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A B S T R A C T

Nanoparticles (NPs) indicating a unique potential in bioradiation and nuclear reactor shielding are employed in
many fields due to their particular specifications leading improving the mechanical properties as well as pore
structure of the concrete-shield. The aim was to introduce a novel coefficient (ξ), namely the experimental to
theoretical density ratio for mixed-NPs material at various nanoparticles percent concentrations (ωnano) based on
pure mathematical aspects along with the some suitable physical purposes by Monte Carlo method. The change in
the mixture density to the change in ωnano is always proportional to the ωnano value. The density will become
maximum at the ω*

nano in which the physical, morphological and chemical features of NPs along with the amounts
of voids in the material have a key role over estimating porosity percentage. The NPs’ separation probability as
born-cascaded-pairs towards very small radii may be formulated as ξ�ξ�1 þ ω*

nano þ k''
�
�ωnano � ω*

nano

�
� ¼ k' where

k' and k'' are constant values. In conclusion, the theoretical results may be experimentally used in future work for
different applications such as designing shield at a nuclear facility.
1. Introduction

Nanoparticles (NPs) are able to change some mechanical and physical
specifications of materials towards specific purposes, and to improve
some parameters such as mass attenuation coefficient at nuclear facilities
due to high ratio of surface to volume as well as the optical features [1, 2,
3, 4]. They have also improved the contrast, signal to noise ratio and
sensitivity in the images at the various imaging modalities, and their
synthesis methods will vary their technical features [5, 6]. The different
NPs have been used in concrete mixtures as shield in order to improve
both the mechanical properties and pore structure of the concrete [7, 8]
which merely change the mixed-material density nonlinearly. This
feature is useful to design a shield in nuclear science.

The main purpose of the shields is to protect operating personnel as
well as to reduce the effective dose equivalent in all areas in which the
occupational dose limit must be consistent with ALARA recommenda-
tions. In general, shielding requirements are most important in the design
of a nuclear facility. To characterize this matter, the gamma radiation
absorption coefficient in some shielding materials such as concrete is
measured using point isotropic radioactive sources, which is cumber-
some. In contrast, we must calculate and simulate them by Monte Carlo
rshidi).
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method in which the amounts of experimental mixed NPs density are
needed. As known, the type and density of material affect the amounts of
the interactions. Thus, the probability of nuclear radiation absorption is
directly proportional with the shield thickness and a coefficient origi-
nated from the nanoparticles, which is investigated here. Mesbahi et al.
and Tekin et al. [9, 10] have shown that the concrete doped with
nanoparticles exhibits a different behavior in high and low energy
gamma shielding. Also, Hassan et al. [11] have used nano-PbO and
PbTiO3 to study the gamma attenuation coefficient and density. More-
over, Zaghloul et al. [12] used nano-silica with 1%–7% as partially
replacement of cement, and their results indicated that 3% nano-silica
improves physical, chemical and shielding properties. Here, nano-SiO2
is added to the normal cement to determine the density.

The aim is to introduce a novel coefficient (ξ), namely the experimental
to theoretical density ratio for mixed-NPs material at various nano-
particles percent concentrations (ωnano) based on pure mathematical as-
pects to interpret the attenuation coefficient and density in shielding
issues. Elsharkawy's article is chosen for validation of our theory in which
the SiO2 NPs (SONPs) at various concentrations in the cement was
investigated by the theoretical-experimental approach to compute the
mass attenuation coefficient as a nuclear-shield [2].
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Table 1
The chemical analyses of Portland cement before doping nano-materials [2].

