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1. Introduction

The continuous beneficial use of ionizing radiation (IR)
and radioisotopes in the diagnosis and treatment of health
trauma; electricity generation; food processing and pres-
ervation; material characterization and other peaceful pur-

poses is hinged on adequate radiation protection of man

*Corresponding Author:
M.M. Idris,

Radiation-shielding properties of metakaolin doped concrete samples were
investigated in this report. The gamma photon mass attenuation coefficients
and exposure buildup factor of the samples were determined theoretically
using WinXcom and EXABCal software respectively for the energy
range of 15 keV - 15 MeV and fast neutron removal cross section for the
concrete sample was evaluated. Results indicated that, oxides of silicon,
aluminum, calcium and iron determined through the energy dispersive
X-ray fluorescence spectrometric analysis constitute more than 85% of
the chemical composition of the concrete samples. The oxides contribute
85.46, 86.47, 87.55, 88.75, and 86.15 % of the total chemical oxides in
MKO00, MKO05, MK 10, MK15, and MK20 respectively. Densities of the
prepared MK doped concrete were in the range of 2.575-2.667 g/cm’.
Compressive stress of prepared MK doped concretes increased consistently
with the curing period for each concrete sample. CS grew from 8.71 -
10.63, 8.84 - 10.83, 9.44 - 11.22, 10.89 - 11.53, and 10.76 - 11.43 MPa
for MK00, MKO05, MK 10, MK 15, and MK20 respectively as the period
extends from 7 to 28 days. Mass attenuation coefficient decrease steadily
with an increase in energy up to about 0.1 MeV and the decrease become
smaller beyond this energy with increasing energy for all the mixtures. Fast
neutron removal cross section results indicate that MK 10 (0.07693 cm™)
has the highest value of X, followed by MK15 (0.07628 cm™) and MK20
(0.07537 cm™) while MKO00 (0.07380 cm™) and MKO05 (0.07404 cm™)
have approximately the same value. It was found that MK10 concrete has
the best gamma radiation and fast neutron shielding ability among the MK
doped concrete under study.

and the biota against the harmful effect of IR . A com-
monly adopted radiation protection technique is the use
of barrier (shield) to confine the IR to a restricted volume
of space or attenuate the radiation to as low as acceptable
outside the barrier. When there is no space and cost re-
straint, the use of concrete as structural shield is widely
accepted in different areas of IR and radioisotope appli-
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cations ", Concretes can generally be produced with
locally available materials into a wide variety of structural
configurations while requiring very minimal maintenance
during use. Reports on the IR shielding capacity of dif-
ferent types of concrete have been published by different
research groups »*”. The conclusion drawn from most of
these reports is that the radiation attenuating capacity of
concrete is a function of the radiation properties (energy
and type) and the concrete’s physical and chemical prop-
erties. However, the physical and chemical properties of
concrete is to a large extent dependent on the properties of
its composition >,

Traditionally, concrete is a mixture of binder (cement),
aggregates (fine and coarse) and water. Of all these, ce-
ment is the most expensive per unit mass. Furthermore,
the exploration of raw materials used in the production of
cement and the production process causes environmen-
tal degradation and emission of CO, (a green-house gas)
respectively **. In fact, the cement industry is one of the
biggest emitters of green-house gases and other environ-
mental pollutants ™. These have made research investigat-
ing alternative materials with pozzolanic properties that
could serve as cement replacement (fully or partially) in
the production of concrete very active ****. In radiation
protection, such replacement must however, not reduce
the mechanical strength and shielding capacity of the con-
crete ™7,

Metakaolin (baked kaolin clay) is derived from the cal-
cination of kaolin clay at a temperature between 600 and
900 °C P! Metakaolin (MK) is a pozzolanic material
rich in silica and alumina and it reacts with calcium hy-
droxide to give compounds with cement-like properties """,
The partial replacement of cement with MK in concrete
has produced concrete with decreased porosity, increased
density, higher resistance to water pressure and chemical-
ly aggressive environment, reduced aggregate segregation
and bleeding, reduced shrinkage and improve the physical
and chemical properties of concretes """, The partial
replacement of MK in concrete has also been shown to
decrease the radon exhalation rate in concrete ",

The effect of partial MK replacement of cement in
concrete on the photon and neutron shielding capacity
of concrete is scarce in the literature. This study thus in-
vestigates the effect of partial replacement of cement by
MK on the photon and fast neutron shielding capacity of
concrete. Kaolin clay is a mineral found in large commer-
cial quantity (circa 50 million metric tons in reserve) and
much more untapped in different parts of Nigeria "' and
coupled with the fact that Nigeria is seriously considering
the use of nuclear technology for electrical power genera-
tion are further motivations for this study.

