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Abstract: The scope of this work is the development of new composites with low
environmental impact to act as radiological shielding in hospital environments. For this
purpose, the radioprotection properties of cement pastes containing 20% BaSOs, in
addition to 10% fly ash and silica fume as SCM’s were investigated. The samples were
characterized by consistency, apparent density and mechanical strength at 7 and 28 days
of age. In addition, transmission measurements were performed for different sample
thicknesses using a photon beam from a linear accelerator operating at 6 and 10 MV in a
radiotherapy room. The barium pastes showed a reduction in sample thickness of
approximately 10% compared to the reference paste (without barium) at the highest
voltage analyzed to attenuate 90% of the incident radiation (according to current
legislation). Among the SCM’s, silica fume stood out as the most suitable substitute when
combined with barium in Portland cement matrices. Finally, the apparent density of the
samples appears to be decisive for the performance of new materials in terms of
radiological shielding.

Keywords: Cementitious pastes, Barium sulfate, Protection barriers, Ionizing radiation,
Radiotherapy.
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Explorando a eficiéncia da protecao
contra radiagdo de pastas de cimento
Portland de menor impacto ambiental
elaboradas com sulfato de bario, silica
ativa e cinza volante

Resumo: O escopo deste trabalho esta no desenvolvimento de novos compositos de
baixo impacto ambiental para atuarem na blindagem radiolégica em ambientes
hospitalares. Para tanto, foram investigadas as propriedades de radioprote¢ao de pastas
cimenticias contendo 20% de BaSO,, além de 10% de cinza volante e silica ativa como
MCS. As amostras foram caracterizadas através da consisténcia, densidade aparente e
resisténcia mecanica aos 7 e 28 dias de idade. Além disso, foram realizadas medidas de
transmissao para diferentes espessuras de amostras utilizando um feixe de fétons de um
acelerador linear operando a 6 e 10 MV em uma sala de radioterapia. As pastas de bario
apresentaram reduc¢do na espessura da amostra de aproximadamente 10% em relagio a
pasta referéncia (sem bario) na maior voltagem analisada para atenuar 90% da radiacdo
incidente (conforme legislagao vigente). Dentre os MCS, a silica ativa se destacou como
o substituto mais adequado quando combinada ao bario nas matrizes de cimento
Portland. Por fim, a densidade aparente das amostras parece ser decisiva para no
desempenho de novos materiais frente a blindagem radiologica.

Palavras-chave: Pastas cimenticias, Sulfato de bario, Barreiras de protegao, Radiacdo
ionizante, Radioterapia.
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1. INTRODUCTION

With the development of science and technology, ionizing radiation in medicine has
become increasingly important, especially in radiotherapy, for treating most malignant
cancers [1-2]. Itis estimated that half of patients diagnosed with cancer undergo radiotherapy
at some point during their treatment after the disease is diagnosed, from curative treatment
to symptom relief [3-5]. With the expansion of imaging techniques, radiotherapy has become

widespread, used alone or in conjunction with other oncological therapies [6].

In order to combat cancer, radiotherapy uses the principle of ionizing radiation,
defined as the energy capable of extracting electrons from the orbit of an atom |[7-9]. It is
known that this type of radiation can cause consequences for patients, such as cell death,
DNA changes, or even carcinogenesis [10]. However, the damage caused by ionizing
radiation to human tissue was only noticed after two decades of use following the discovery
of X-rays by Roéentgen in 1895 [11]. Since then, the Réentgen Society has been one of the

pioneers in publishing recommendations on the radiological protection of users [12].

To comply with national and international standards, protective barriers (shielding)
must be designed to guarantee the health of health professionals exposed inside and outside
the work environment, ensuring that they are not exposed to doses that exceed the permitted
limit [13]. Currently, radiotherapy rooms are isolated with a reinforced concrete structure
that is expensive to build. According to Agrawal ez al. [14], to build radiological protection
structures in diagnostic and computed tomography rooms, walls approximately 6" thick (15.0
cm) are required, as they use much lower tensions than radioprotection rooms, which have

thicknesses exceeding 200.0 centimeters, which is why they areet al also called bunkers [15].

With a view to optimizing the construction process of radiotherapy environments,

several studies have investigated ways of producing cementitious materials with high
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protection capacity, reduced thickness, and high density. Materials such as iron-rich red mud,
concrete based on serpentine and hematite, and cementitious matrices with steel fiber have
already been investigated and have shown good attenuation capacity; however, they did not
outperform conventional concrete [16—19]. Barium sulfate (BaSO4 or barite) is one of the
tew non-metallic minerals with a specific mass high enough to attenuate electromagnetic
radiation. Furthermore, it is affordable and widely available [20—22]. For this reason, it has
been evaluated for use as a protective barrier through computer simulations [23-20| and

experimental studies [27-32].