Elements Theoretical
density (g/cc)

Weight
%

Portland
Cement

SiO2 2.648 23.69 0.6273
Al2O3 3.97 5.63 0.2235
Fe2O3 5.25 3.28 0.1722
CaO 3.34 63.68 2.1269
MgO 3.6 1.38 0.0496
SO3 1.9 0.19 0.0036
K2O 2.35 1.18 0.0277
N2O 0.001799 0.97 0.0017
Total Theoretical Density (ρTheory) - 100 3.2325
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2. Theory

This part is an effort to determine a novel coefficient, namely the ratio
of experimental density to theoretical one for computation of the
experimentally mixed-NPs density. The calculation and simulation by
Monte Carlo N-Particle version X (MCNP-X) code using a proper and
distinct formula requires the experimental density. Here, the existing
experimental density is blended with theoretical density to predict the
other densities without any further experimentation. Since there are
some chemical reactions after blending, therefore the density will differ.
The NPs’ separation probability, ξ, as born-cascaded-pairs towards very
tiny radii may be obtained as follows:

ξ¼ 1
1þ εþ 1

1þεþ 1
1þεþ 1

1þεþ 1
1þεþ 1

1þεþ 1
1þεþ 1

1þεþ 1
1þεþ 1

1þεþ…………:

¼ �ε� 1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2 þ 2εþ 5

p

2

(1)

The change in the mixture density, ε, to the change in ωnano is always
proportional to the ωnano value even in extreme chemical and physical
environmental conditions. Therefore, the function of the mixture density
per ωnano is approximately as parabolic in which the density will become
maximum at ω*

nano. The physical, morphological and chemical features of
NPs along with the amounts of voids in the material will affect the ω*

nano

value. In Eq. (1), one may introduce ε ¼ k'þω*
nanoþk''

�
�ωnano� ω*

nano

�
� in

which ω*
nano ¼ f (R, E, Z, ρ, n) where R, E, Z, ρ, and n are the NPs radius,

gamma ray energy, effective atomic number, mass density, and electron
density, respectively. The constant values of k' , k''and ω*

nano are obtained by
appropriate measurements at different concentrations for each nano-
particle. For instance, the ω*

nano value will occur in 1.5 (%) of the con-
centration of SONPs in the concrete-cement mixture so that ε ¼ - 0.2 þ
0.05� jωnano � 1:5j. It is concluded that the increase of SONPs content up
to 1.5 (%) increases the total gamma-ray attenuation coefficient for all
energies [2].

Here, the MCNP-X code was utilized to simulate the nano-geometry
by lattice (LAT) and universe (U) modules. Firstly, the attenuator mate-
rial and mixed-NPs with the different weight percentages (0.0, 0.5, 1.5,
2.0 and 2.5)% were defined in input file. The process was done by 1E7
primaries. The operation time and the number of histories are dependent
on each other. When the code ran by the defined photons or input time,
the photons tracked the planned geometry and particle history weights
were binned into the energy deposition mesh tally. The track length of
the particles (F6 tally) were considered over the mesh score volumes and
normalized to be per starting particle.

3. Results

The voids in cement without nanoparticles create a vital role towards
decreasing the density as well as the attenuation coefficient. In contrast,
they will be gradually filled with increasing nanoparticles so that the
density and attenuation coefficient will be increased. In this case, the
density value of mixture will be maximized. With more increasing NPs,
the density value will be decreased due to the chemical reactions. The
chemical analyses of Portland cement are given in Table 1 to verify our
theory.

In this study, while the ωnano value is zero, the ε value is considered as
-0.125 so that the ξ value will become 0.654. The various values of ξ as a
function of the ε ones are indicated in Table 2 derived from Eq. (1).

The experimental, theoretical and modified (our theory) values of
densities (g/cm3) for mixed cement with SONPs at different weight
percentages (0.0, 0.5, 1.5, 2.0 and 2.5) % along with the relative error
values are indicated in Table 3. The minimum and maximum relative
errors were 1.41% and 5.75% by 2.5% and 2% of ωnano, correspondingly.
Also, Fig. 1 shows the comparison between simulated, calculated and
2

theoretical findings of density in terms of weight percentage for mixed
cement with SONPs. In simulation, the mean relative error was estimated
0.05 for quality of the scoring evaluation in nano-geometry design. The
simulation findings are greater than the experimental ones by a factor of
1.3. From ωnano¼ 0%–2.5%, the mixed density showed some fluctuations
especially in experiment and simulation results. The density obtained by
the proposed method confirmed that the modified-theory values have the
closest amounts to the experimental ones. The differences between the
maximum and minimum values of mixed density were 0.03, 0.08, 0.17
and 0.12 for theory, modified-theory, experiment and simulation,
correspondingly.