Distributed under creative commons license 4.0

2. Materials and Methods
2.1 Metakaolin and Concrete Production

Kaolin rocks obtained locally from Alkeleri area of
Bauchi state, Nigeria were grounded into fine power to
increase their surface area and improve homogeneity. The
fine powder was subsequently calcined at 800 °C for one
hour in an electric furnace. After this heat treatment the
clay powder was air dried, grounded again and sieved
through a 150 um mesh sieve. The homogenized clay
powder was then analyzed chemically and used for con-
crete production.

Ordinary portland cement, fine (FA) and coarse (CA)
aggregates obtained locally together with water and pro-
duced metakaolin (MK) were used for concrete produc-
tion. The aggregates conformed with the ASTM standard.
Measured metakaolin and aggregates were dry mixed for
about 300 seconds after which cement was added in the
right proportion and mixed for another 270 seconds for
consistence. Tap water was then added and the mixture
was mixed for 2 minutes after which a polycarboxylate
based superplasticizers was added and mixed for another
210 seconds. The design mix for the concrete cubes was
1:2:3 representing the ratio OPC: FA: CA while a water
to cement ratio of 0.5 was adopted for all mixtures. The
fresh mixtures were cast into a 50 x 50 x 50 mm steel
moulds. By the use of a vibratory table with vibration
time of 10 minutes, each concrete mould was added to
give shape and reduce voids within the concrete matrix.
The cubes were de-molded after 24 hours and put in cur-
ing tank filled with water at 20 °C for curing. In all, five
mortar mixtures coded as MK00, MK05, MK10, MK 15
and MK20 representing the partial replacements using
MK by weight of cement (bwoc) at 0, 5, 10, 15 and 20%
respectively were prepared.

2.2 Compressive Strength Determination

The curing period for the MK-concretes ranged from 7
to 28 days. For each of the curing period, the compressive
strength of the concrete cubes was tested in triplicate
according to the ASTMC109/C109M standard procedure
% The masses of the concrete sample were measured in
order to determine their respective densities.

2.3 Chemical Analysis of Concrete Samples

The concentrations of major chemical oxides in the pre-
pared concrete samples were determined through the ener-
gy dispersive X-ray fluorescence (EDXRF) spectrometric
analysis. The concrete blocks were pulverised, sundried and
continuously weighed after an interval of 24 hours until a
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near constant weight was obtained. A portion (0.02 kg) of the
pulverised and dried samples were mixed with a binder (PVC
dissolved in toluene) carefully and pressed into circular pel-
lets in a hydraulic press under a pressure of about 20 tons.
The pellets each of diameter about 30 = 3 mm were then put
into the sample chamber of a PANanalytical Minipal4model
PW4025/45B EDXRF spectrometer for chemical analysis of
major oxides in the sampled concretes.

2.4 Calculation of Shielding Parameters
2.4.1 Photons

When a monochromatic beam of photons is incident on
a thin absorbing medium of mass thickness ¢, the intensity
upon emerging from the medium is evaluated using the
equation:

I =1, #mt ()

Where 7, is the transmitted photon intensity while 7,
and p,, are respectively the incident photon intensity and
the mass attenuation coefficient (MAC) of the material.
The MAC is a measure of the mean number of photo-in-
teractions which occurs between the incident photons and
material medium of interest at a given mass thickness. It
is a function of the energy of the incident photon.
tin = 27 Wi () )

In Equation 2, W, is the mass attenuation coeffi-
cients of the composite material (concrete) while (u,,);
and w, is the MAC of the i component (oxide) in the con-
crete and its weight fraction respectively. The MAC val-
ues of the concrete samples were evaluated via the WinX-
COM software. Using the obtained chemical composition
of the concretes through the EDXRF analysis as shown in
Table 1 as the input parameter in WinXCOM.

Many of the photon interaction processes depend
on the atomic number (Z) of the interacting medium. A
convenient parameter used to represent atomic number
of multi elemental material such as concrete is effective
atomic number. Z,, is a function of energy as it varies with
varying energy which is also It is an important parameter
used for radiation dose measurement and shielding calcu-
lations ""*"). The effective atomic number of the concrete
samples were estimated using the equation "*"';

Zeff _ Zifij.i(ﬂm)i 3
DG AC) 3

Where f;, A, and Z, are the fractional abundance, atomic
weight and atomic number of element i.

