130 mm 
(Fig. 6) was used and the desired composition was mixed 

with optimal humidity and compacted in three layers with 25 
weight drops in each layer. Calculate the hydraulic perme-
ability (K) according to Darcy’s law:

where Q is the discharge volume  (m3), l is the sample length 
(m), A is the sample area  (m2), h is the water head (m), and 
t is the time (s).

Results and discussion

This study includes the results of two sets of parameters: 
linear attenuation coefficient (μ) and hydraulic permeabil-
ity coefficient (K). These parameters are examined for four 
samples, namely pure sodium bentonite (BS), bentonite 
with 15% hematite powder (BSH15), bentonite with 30% 
hematite powder (BSH30), and bentonite with 45% hematite 
powder (BSH45). As noted earlier, bentonite is a base mate-
rial in landfill covers. It is, therefore, the main component 
in all mixtures. Moreover, studies show that the radiation 
shielding characteristic of the material improves with the 
increase of density. As a result, the mixtures are compacted 
in the optimum moisture content to reach the maximum 
unit weight. The results of the compaction test are shown 
in Fig. 7.

In general, the results show that the higher the percentage 
of additive, the higher the density of the mixtures. This is 
because the density of hematite powder is about three times 
that of bentonite. However, this increase in the percentage 
of additive causes a change in the optimum humidity where 
BSH15, BSH30, and BSH45 have a lower optimum moisture 
content than BS, which is due to the significant reduction in 
the percentage of bentonite in these compounds (Table 2).

In this research, both experimental and simulation meth-
ods were used to calculate the linear attenuation coefficient 
of radiation. In the laboratory method, the detector NaI (Tl) 

(7)K =
Q.l

A.h.t

Fig. 6  Image and schematic 
illustration of the constant head 
hydraulic permeability test 
setup
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is used and in the simulation methods, the MCNP code and 
XCOM database were employed. Figure 8 shows the results 
of the linear attenuation coefficient of sample types under 
energy levels of 1173 and 1332 keV.

Figure 8 illustrates that as the amount of hematite powder 
increases, the density increases. As a result, the radiation 
shielding properties improve. The slope of the graph repre-
sents the linear attenuation coefficient.

The linear attenuation coefficient can also be calculated 
via the MCNP code and the XCOM database. To use the 
MCNP code, the elements in the composition and the per-
centage of each must be specified separately. For this, the 
elements in each compound are defined using the X-ray fluo-
rescence (XRF) test and are presented in Table 1. Figure 9 
plots the results that were obtained from the MCNP modeling. 
It is evident that higher radiation shielding performance was 
observed for mixtures with a higher percentage of hematite 
powder. Hence, a higher linear attenuation coefficient was 
recorded. This shows that increasing the density leads to 

higher shielding performance of the mixtures. Also, according 
to this simulation, the results have good accuracy; therefore, 
the linear regression (R2) of the fitted line is equal to one for 
all mixtures.

Figure 10 shows the linear attenuation coefficient versus 
the maximum unit weight of the mixture. Based on the linear 
regression, it can be noted that there are 11% and 5% error 
values in attenuation coefficient relationships for energy 
levels of 1173 and 1332 keV, respectively. This error can 
be caused by the large interval percentages between adding 
hematite to bentonite or the use of a sodium scintillation 
detector instead of the high purity germanium detectors, 
which results in lower accuracy.

Figure 11 shows the linear attenuation coefficient versus 
the percentage of hematite powder additive. Based on the 
graph, it can be seen that there are relationships between the 
percentage of additive and the linear attenuation coefficient, 
where gamma radiation shielding performance is improved 
by increasing the percentage of the additive in the mixtures. 
The error value of the relationship between attenuation coef-
ficient and additive percentage for energy levels of 1332 and 
1173 keV is 12 and 9%, respectively. Moreover, the relation-
ship obtained was based on the experiments and due to the 
low number of experiments and the large intervals between 
the additive percentages needs further investigation.

As the gamma-ray energy level increases, the value of 
the linear attenuation coefficient decreases. Increasing the 
energy of the rays to which the sample was exposed leads 
to a decrease in the amount of absorption and attenuation 
of gamma-rays by the shielding material. Also, increasing 
the thickness of the samples results in a higher value of 

Fig. 7  Compaction curve of 
bentonite mixtures containing 
different percentages of hema-
tite powder
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Table 2  Maximum dry unit weight and optimum moisture content of 
bentonite in pure form with different percentages of hematite powder

BSH45 BSH30 BSH15 BS Property

1.47 1.39 1.35 1.28 Maximum 
dry unit 
weight 
(g/cm3)

28 30 24 33 Optimum 
moisture 
(%)
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ln
N
0

N
 , which attenuates the rays passing through the sample. 

A summary of the results is presented in Table 3 to help 
investigate the effect of hematite powder on the perfor-
mance of bentonite for protection against gamma radiation. 
Table 3 presents the values of linear attenuation coefficient 
in three laboratory methods, simulation with the MCNP 
code, and the XCOM database. The amount of labora-
tory measurement error was also determined by averaging 
between laboratory and simulation results. The informa-
tion in the table shows that the simulation and laboratory 
results are in good agreement. It is also concluded that the 

linear attenuation coefficient increases with increasing the 
percentage of hematite powder. On the other hand, SEM 
images on BS, BSH15, BSH30, and BSH45 samples show 
that the particles have different structures; in other words, 
the bentonite particles are oval while the hematite powder 
particles are planar.