4. Discussion

The synthetic method in making NPs plays a key role in acquiring
proper properties. Several methods of co-precipitation have been devel-
oped along with many bio-molecules and surfactants [13, 14, 15, 16, 17,
18]. Although this method is suitable for NPs synthesis, it has defects
such as particle size distribution and the use of a strong base in the re-
action process, which may affect the results in the NPs. However, control
of particle size, morphology and composition in the pathway of
co-precipitation is limited as particle kinetically controlled growth. The
size, shape, and composition of NPs are based on many factors, such as
the pH of reaction system and the ionic strength of the medium [19], in
which case these intrinsically affect the defined coefficients that their
examinations in detail are beyond the scope of our research. Ordinarily,
different techniques are employed for preparation of nanoparticles such
as chemical vapor deposition, synthesis by plasma, micro emulsion pro-
cedures, combustion synthesis, sol-gel projecting, hydrothermal methods
and so on. The optimized particle size in mixture density is typically
controlled by pH adjustment and temperature variations. By increasing
the reaction temperature there is more energy within the mixture, this
would increase mobility and cause a greater number of collisions be-
tween the particles [20, 21]. The relation between NPs size and peak
widening is defined by Bragg diffraction angle of XRD (X-ray powder
diffraction) patterns and the X-ray wavelength. Meanwhile, the scanning
electron microscopy (SEM) is utilized for morphology descriptions of
NPs. The thermo-gravimetric analysis (TGA) is used to estimate the
thermal characteristics and mass loss, and the infrared spectroscopy (IR)
is performed for interaction and complex type determination and com-
bination (bonding) blueprint by wave number separation.

Here, there are several obvious factors affecting the protection
needed in the facility. As it is known, the use of concrete in nuclear fa-
cilities is designed to contain and protect from radiation and radioactive
materials as well as to depose spent nuclear fuel which its characteristic is
essential for the safe operation of the facility [22]. Therefore, as a good
protective material, concrete has a proper structural strength [23], which
is considered to be the main material in which NPs are dispersed. The
SONPs are in agglomerated dry powder or colloidal shapes that work
significantly dissimilar in cement. The Ca–Si-hydrate is mostly shaped
during the cement paste hydration as a foremost constituent besides Ca
hydroxide that leaches out throughout hydration.



Table 3
The experimental, theoretical and modified values of densities (g/cm3) mixed cement with SONPs at different weight percentages along with the relative error values,
(ε ¼ -0.25 → ξ ¼ 0.693) [2].

ωnano (%) ε ξ ρTheory ρExperimental ρModified�Theory Relative error
% (ρE.- ρT.)

Relative error
% (ρE.- ρM.T.)

0.0 -0.12 0.654 3.23 2.15 2.11 50.23 1.86
0.5 -0.15 0.661 3.22 2.17 2.13 48.39 1.84
1.5 -0.20 0.677 3.21 2.30 2.18 39.56 5.22
2.0 -0.15 0.661 3.21 2.26 2.13 42.03 5.75
2.5 -0.12 0.654 3.20 2.13 2.10 50.23 1.41

Table 2
The various values of ξ as a function of the ε ones.