When scattered and secondary photons within the ma-
terial is transmitted, the right hand side of Equation 1 is
usually corrected using a multiplying factor called photon
buildup factor (B). The buildup factor depends transmit-
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ting medium optical thickness, photon energy and detector
response function among other factors. When the detector
response function is the absorbed photon dose in air, the
exposure buildup factor is prescribed. In this research, the
exposure (EBF) buildup factors was considered and eval-
uated for the concrete samples using the EXABCal soft-
ware ! for different photon energies at selected depths.

2.5 Effective Removal Cross-Section of Fast Neutron

The attenuation of fast neutrons through a material
medium can be estimated using its effective removal
cross section. The fast neutron effective removal cross
section 2, (FNRCS) is a measure of the likelihood that a
neutron will undergo a given interaction per unit length of
the material it transmits through. X, has been developed
to accommodate neutron scattering and buildup. For
composite material, the X, is often estimated via the
equation '

p = PZWi(%R)i )

3
Where, p, w;, and (f)i is the mass density of the glass,

weight fraction, and fast neutron mass removal cross

section of the i” element in the absorbing/interacting ma-

terial. 2 is usually a smooth function of atomic number

according to '

= 0.19279783  forZ < 8; )
p

and,

IR = 0125270565 for Z > 8 ©)
P

Y, of the concrete samples were estimated via
Equations 4 - 6.

3. Results and Discussion
3.1 Compressive Stress

The obtained values of the compressive strength (CS)
of the concrete samples as a function of curing period (in
days) is depicted in Figure 1.

The figure shows a consistent increase in CS with the
curing period for each concrete sample. CS grew from
8.71 - 10.63, 8.84 - 10.83, 9.44 - 11.22, 10.89 - 11.53, and
10.76 - 11.43 MPa for MK00, MK05, MK 10, MK 15, and
MK20 respectively as the period extends from 7 to 28
days. For curing period above 7 days the CS of MK15 is
the maximum compared to other concrete samples; and
indicating that the optimum cement replacement level by
MK which gives maximum CS is 15%. The increase in
CS with metakaolin content increased could be attributed
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to the increase in the oxides of silicon, aluminum, iron and
calcium in the concrete samples. It is the reaction between
these oxides that gives concrete the high stiffness and
strength. Also, the stiffening and setting characteristics of
cement paste primarily depend on hydration of aluminates
4 The metakaolin content of the concrete though delay
the concrete hardening process but increase the CS as MK
content grows to an optimum level of 15%.

I I I T T T
1 1 5 _ /’7”7”7”777777777jiz -
_ 11,04 |
g
=3
= 105 ]
[@))
c
o
B 100 ]
s
g
E‘ 95 o
8 —e— MKO05
9.0 Lmos
—v— MK15
e MK20
) | I I : I ; i T r
5 10 A T - |

Curing period (days)

Figure 1. Compressive strength of the concrete samples
as function of curing period.

3.2 Chemical Analysis of the Concretes

The result of the chemical (major oxides) analysis of
the prepared concretes is given in Tablel. The result shows
that the oxides of silicon, aluminum, calcium and iron
constitute more than 85% of the chemical composition
of the concretes. These oxides to large extent dictate the
chemical and mechanical features of the concrete. The
oxides contribute 85.46, 86.47, 87.55, 88.75, and 86.15
% of the total chemical oxides in MK00, MKO05, MK10,
MK15, and MK20 respectively.

Also shown in Table 1 is the mass density (+0.001) cal-
culated from the measured masses and volume of the con-
crete cubes. The density varied from 2.219 - 2.301 g/cm’.
The trend of the CS at 7-day curing period is similar to
that of the density. Replacement of cement in concrete by
MK up to 15% also increase the density of the concrete.

3.3 Photon Shielding Parameters
3.3.1 Mass Attenuation Coefficient

Calculated mass attenuation coefficient (MAC) (cm’/g)
of the MK-doped concretes for photon energies between
15 keV and 15 MeV and its variation with photon energy
and MK replacement level is depicted in Figure 2.

Distributed under creative commons license 4.0

Table 1. Chemical composition and mass density of
concretes.