In addition to the radiation attenuation factor parameter, 
the hydraulic permeability parameter for radiation protection 
materials is imperative to consider. Hematite powder is one 
of the additives that as its amount increases in the mixture 
with bentonite, the hydraulic permeability coefficient will 

Fig. 8  Laboratory results of 
the variation of ln N

0

N
 against the 

thickness of bentonite samples 
with different percentages 
of hematite. a Energy level 
1173 keV. b Energy level 
1332 keV

a) Energy level 1173 keV

b) Energy level 1332 keV
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remain almost constant. However, this constancy in hydrau-
lic permeability in the range of 15 to 45% of the additive was 
investigated. Due to the time-consuming permeability tests, 
the rate of increase in hematite powder is considered to be 
15%. In general, the results presented in Fig. 12 indicate that 
a slight decrease in hydraulic permeability is observed by an 
increase in hematite powder percentage. This phenomenon 
can be explained by the lamellar structure of the hematite 
microscopic structure and the oval structure of bentonite, 
where under compaction the sheets are broken, filling the 

voids and blocking the water conductivity paths. Initially, 
adding hematite powder compared to pure bentonite shows 
a 27% reduction in hydraulic permeability. However, in a 
mixture with 30% and 45% hematite powder, the hydrau-
lic permeability has increased by only about 3% compared 
to pure bentonite. In addition, the two samples BSH15 and 
BSH30 have almost the same permeability. The results show 
that the increase in hematite powder has a slight effect on 
the hydraulic permeability of the mixture, which could be 
very important.

Fig. 9  The variation of ln N
0

N
 

against bentonite sample thick-
ness with hematite powder in 
1173 and 1332 energy levels 
using MCNP code. a Energy 
level 1173 keV. b Energy level 
1332 keV

a) Energy level 1173 keV

b) Energy level 1332 keV
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Fig. 10  Graph of the maximum 
dry unit weight versus linear 
attenuation coefficient for 
bentonite sample with hematite 
powder at different energy 
levels
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Fig. 11  Graph of linear attenua-
tion coefficient versus percent-
age of hematite powder additive 
at different energy levels
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Table 3  Results of linear 
attenuation coefficient obtained 
from laboratory data and 
modeling

Energy (keV)

1332 1173

TVL HVL XCOM MCNP Experimental TVL HVL XCOM MCNP Experimental Sample

∆µ µ ( 1∕m) ∆µ µ ( 1∕m)

0/3 0/089 9/28 9/28 0/19 7/78 0/26 0/078 9/9 9/89 0/11 8/89 BS
0/26 0/079 9/07 9/06 0/03 8/77 0/25 0/074 9/67 9/66 0/04 9/32 BSH15
0/2 0/06 9/7 9/7 0/04 9/31 0/2 0/06 10/3 10/35 0/11 11/5 BSH30
0/25 0/074 10 10/07 0/15 11/61 0/19 0/059 10/7 10/75 0/08 11/64 BSH45
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Conclusions

This study aimed to investigate the effect of hematite powder 
as an additive with 15, 30, and 45 percentages to sodium ben-
tonite to improve the radiation shielding performance of land-
fill liners. For this, the linear attenuation coefficient is derived 
from three theoretical, simulation, and experimental methods 
for the sample mixtures and compared with pure bentonite. 
The hydraulic permeability is also assessed for the mixtures 
to ensure meeting the requirement of the EPA standard. Based 
on the study findings, the following were concluded.

– The radiation shielding performance is generally improved 
by increasing the hematite powder percentage in the mixture. 
This is due to the higher density of hematite powder com-
pared to the bentonite resulting in higher radiation absorption.

– Based on the error analysis, the linear attenuation coef-
ficient results obtained from the three approaches are in 
good agreement.

– The best radiation shielding performance was reached 
by bentonite with 45% of hematite power (BSH45). 
The linear attenuation coefficient of the sample at the 
energy levels of 1173 and 1332 was 11.64 and 11.61  m−1 
from the laboratory tests, 10.75 and 10.07  m−1 from the 
MCNP simulation approach, and 10 and 10.7  m−1 from 
the XCOM database, respectively. This mixture pro-
vides 30 and 50% improvement in gamma-ray radiation 
shielding performance, at the energy levels of 1173 and 
1332 keV, in comparison with the pure bentonite clay.

– Based on experimental measurements, the hydraulic per-
meability of the mixtures decreased almost 30% for pure 
bentonite to the mixture with 10% of hematite powder 

and stayed constant for more additive percentages. The 
hydraulic permeability for all mixtures was in the allow-
able range according to the EPA standard requirement.

– The results of the mixture with 45% of hematite powder 
reduce both TVL and HVL values by 25% and 17%, at 
the energy levels of 1173 and 1332 keV, respectively.
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