ε -0.300 -0.275 -0.250 -0.225 -0.200 -0.175 -0.150 -0.125 -0.100 -0.075 -0.050 -0.025 0
ξ 0.7095 0.7012 0.693 0.685 0.677 0.6692 0.6616 0.654 0.6466 0.6393 0.6321 0.625 0.618

Three bold amounts are considered for Table 3.
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NPs in concrete mix are used to improve mechanical properties and
structure of concrete pores cooperatively [24, 25]. The effect of these
particles, mostly SONPs, has been inspected by many researchers. Tao
[26] examined the permeability of the water and concrete structure in
micro-size containing the SONPs and reported that the presence of
SONPs could improve the resistance to water penetration in concrete
samples. In addition, Bashter et al. [27] demonstrated that the micro-
structure of concrete containing SONPs was more compressed, and these
particles improved the structure of concrete pores. Several studies have
shown that pozzolanic activity of SONPs is more than silica fume and its
positive effects on the mechanical properties of hardened cement [28,
29]. Researchers further claim that the amount of crystals in hydrated
cement increases as a result of increasing NPs values [30]. The NPs fill the
cement pores, so its strength increases. Increasing SONPs' amounts by
more than 1.5% reduces the compressive strength, this behavior is
related to the accumulation of SiO2 particles, which shows more voids in
concrete and reduces C3S content [31]. The effect of SONPs on the
compressive strength of concrete and the relationship between the den-
sity percentage and content of SONPs by weight were performed by
Elsharkawy et al. [2]. Their results indicate that the density increases by
1.5% as SONPs increase, because NPs fill cavity holes, so the density of
concrete increases, but for concrete samples 2 and 2.5%, the density of
concrete decreases. When SONPs content increases by more than 1.5%,
SONPs' inference with each other increases so that the internal voids
increases in the concrete mixture, which leads to a reduction in total
density [32]. Changes in the mixture density to changes in SNOPs are
proportional to the SONPs value at any situation. Hence, the function of
the mixture density per SONPs percent concentrations is nearly as para-
bolic in which the density will be converted to a maximum at any special
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Fig. 1. Density of mixed cement with SONPs versus diverse weight percentages
in Theory, Modified-Theory, Experiment and Simulation.
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concentration. SONPs in concrete mixture improve the structure of
concrete pores due to the performance of SONPs as nano filler rather than
the formation of more hydrated products. The results of this study
showed that the addition of SONPs improves the mechanical and nuclear
properties of concrete. When a small amount of NPs are dispersed uni-
formly in the cement paste, the NPs are strongly bound to cement hy-
drates as a nucleus and, due to their high activity, reinforce hydration
cement, which is suitable for cement resistance. In addition to that, the
NPs among the hydrate products prevent the growth of crystals that are
not suitable for cement resistance. The SONPs can help in the hydration
process to produce more C–S–H by way of Ca(OH)2 reaction [31].

In general, the linear attenuation coefficient is the simplest absorp-
tion coefficient to measure experimentally, but it is not usually tabulated
because of its dependence on the density of the absorbing material. Since
the gamma rays mainly interact with atomic electrons, the attenuation
coefficient and the electron density are proportional. On the other hand,
the electron density depends on the bulk density of the absorbent sub-
stance and their ratio is constant, atomic number to atomic mass,
regardless of bulk density. This ratio is nearly constant for all except the
heaviest elements and hydrogen [33, 34, 35, 36]. This dependence for
nanoparticles is very complex. There are deviations between theoretical
and experimental values of both linear and mass attenuation coefficients.
These deviations may be characterized with introducing the ξ parameter
by Eq. (1).

As it was said, a gamma ray may interact with an atom in a bound
state, in which the electron loses its entire energy and ceases to exist as a
gamma ray [37, 38, 39, 40]. Two phenomena of Compton incoherent
scattering and photoelectric effect are the most important mechanism of
interaction in nuclear domains when gamma radiation energy is low.
When sources are used with multiple energies, the evaluation of the
attenuation coefficients becomes more complicated. These coefficients
are function of electron density, mass density, effective energy, and
effective atomic number. Again, this dependence on nanoparticles is very
complex. Since the effective energy for different materials of the same
thickness is different, it introduces the error. The error is a powerful
function of energy associated with the energy spectrum [41]. The dif-
ference in the coefficients of attenuation is mainly due to two factors: the
effective atomic number of the material in the low-energy range, which is
effective at about one quarter of the atomic number power, and the effect
of the electron density at high energy (more than 50 keV), which is
mainly in the Compton interaction range. Both theoretical and experi-
mental results severely affirm the concept of modulation of the atomic
number in the low energy range, while the modulation-dependent elec-
tron density at higher energies is dominant. In addition, the mass
attenuation coefficient decreases with increasing energy of γ-ray. In
general, this reducing is largely the result of Compton scattering and
some photoelectric interactions [42, 43, 44, 45, 46].