Furthermore, barite has a good relationship with several composites to obtain new
materials, proving to be an excellent alternative to lead. This heavy metal is highly toxic and
causes environmental problems regarding its disposal [27, 33|. In producing cementitious
composites, whether pastes, mortars, or concrete, Portland cement is replaced by
supplementary cementitious materials (SCM’s) as additional components to improve
properties in the fresh and hardened state. This reduces carbon dioxide (CO.) emissions in
cement production, and millions of tons of industrial byproducts are no longer discarded
into nature. Among the residues that can be used against ionizing radiation are silica fume
and fly ash. Silica fume tends to fill the voids between cement particles, densifying the binder
paste matrix. Fly ash reduces the heat of hydration of cement and improves the workability
of concrete due to its physical characteristics [34-30|. Previous studies have evaluated the
shielding capacity of Portland cement matrices incorporated with barium sulfate, with
concrete being the most common matrix type, followed by Portland mortar matrices (21, 30,
31, 37-43]. However, the isolated effects of Portland cement pastes incorporated with barite

and SCM’s for shielding ionizing radiation in hospital environments have not been evaluated.

Given the context presented, the present study proposed the preparation of Portland
cement pastes with the addition of barium sulfate and SCM’s (fly ash and silica fume), to

investigate the properties of these matrices in the shielding of photon beams from a linear
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accelerator in a radiotherapy room. For this purpose, the properties of the pastes were
evaluated in the fresh and hardened states after 7 and 28 days. As control factors, there are
the unit compositions of the pastes, water/cement ratio (w/c), and the percentage of
additive, as well as response factors; there is the slump, the axial compressive strength, the

apparent density, and the attenuation coefficient against radiological shielding.

2. MATERIALS

The binder adopted to prepare the barium pastes was white Portland cement
manufactured by the company Secil (Pataias Gare/Pataias/Portugal). Barium pastes are so
called because they use natural barium sulfate (or barite) in their composition, a mineral of
inorganic constitution, chemically inert, extracted from deposits and arranged in different
patticle sizes. It has the chemical formula BaSOs, a density of 4.21 g/cm? and a purity of
98.24%, coming from Neon (Sio Paulo/Sao Paulo/Brazil).

As SCM’s, fly ash and silica fume partially replaced white cement. The first residue
was obtained from burning mineral coal to produce electrical energy, provided by the
Presidente Médici Thermoelectric Plant (Candiota/Rio Grande do Sul/Brazil). The company
Diprotec (Curitiba/Parani/Brazil) supplied the second material, a by-product produced
during the metal silicon and ferrosilicon smelting process. PowerFlow 1180 was used as a
chemical admixture, a high- performance superplasticizer supplied by Concreto Schumann

(Pelotas/Rio Grande do Sul/Brazil).
2.1. Physical Characterization

The results obtained for the physical characterization of the materials are presented
in Table 1. Starting with laser diffraction granulometry, a widely adopted technique for
evaluating materials with small granulometry, was chosen to obtain the average particle

sizes. This technique was performed using the Microtrac particle size analyzer, model
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S3500. The solvent used was isopropyl alcohol to analyze the white cement and

hexametaphosphate to check the other materials.

Table 1: Physical characterization of materials.

PHYSICAL WHITE FLY SILICA BARIUM
PROPERTIES CEMENT ASH FUME SULFATE
Dio (um) 4.25 7.34 1.73 0.51
Dso (um) 9.73 34.33 6.35 0.87
Doo (um) 22.95 69.58 14.66 1.98
SSA (m?/g) 1.50 0.74 17.77 3.15
Especific mass (g/cm?) 2.96 2.06 2.21 4.21

The particles' specific surface area (SSA) was determined using the BET method from
the quantification of the volume of nitrogen in the layer adsorbed on the material's surface.
This analysis considers factors such as the shape and texture of the particle on the surface of
the grain [44|. This test was chosen because nitrogen can consider aspects such as porosity,
roughness and cracks in the result, therefore, it presents a higher value than those determined

by Blaine and has been widely used [45].