Weighted fractions of samples

Oxides

MKO00 MKO5 MK10  MKI15 MK20
Sio, 41.700 41.200  43.100 42.200  40.200
AlLO, 6.200 6.370 6.480 6.490 6.400
Na,O 0.640 0.870 0.810 0.620 0.820
K,0 0.460 0.840 0.442 0.442 0.042
CaO 36.060 37.400 36.900 38.430 38.280
MgO 2.030 2.000 1.880 1.900 2.040
TiO, 0.220 0.310 0.250 0.300 0.290
Co;0, 0.010 0.010 0.019 0.004 0.010
Fe,0; 1.500 1.500 1.070 1.630 1.290
CuO 0.030 0.031 0.017 0.018 0.014
As,0; 0.006 0.010 0.008 0.007 0.006
SrO 0.450 0.510 0.037 0.440 0.440
Zr0O, 0.032 0.045 0.037 0.036 0.030
HfO, 0.012 0.011 0.013 0.010 0.006
PbO 0.045 0.052 0.047 0.044 0.040
Density (g/cm’)  2.219 2.248 2.301 2274 2.261

Figure 2. Mass attenuation coefficient (y,,) of the MK
doped concretes (MK0-MK20)

From Figure 2, the MAC value decrease steadily
with increase in energy throughout the energy spectrum.
However, the decline in MAC value was rapid for
energies less than 150 keV compared to the remaining
part of the energy spectrum. This rapid decline is due to
the relatively high photoelectric interaction cross section
(Zpp) at energies in the range 15 < E < 15 keV since Z,;
is proportional to E*. Beyond this energy range, the
Compton scattering interaction dominates the photon
interaction processes. The fact that cross section for
Compton scattering (X.) is proportional to E” explains
why the reduction in MAC values is less rapid for E
>150 keV. Furthermore, a comparison between the MAC

DOL:https://doi.org/10.30564/jbms.v3i2.3817 6 1



Journal of Building Material Science | Volume 03 | Issue 02 | December 2021

values of the concretes reveals that MAC values range
from 2.28 - 1256.89, 2.28 - 1265.36, 2.23 - 1164.72, 2.23
- 1169.72, and 2.11 - 1159.66 as energy varied from 15
keV - 15 MeV for MK00, MKO05, MK10, MK15, and
MK20 respectively. Obviously, the trend ( (MAC)yk,o <
(MAC)ik10 < MAC)yiis < (MAC)ykoo < (MAC)ips) 1
dictated by the chemical composition of the concretes. In
the photoelectric interaction dominated energy region, the
differences in the MAC values is higher than the Compton
scattering dominated energies. This can be attributed to
the dependence of X, and X on the atomic number (Z)
of the concrete. Typically, Z,; a Z° while Z.s Z, hence
the trend in the relative value of MAC could be the same
with that of the effective atomic number of the concretes.
Throughout the considered energy spectrum, MKO05 had
the highest MAC values an indication of the best photon
absorber among the prepared concretes.

3.3.2 Effective atomic number

The Effective atomic number(Z.,) of the MK doped
concretes for 15 keV to 15 MeV photons as it varies with
energy is shown in Figure 3. The Z_; values were also
noticed to lie between the minimum and maximum atomic
numbers of the constituents elements. The largest values
are seen in low - energy regions where the photoelectric
absorption is the main interaction process. From 0.3 to 3
MeV the Z; values are reduced, this is the region where
the Compton scattering is dominant. The lowest Z.; can
be noticed for photons of energy 1 MeV. Above 4 MeV,

the Z,; increases again after a period of being almost con-
stant.
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Figure 3. Effective atomic number (Z,;) of the MK doped
concrete (MK0-MK20).
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3.4 The Exposure Buildup Factor

The Exposure Buildup Factor for mfp of 5, 10, 15, 20,
25 and 30 were calculated using the EXABCal software
based on the GP fitting parameters. The energy variation
of the incident photons for different mfp are presented in
Figure 4(a-e).

Figure 4(a-e) presents the buildup factor changes with
respect to energy and penetration depth. Irrespective of
the material composition, EBF changes are similar with
respect to energy. Thus, low values of EBF are observed
at low energy and increases with increase in energy to
certain maximum value. There is variation in peak of the
plots as the material composition, energy of photon and
depth of penetration varies. According to Olarinoye "/,
these peaks range from 0.1 and 0.3 MeV for most mate-
rials. Beyond these peaks, a decrease in EBF is seen for
all considered mfp with further increase in energy. Figure
5(a-e) the energy spectrum are categorized into low, in-
termediate and high energy region. This categorization is
in accord with the three dominant photon interaction pro-
cesses at the regions.