The highest amount of linear and mass attenuation coefficients
was found at the lowest energy of 0.511 MeV, but the lowest value was
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found at the highest energy of 1.33 MeV. The probability of radiation
absorption of the nucleus is directly proportional to the thickness of the
shield and the geometric coefficient of the nanoparticles.

Mesbahi et al. [9] have shown that the concrete doped with nano-
particles have a greater neutron removal cross section than microparti-
cles, but in high energy gamma shielding had less effetcs. Also, Tekin
et al. [10] demonstrated the increasing of mass attenuation coefficient
via doping of nano-BaSO4 into lead by %1.4609 ratio for 0.500 MeV of
gamma source and it led to more radiation absorbtion. Furthermore,
Hassan et al. [11] have investigated the particle size on concrete atten-
uation and density by doping PbO and PbTiO3 nano powders via
co-precipitation and oxalate precursor methods, so that the defect density
decreased by increasing nano-PbO contents and also the gamma atten-
uation coefficient improved. They have reported 2.290 and 2.410 g/cm3

density by adding %30 nano-PbO and PbTiO3, respectively. In this study
by adding %1.5 nano-SiO2 to normal cement, the ρModified-Theory reached
a maximum of 2.18 � 0.05 g/cm3.

Some systems are used to monitor the radiation shielding efficiency
[47, 48] or to measure the fast neutrons besides gamma rays [49, 50, 51,
52, 53, 54, 55, 56]. In such systems, the use of nanomaterials against
radiation would be preferable. Akkurt et al. [57] have demonstrated that
the linear attenuation coefficient for all types of concretes is a function of
the concrete's density. Since the different concretes have different den-
sities, Bento et al. [58] have shown that the mass attenuation coefficient
for a fibrous self-compacting concrete is higher than those for ordinary
concrete of about 5% depending on the gamma energy, and the density is
higher than ordinary concrete, 2.4 and 1.9 g/cm3 correspondingly.
Meanwhile, Qafleshi et al. [59] have compared the percentage of fly ash
in concrete mixtures and demonstrated that the activity concentrations of
40K, 226Ra and 232Th are very low in all concrete specimens varied from
0.046 to 0.054 mSv per year.

With the increasing use of radioactive isotopes and accelerators in
various applications, such as medicine, industry, and power generation,
it is also becoming increasingly necessary to reduce the dose to the em-
ployees and the public. The equipments that deal with ionizing radiation
of any kind must comply with the safety necessities, and at this time the
shielding estimations come into play. The thick concrete in walls, floor
and ceiling requires a plenty of space, particularly in the cases of adap-
tations of an existing building or a space for the first handling, which
causes an enormous restriction in utilizable space for the device. The
normal concrete is a comparatively low-cost material than the lead,
which requires larger thickness for the identical shielding effect by virtue
of its relatively lower attenuation coefficient.

5. Conclusion

The most important material for shielding is concrete in nuclear fa-
cilities which the performace can be improved by addition some NPs at
the various concentrations. In this study, we could estimate the experi-
mentally mixed-NPs material density using the theoretical density along
with the defined coefficient. The minimum relative error was found
1.41% by 2.5% of ωnano. Here, the theoretical and existing experimental
densities were mixed to forecast the other densities as a byway without
any experimental effort. Also, MCNP simulations by variance reduction
techniques were employed to reduce the relative error of a scoring tool or
its variance for a fixed computing time. The mean relative error was
estimated 0.05 for quality of the scoring evaluation in simulated nano-
geometry plan. For future work, the proposed coefficient will use to
simulate the mixed-NPs by FLUKA or GEANT4 in which the simulation
and experiment densities are not determined simultaneously.
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