Before carrying out the test using the BET method, the samples were subjected to
pre-treatment to desorb gases present in the material to mitigate interference in the readings,
as described by Mantellato, Palacios and Flatt [46]. Thus, following the authors' procedure,
the white cement was subjected to gas desorption at 40°C for 16 hours in a nitrogen
atmosphere. On the other hand, the rest of the materials underwent the same process,
however, at temperatures around 200°C for 1 hour. This temperature difference arises from
the possible dehydration of materials such as anhydrous cement at high temperatures. The

equipment used to carry out the test is Micromeritics, model Tristar Plus II.

The specific mass of the materials was determined using the helium gas pycnometer
technique, which, using pressure, penetrates gas into the sample's pores. At the end of the test,
the pressure value collected is correlated with the pore volume of the respective sample. The

specific mass of the material under analysis is determined from the actual volume and mass of
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the sample. The samples were less than 15.0 cm? and were free of impurities and moisture.

This technique was performed using Micromeritics equipment, model AccuPyc IT 1340.
2.2. Chemical Characterization

X-ray fluorescence (XRF) is a technique that allows a qualitative and quantitative
analysis of the chemical elements that make up the sample. It is a qualitative analysis, as it
identifies the chemical elements present in the sample and qualitative, as it presents the
proportion in which each element is found. This study was conducted on the Shimadzu X-
ray fluorescence spectrometer, model EDX-720. Previously, the samples were dried in an

oven and then compacted to form tablets.

Table 2 shows the results of the qualitative analysis chemical of barium sulfate and

Table 3, the results of the quantitative analysis of white cement, fly ash and silica fume.

Table 2: Qualitative chemical characterization of barium sulfate.
MAJORITY ELEMENTS SMALLEST AMOUNT TRACE ELEMENTS
(> 50%) (5% < X < 50%) (< 5%)
Ba S V, P, St, Ca

Table 3: Quantitative chemical characterization of white cement, fly ash and silica fume in percentage.

MATERIALS SlOz A1203 Fe203 CaO NazO MgO PzOs SO3 Kzo TlOz CI‘203 MnO SrO ZnO PF

WHITE
CEMENT 1625 191 0.18 6747 119 054 010 134 031 010 0.01 0.02 0.02 ND 10.56

FLYASH 6123 2024 9.69 259 0.09 154 020 087 191 111 ND ND ND ND 0.53

i%ll\fEA 9142 196 013 053 ND ND ND 134 272 ND ND ND ND ND 1.90
3.METHODS

3.1. Paste Dosage and Sample Preparation

Four different mixtures of Portland cement pastes were proposed to enable a
comparative analysis of the performance of different compositions in terms of shielding

against ionizing radiation. The samples were called T.REF (reference paste without the
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addition of barium and SCM's), T.BA (with the addition of barium), T.BA.FA (adding batium
and partial replacement of Portland cement with fly ash) and T.BA.SF (with the addition of

barium and partial replacement of Portland cement with silica fume), as indicated in Table 4.

Table 4: Cement paste compositions in percentage.
MATERIAL T.REF (%) T.BA(%) T.BA.FA (%) T.BA.SF (%)

White cement 100 80 70 70
Barium sulfate - 20 20 20
Fly ash - - 10 -
Silica fume - - - 10
Water/solids ratio 25 25 25 25
Superplasticizer 0.55 0.55 0.55 0.55

Three of the proposed compositions contain barium sulfate, which is why they are
called barium pastes. The percentage of barium used in these three pastes was constant
(20%). The compositions T.BA.FA and T.BA.SF differ from T.REF by replacing 10% white
cement with pozzolanic material (silica fume or fly ash). The ratio of water to solid materials
remained constant (w/s = 0.25), as did the percentage of superplasticizer additive (0.55%)

about the total mass of the binder.

The pastes evaluated were produced in an air-conditioned room with a controlled
temperature of 21+2°C and relative humidity of 60+10%. The first mixing process was dry
using a Cortag brand electric mortar mixer with 1600 watts of power. A minimum time of
10 minutes was stipulated to carry out this process. At this mixing stage, approximately 440
rpm was adopted. After dry mixing, the mixing process began with adding water and
superplasticizer admixture. The average time required for the traces to reach homogenization
was 12 minutes, and the equipment rotation reached 660 rpm. The test specimens were

molded according to NBR 5738 [47].

For mechanical tests, 80 cylindrical samples (31.0 mm in diameter and 62.0 mm in
height) were moulded to determine the apparent density and resistance to axial compression

at 7 and 28 days of age. The density adopted was manual by NBR 5738 [47]. The specimens
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remained at room temperature for the first 24 hours and, after this period, they were
demolded and went through the curing process in a humid chamber with relative humidity
= 95%. In Table 5, it is possible to check the number of moulded specimens for each trait

depending on the sample type and age at failure.