The photoelectric effect is the dominant mode of inter-
action at the lower end of the energy spectrum (15 keV
- 0.1 MeV). For photoelectric effect, there is direct pro-
portionality to the fifth power of the material’s Z,, and in-
verse proportionality to the third power of the energy un-
der study. There is simply a removal of photons from the
incoming beam thereby preventing buildup in this study.
The EBF direct proportionality with Z,, implies the higher
Z., material will have a higher probability of removing
photons than low Z., material. This is why the EBF of
MKO00 and MKOS5 are lower at these energies. The further
increase in energy in the second region, the EBF is seen
to increase with increasing energy. This dominated region
by the compton interaction process is called the Compton
region. The Compton interaction is directly proportional
to the Z,, at any given energy. The high EBF obtained at

this region is because of the almost zero absorption taking
place within this region. There is a mere degradation of
photons in the process .

As the energy is increased further, a third interaction
process kicks in. This interaction process begins at en-
ergies just beyond 1.022 MeV. Consequently, there is a
decrease in EBF gradually with further increase in energy
owing to the fact that the incident photons are utilized
in pair production. Thus there is photons degradation in
the process. Across Figure 4(a-¢), is also worthy of note
that higher mfp have higher EBF across the energy spec-
trum. This is because the EBF is a function of depth and
thickness. The more the thickness, the more the chances
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Figure 4. Energy Dependence and exposure buildup factors at various energy for MK doped concretes (MKO0-MK15).

Distributed under creative commons license 4.0 DOTI:https://doi.org/10.30564/jbms.v3i2.3817

63



Journal of Building Material Science | Volume 03 | Issue 02 | December 2021

of having photons interaction which eventually escape the
system. From Figure 4(a-e), 5 mfp has the least EBF while
30 mfp has the highest EBF as expected.

Exposure Buildup Factor Variation with Penetration
Depth (mfp)

The variation of Exposure Buildup Factor with depths
of the concretes are shown in Figure 5 (a - d) for the se-
lected energies (0.015, 0.15, 1.5 and 15 MeV).

The EBF increases as the penetration depth increas-
es. There is a rapid increase in EBF at lower depths for
photon energy 0.015 MeV, and increases slightly as the
mfp is increased for the materials under study. However,
at 0.15 MeV photon energy, the increase is rather steady
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with increase in energy. The lowest value of EBF was
seen in MKO05 followed closely by MK00. The MK 10 has
the highest value of EBF while MK10 and MK15 strongly
overlapped between the highest and lowest EBF materials.
At 1.5 and 15 MeV, the materials have similar variation
in the value of EBF across all thicknesses. This account
for the fact that at these energies, the Compton interaction
process is dominant and hence across the thickness, they
show a fairly constant value.

3.5 Fast Neutron Removal Cross Section

The X, of the concretes was obtained through use of
Equation 4. The variation of FNRCS with material is
shown in Figure 6.
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Figure 5. Variation of energy absorption buildup factor with the penetration depth for MK
doped concretes (MKO0-MK15).
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Figure 6. Fast Neutron Removal Cross Section for MK doped concrete (MK0-MK15).

The result showed that the X; of MK00, MKO05, MK 10,
MK15, MK20 were 0.07380, 0.07404, 0.07693, 0.07628,
0.07537 cm™' respectively. MK 10 have the highest
value of X, followed by MK15 and MK20 while MKO00
and MKO5 have approximately the same value. The
closeness in their values can be attributed to their similar
elemental composition. The higher values of X, as seen in
MK10, MK15 and MK20 can be attributed to the higher
percentage of Carbon within their matrix compared to
the other. The partial removal cross section of carbon is
higher than every other element contained in the concretes
considered. The two new BMG are thus good absorber
for fast neutrons and are potentially better neutron shield
material compare to heavy concretes.

4. Conclusions

In the current investigation, the mixture of metakaolin
(MK), ordinary porland cement (OPC), coarse (CA),
and fine aggregate (FA) were theoretically investigated.
The densities of MK doped concrete were in the range of
2.575-2.667 g/cm’. The mass attenuation coefficient of
the MK concrete mixtures was investigated by the use of
WinXCOM computer program at the orthovoltage and
radiotherapy energies (15keV- 15MeV). Moreover, the
neutron shielding features are calculated for the prepared
MK doped concretes (MK00- MK20). The addition of
metakaoline content has a significant effect to evolve
the gamma shielding properties of the studied concretes.
It was found that MK 10 concrete has the best gamma
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radiation and fast neutron shielding ability among the MK
doped concrete under study.
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