Table 5: Number of cylindrical specimens for the axial compressive strength test.
PASTE 7DAYS 28 DAYS TOTAL

T.REF 10 10 20
T.BA 10 10 20
T.BA.FA 10 10 20
T.BA.SF 10 10 20
TOTAL 40 40 80

To expose the pastes to radiation, prismatic samples were moulded for each line with
a section of 12.0 x 12.0 cm and varying thicknesses (1.0, 3.0 and 6.0 cm) in wood covered
with plastic foil. Table 6 illustrates the number of units for each proposed thickness. The
densification adopted was also manual by NBR 5738 [47]. The specimens remained at room
temperature for the first 48 hours and, after this period, they were demolded and went

through the curing process in a humid chamber with relative humidity = 95%.

Table 6: Number of prismatic specimens for exposure to ionizing radiation.
DIMENSION THICKNESS QUANTITY TOTAL THICKNESS

(cm) (cm) (units) (cm)
12.0x 12.0 1.0 1.0 1.0
12.0x 12.0 3.0 1.0 3.0
12.0x 12.0 6.0 5.0 30.0

TOTAL 7.0 34.0

3.2. Properties of Fresh Pastes

The truncated cone mini-slump method was adopted to determine the consistency of
the pastes, as recommended by Kantro [48]. The paste was inserted into the mini-cone on a
glass plate with graph paper. The cone was then removed perpendicularly to the glass plate,

and the spread was measured at the end of the process in two orthogonal axes (X and Y), as
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illustrated in Figure 1. The consistency of the pastes was considered a response factor, and

the w/s and percentage ratio of the superplasticizer as a controlling factor.

Figure 1: Kantro mini-cone test: a) beginning of the test, b) scattering measured on the X-axis and, c)
scattering measured on the Y-axis.

b) S c)

3.3. Paste Properties in the Hardened State

To carry out the test that determines the resistance to axial compression, NBR 7215
[49]. The press used is from the Emic-Instron brand, model PC 100C - Class 11, with a
capacity of 100 tons and a breaking speed of 100 N/s.

3.4. Attenuating Properties of Photon Beams

To analyze the shielding capacity of the four types of cement pastes, prismatic
specimens with a section of 12.0 x 12.0 cm and variable thicknesses (t) (1.0, 3.0 and 6.0 cm)
were moulded. The moulds were arranged sequentially, one after the other, forming a layer
up to 34.0 cm thick. The samples were positioned in the isocenter of the Varian linear
electron accelerator, model True Beam, at a source-isocenter distance of 100.0 cm with a
field size of 10.0 x 10.0 cm on the surface. Thus, the distance from the source to the

specimens (SSD) for each sample can be calculated by the following expression:

SSD =100.0 -t )
Then, all samples were exposed to photon beam radiation with nominal voltages of 6

MV and 10 MV, with a dose rate of 600 cGy/min. To measure the radiation, a PTW
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electrometer, model TN30013, with a nominal voltage of -300 V was used, which was
positioned behind the samples in order to collect the radiation transmitted by the test
specimens, following the methodology proposed by Pires e a/. 28] and Pires ez al. [29]. The

arrangement of the samples is illustrated in Figure 2.

Figure 2: Top view of samples with different thicknesses being exposed to ionizing radiation in the linear
electron accelerator. During the experiment, spacing between samples was not considered. The figure
shows type “C” samples that refer to the T.BA.FA folder samples.

The values of semi-reductive and de-reductive layers must be referenced during the
shielding calculation in the Final Safety Analysis Report. Therefore, the attenuation of the
beam was evaluated for a de-reducing layer, corresponding to 90% of the original intensity. To
verify this percentage for all samples, a decreasing exponential fit (not shown) was performed
based on the experimental data obtained. The fit was performed using the equation I =
Iy e7®, where I represents the percentage of the desired initial intensity, Iy represents the
maximum intensity obtained located at the maximum dose point (with 100% transmitted
radiation), x represents the thickness of the cement pastes and, finally, k is the linear

attenuation coefficient. The same equation can be used to determine the semi-reducing layer.
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4. RESULTS

4.1. Properties of Fresh Pastes

Table 7 presents the results obtained for paste consistencies (medium spread). The
most excellent spread was observed in the reference paste, but as other additions and
substitutions were made to the mixtures, losses in the consistency of the matrices were
observed. It can be seen that the paste that presented the lowest average spreading (T.BA)
has barium sulfate added to its composition. This loss of consistency is approximately 21%
when compared to T.REF paste. As demonstrated in the physical characterization of the
materials, barite presented SSA 110% higher than Portland cement, which possibly justifies
this reduction result. Furthermore, the ore also presented a higher specific mass and smaller
particle size (smaller grain) when compared to the binder. Materials with smaller granular
sizes (fine) tend to agglomerate and increase matrix water consumption [50-51]. Authors
such as Zhang ez al. [52], Wang, Zhang and Sun [53] and Mehdipour and Khayat [54| elucidate
that in cement matrices, there may be filling water that runs through the voids in the sample
and does not contribute to the consistency, as well as water may be present on the surface

of the grains in addition to the porosity, providing workability to the cement paste.

Table 7: Orthogonal and average scatterings obtained with the Kantro mini-cone.
X-AXIS SCATTERING Y-AXIS SCATTERING MEDIUM SPREAD

PASTE (mm) (mm) (mm)
T.REF 120.56 121.15 120.86
T.BA 96.77 98.58 97.68
T.BA.FA 101.32 103.69 102.51
T.BA.SF 99.92 100.75 100.34

Therefore, the water in the T.BA paste was possibly sufficient for percolation in the
sample but not enough to be accessible on the surface of the grains. This effect can be

justified by the agglomeration of particles generated due to the high specific surface area,
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reduced grain size of barite, and high density. Like the others, this paste requires a more

significant amount of water to obtain equivalent workability.

The T.BA.FA and T.BA.SF samples demonstrated similar behaviour, showing a loss
in the consistency of approximately 15 and 17% in relation to the T.REF paste (which has a
greater spread). Fly ash and silica fume have opposite physical properties, that is, while fly
ash has a high grain size and reduced SSA, silica fume, on the other hand, has a high SSA
and reduced particle size. Therefore, it can be seen that the partial replacement of cement
with SCM’s does not seem to determine the effect of the consistency of the pastes. The
addition of barite to the matrices was possibly decisive in obtaining the results in the fresh
state, given the physical properties of the mineral that tend to justify the consumption of

water from the pastes.
4.2. Paste Properties in the Hardened State

The average apparent density results are illustrated in Figure 3. Notably, the standard
deviations presented in all cases were less than 0.02, or even in percentage form, less than
0.5%, providing greater reliability to the results. As the samples age, an increase in the
apparent density value obtained is noted. The most significant increase observed in this
period was in the T.REF folder, with a 3.13% increase, followed by T.BA.SF (2.88%), T.BA
(1.16%), and T.BA.FA (0.24%). It was also possible to observe that the pastes with the
addition of barium sulfate, as expected, exceeded the density of the T.REF paste by 6 to
10%, in line with what has been reported by several authors who also used this ore as a filling

material in several types of matrices [28-31, 55-60].

The paste with added barite (T.BA) was the matrix that showed the most significant
increase (approximately 10%) in the density of the T.REF paste, which may be related to the
high density of this mineral. Another relevant aspect to be highlighted is that barium sulfate
has proven to be satisfactory in incorporating cementitious matrices, given its proven

interaction with Portland cement. This reaction can lead to the generation of new hydrated
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products, causing a packing of the matrix with the refinement of pores and a reduction in

voids, which, in turn, increases the density and durability of the assembly.

Figure 3: Average apparent densities obtained for each cement paste.
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The pastes with partial replacement of Portland cement by SCM's (T.BA.FA and
T.BA.SF) showed a decrease in density when compared to the T.BA paste, which is
associated with the pozzolanic activity of matrices with the incorporation of SCM's which
occurs later. However, even though they showed a reduction (approximately 3.5%), they
surpassed the density of the T.REF paste. Therefore, fly ash and active silica as SCM's in
cementitious matrices with the incorporation of barium present themselves as a viable
option, as also observed by Khalaf, Ban and Ramli [61], Pires ef a/. |28, Eltawil e al. |62],
Shalbi ez al. [63], Pires et al. |29], Oglat and Shalbi [64| and Abdullah e /. [65]. Finally, it is
noteworthy that the density of T.BA.FA did not change as the samples aged, while the

T.BA.SF paste showed an increase of approximately 3% in the same period.

Figure 4 illustrates the mechanical test results carried out on the pastes, highlighting

the reduced standard deviations presented in each result, with the maximum value obtained
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in the T.REF paste aged 28 days (1.90). Although mechanical tests may present variations in
results due to several external factors (press calibration, sample moulding, curing, among
others), no significant deviations were observed. It can also be seen that in all samples, there
was a significant evolution in resistance as the breaking age progressed, representing an
increase of approximately 146% for the T.BA.FA paste, 151% for T.BA, 164% for T.REF
and 272% for the T.BA.SF paste from 7 to 28 days of curing,.

Figure 4: Axial compression strengths obtained for each cement paste.
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Regarding the resistance values of T.REF and T.BA, at both rupture ages, the results were
equivalent, differing by only 6%. Therefore, it is possible to infer that adding barium to the T.BA
paste did not negatively influence the development of its mechanical properties. Some authors,
such as Horszczaruk and Brzozowski [06] and Bouali ¢# a/. 67| observed that the addition of
barite to cementitious matrices negatively interfered with the development of compressive
strength over time (about a reference sample without the addition of ore). However, recent
research carried out by Sayyed ef a/. (68|, Huang ef al. [69] and Mansoori, Morshedian and

Darounkola [70] validated, in a different way from previous studies, that barium sulfate
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participated in the hydration reactions of Portland cement in a positive way, thus favouring the
development of the mechanical resistance of the matrices. The study by Kok ez a/ [71] presents
relevant data on incorporating this ore. According to the authors, the resistance of cementitious
samples with barite increases as the addition of barium sulfate increases, suggesting that the

mineral possibly favours the hydration reactions of Portland cement.

Evaluating the pastes with the replacement of Portland cement by fly ash and silica
fume (T.BA.FA and T.BA.SF), an increase in resistance of 31 and 34%, respectively, can be
seen when compared to the T.REF paste of the same age. The development of the
mechanical properties of pastes with SCM’s is justified due to the effective hydration process
of these matrices. In this chemical reaction, among other hydrated products, C-S-H is
generated from the reaction of calcium silicates with water, being the compound responsible
for the gain of resistance in cement matrices [72-73]. The formation of this hydrated product
may be associated with the physical and chemical aspects of the materials that make up the

pastes, in addition to their synergistic reactions at the time of hydration.

Analyzing the physical properties of the materials, it is observed that barium pastes
contribute to increasing the SSA of the matrix since the SSA of barium is 110% greater than
that of cement. In the case of T.BA.SF, the high SSA of silica about cement (1000% higher),
stands out. It is known that grain size significantly contributes to these materials' reactivity
and their respective pozzolanic activities [74-75]. Silica fume and barium sulfate, having high
SSA, acted as extra nucleation points for forming C-S-H, thus justifying the high resistances
achieved [76-78]. Furthermore, as observed in the chemical characterization, fly ash and silica
fume have a high supply of pozzolanic oxides that enhance the hydration reactions of the
matrix. In this way, there is a more abundant formation of hydrated products, refining the
system by reducing free spaces (pores) [79-80|. Therefore, they can justify the high
mechanical performance of the T.BA.FA and T.BA.SF pastes.
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4.3. Attenuating Properties of Photon Beams

Figure 5 illustrates the percentage of radiation transmitted by each sample, covering
all thicknesses investigated in this study, as outlined in the protocol in Section 3.4. Each
trame represents one of the four cement pastes studied, named: T.REF, T.BA, T.BA.FA and
T.BA.SF. The experiments used photon beams with two voltages, 6 and 10 MV. Each point
represents the arithmetic mean of three identical readings measured by the electrometer
behind each sample. As the maximum standard deviation obtained in all readings was less

than 0.2%, the error bars associated with this quantity were removed from the Figure in

order to facilitate the visualization of the data, since they are very small.

Figure 5: Percentage of transmitted radiation depending on the thickness of the samples. The square
represents measurements for 6 MV and the triangle for 10 MV. Each table represents one of the four
cement pastes studied, called: a) T.REF, b) T.BA, ¢) T. BA.FA and d) T. BA.SF. Transmission values were
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In general, the percentage of transmitted radiation for both voltages decrease
exponentially as the thickness of the samples increases, as predicted by the Beer-Lambert
Law [81]. However, an initial dose increase for the sample of 1.0 cm can be observed about
the direct beam (unshielded). As it is a beam aimed at radiotherapy, unlike diagnostic
radiology, energies in the range of hundreds of keV are used, creating build-up regions in the
material. This phenomenon occurs due to the lack of electronic balance resulting from the
kinetic energy transferred by the incident photon beam to the secondary electrons in the
medium. Looad balance occurs at the end of the build-up region and corresponds to the point
of maximum dose located at approximately 1.0 cm. This position directly depends on the

energy of the incident beam and the attenuating material, as seen in Figure 5.

By the determinations imposed by the National Nuclear Energy Commission
(CNEN), through CNEN Standard NN 6.10 [82], the values of semi-reductive and de-
reductive layers must be referenced during the shielding calculation in the Final Safety
Analysis Report. Therefore, the attenuation of the beam was evaluated for a de-reductive
layer, corresponding to 90% of the original intensity. Thus, the results of the thicknesses
required to meet international standards, as well as the linear attenuation coefficients,
maximum intensities and determination coefficients are presented in Table 8. Therefore,
evaluating the values obtained for the de-reductive layer, it was possible to verify that the
samples with barite provided a reduction in the barrier thickness of approximately 10% when

compared to the reference sample.

However, although the calculation of the barrier thickness for shielding in radiotherapy
considers the values of the de-reductive layers, a comparative analysis of the results of the
thicknesses (x) of the samples obtained experimentally at the highest voltage of the electron
linear accelerator (10 MV) was performed. Thus, the T.BA.FA and T.BA.SF pastes showed
the potential to reduce up to 81% of the thickest wall of the radiotherapy room used to

perform the measurements (200.0 cm) in addition to maintaining the transmitted radiation at
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recommended levels (<10%). This finding, although promising, requires further investigation
to return significant conclusions about cost reductions and architectural projections of these

environments meeting the radiotherapy dimensioning criteria.

The results indicate that all pastes require a thickness lower than the T.REF reference
tfor shielding the photon beam, with emphasis on the mixture containing only barite (T.BA),
which presents a decrease in thickness of 3.04 cm for 6 MV and 5.33 cm for 10 MV, about
the T.REF reference. Even smaller thicknesses can be achieved by increasing the proportion
of barite in the mixture, however, due to the complexity, this aspect constitutes a research
topic for future studies. From the point of view of pastes incorporating SCM's, it was
observed that the T.BA.SF composition provided superior shielding effectiveness compared
to the T.BA.FA composition. This finding is supported by the presentation of a higher

average apparent density as evidenced in Figure 3.

Table 8: Adjustment parameters used in exponential regression for each of the cement pastes, in which:
(x) thickness necessaty to attenuate 90% of the maximum radiation intensity, (k) linear attenuation
coefficient, (I) maximum intensity and, (R®) determination coefficient.

VOLTAGES / 6 MV 10 MV
CEMENT PASTE x (cm) k(1/ecm) Io(%) R*(%) x(em) k(/ecm) Io(%)  R*(%)
T.REF 31.11 0074 10530 9740 3774 0061 11060  99.73
T.BA 2878 0.080 10630 9739 3386  0.068 11270  99.65
T.BAFA 3070 0.075 10610 9731 3654 0063 11260  99.58
TBASF 2952 0078 10560  97.61 3488 0066 11130  99.75

5. DISCUSSIONS

The results obtained were related to identifying which properties were decisive for the
performance of the pastes against ionizing radiation shielding. Figure 6a illustrates the
consistency results related to the apparent density (at 28 days) for all pastes evaluated in this
study. A behavioural trend can be seen, the higher the density of the pastes, the lower the

spread obtained. The T.BA paste had the highest density and the lowest average spread. This
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relationship is associated with the physical and morphological properties of the materials that
make up the matrix, which, consequently, directly influence the water consumption of the
sample. This relationship between consistency and density was observed linearly in all

samples, evidenced by the trend line's high coefficient of determination (R?) (~ 97%).

Figure 6: Relationship of the results of the four pastes evaluated between: a) consistency and apparent
density at 28 days of age, b) axial compression strength at 28 days of age and consistency and, c) axial

compression strength at 28 days of age and apparent density at 28 days of age.
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Although the relationship between apparent density and scattering showed a high
interaction, they do not correspond when individually related to the results of axial
compression resistance at 28 days of age, as can be seen in Figure 6b and Figure 6¢c. From
the trend line drawn in both Figures, it would be possible to infer that there would be greater
resistance in smaller spreads, and greater packing densities would provide an evolution in the
mechanical properties of the samples, which is expected in Portland cement matrices.
However, this cannot be stated due to the reduced relationship between these variables (R?
< 20%). Although the mechanical test presented a reduced standard deviation with small
variance between the results, under the conditions of this research it could not justify or

complement the results of apparent density, nor consistency.

Figure 7a illustrates the results of axial compression resistance at 28 days of age, related
to the radiation transmitted to a 34.0 cm specimen for the two voltages of the linear electron
accelerator. In this way, it is clear that the mechanical properties of the pastes, in addition to
not justifying the results of consistency and apparent density, are also not related to the
results of attenuation of photon beams. Although this study is also dedicated to analyzing
the mechanical properties of Portland cement matrices, this characteristic is not predominant

tfor understanding the behaviour of new materials when shielding ionizing radiation.

Adversely, it is possible to see in Figure 7b and Figure 7c the consistency and
apparent density results of the 28-day-old pastes, also related to the radiation transmitted
by a 34.0 cm block for the same linear accelerator voltages. These two properties
(consistency and density) are relevant for the study and analysis of new materials used in
photon beam protection barriers. As the spreading of the pastes in the fresh state
increases, the radiation transmitted by the sample also increases for the two analysis
voltages, that is, the greater the amount of free water in the matrix, the lower its

attenuating performance. In summary, this result may indicate two behavioural trends for
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synthesising new barrier materials with satisfactory results: I) adopting lower w/s ratios

or, IT) using materials requiring more water in the mixture.

Figure 7: Relationship between the radiation transmitted at 6 and 10 MV for the sample with 34.0 cm for
the four pastes evaluated and: a) resistance to axial compression at 28 days of age, b) consistency and, c)
apparent density at 28 days of age.
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About the apparent density, as expected, the higher the result obtained for the pastes
under analysis, the lower the percentage of radiation transmitted by the 34.0 cm block both
at 6 MV and 10 MV. It is already known that radiation attenuation properties are closely
related to the density of the absorbing material [7- 8], and this trend is observed graphically
with the results illustrated in Figure 7c. It is also worth highlighting the significant coefficients
of determination obtained (87 and 93%), especially at the 10 MV (highest analysis voltage),
possibly justifying this trend of increasing the density of the absorbing material versus

reducing the radiation transmitted by it.

6. CONCLUSIONS

This study investigated the properties of Portland cement pastes in shielding photon
beams from a linear electron accelerator in a radiotherapy room. To this end, the response

factors analyzed together provided the following conclusions:

a)  The addition of barium sulfate to the matrices directly influenced the properties
of the fresh state, which requires greater water consumption due to the physical properties

of barium (high SSA and reduced grain size);

b) Regarding the properties in the hardened state, especially the apparent
density of the pastes, it was observed that adding barite significantly improved the results
for all pastes at 7 and 28 days. This aspect is justified due to the high specific mass of
barium which, in this case, was 42%, 90% and 104% greater than the specific mass of
Portland cement, silica fume and fly ash, respectively. Furthermore, the incorporation of
barium in the mixtures may have favored the hydration reactions, considering that the
T.BA paste presented results equivalent to the T.REF paste, however, with a slight
tendency to increase at the two breaking ages. In the case of pastes with partial

replacement of Portland cement by SCM's, there was a significant evolution of mechanical
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resistance with the development of ages since barium sulfate may have contributed

significantly to both the pozzolanic activity of fly ash and silica fume;

c) In the analysis of the properties of the pastes regarding shielding of ionizing
radiation, it was proven that the addition of barite improved the attenuation performance
of the samples at the two voltages evaluated (6 and 10 MV). The pastes with partial
replacement of Portland cement by SCMs presented reduced shielding when compared to
T.BA, with the sample with silica fume being more attenuating than the one with fly ash.
This result becomes relevant, since the pastes presented excellent mechanical properties
and shielding effectiveness, proving to be an environmentally sustainable option. That said,
they provide a reduction in the consumption of Portland cement and, consequently, enable
reductions in the emissions of pollutant gases (CO.) from the manufacturing process of
clinker (main compound of Portland cement). Finally, it was possible to infer that T.BA is
capable of reducing the thickness of the protective barrier by up to 10% when compared
to T.REF for a voltage of 10 MV;

d)  After listing the results obtained, it was found that only one property evaluated
was relevant to understanding the study. Although mechanical resistance is a relevant
property of the structural aspect for the design of new environments, within the scope of
this study, when related to shielding results, it presented R* < 1.3%. On the other hand, the
apparent density results when related to shielding, presented R* of approximately 87% at 6
MV and 93% at 10 MV, thus indicating that in the design of new materials acting on

shielding, this property tends to be the more relevant.
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