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Ultra-high strength concrete produced with agro-residual wastes and industrial by-products
were tested for radiation shielding capacity by measuring the linear attenuation coefficient,
half value layer and tenth value layer. The linear attenuation test results, show that the ul-
tra-high strength concrete with agro-residual and industrial wastes can be effectively em-
ployed in shielding the radiation. The half value layer results reveal that radiation shielding
concretes can be produced using industrial and agro-residual wastes, by concentrating
equally on the enhancement of both the homogeneity and density of the concrete matrix. The
ultra-high strength concrete developed in this investigation registered a better radiation
shielding properties than that of the conventional anti-radiation shielding concretes with
high dense aggregates which are costlier and found to have environmental degradation along

with the health hazards.
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INTRODUCTION

In recent past, many researchers investigated the
radiation shielding properties of various concretes.
Sharma et al. [1] investigated the mechanical and radi-
ation shielding properties of fibre reinforced concrete
with steel fibres, lead fibres and a combination of the
two (hybrid fibres). It was observed that the hybrid
fibres showed a significant enhancement in both me-
chanical and radiation shielding properties. Demir et
al. [2] investigated the concrete with different aggre-
gates such as barite, colemanite and normal aggregate.
It was concluded that the barite was effective for pho-
ton radiation absorption, while colemanite was good
absorbent to prevent for neutron transmission. Simi-
larly, Zaripova et al. [ 3] suggest that concrete with bar-
ite is effective in shielding material for nuclear power
plants and medical centres. Korkut et al. [4] prepared
four barite and four concrete samples with 0 %, 5 %,
10 %, and 15 % colemanite concentrations, and carried
out neutron dose transmission measurements by using
a source of mono-energetic neutrons. The study re-
vealed that it is possible to enhance the neutron shield-
ing property of barite and ordinary concrete by adding
higher quantities of colemanite. Rezaei-Ochbelagh
and Azimkhani [5] studied the gamma-ray shielding
properties of concrete mixed with different percent-
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ages of lead used. The linear attenuation coefficient
(LAC) of concrete with 90 % of lead was about 1.58
and 1.38 times higher than that of the concrete without
lead. Mesbahi et al. [6] studied the effect of high-den-
sity concrete on photo neutron production in radiation
therapy using Monte Carlo simulations. It has shown
that the high-density elements such as iron and lead in-
crease the photo neutron production in concrete walls
of radiation therapy bunkers.

Ouda [7] analysed the effects of replacing sand
by iron slag on the compressive strength, bulk density
and gamma-ray radiation shielding properties. It was
observed that the full sand replacement by iron slag
has significant effects on shielding efficiency in thin
shields. It reduces the captured gamma-rays better
than the normal mortar. Ouda [8] investigated the
air-cooled slag as an innovative substitute for natural
coarse aggregate in high performance heavy density
concrete. Concrete mixes containing air-cooled slag
aggregate along with their fine portions and treated
with 0.5 % borax showed the best ability to shielding
against fast neutrons.

Elsharkawy and Sadawy [9] investigated the ef-
fect of gamma-ray energies and addition of nano-SiO,
in cement on mechanical properties and mass attenua-
tion coefficient (MAC). It was concluded that the ad-
dition of nano-Si0O, articles improves mechanical and
nuclear properties of concrete. Kumar and Singh [10]
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studied the effects of different percentages of bis-
muth-ground granulated blast furnace slag (Bi-
GGBFS). It found that Bi-GGBFS concrete as gamma
radiation shielding materials are good radiation
shielding material. Yao et al. [11] investigated the me-
chanical performance and gamma-ray shielding by
adding bismuth oxide. Concrete mixture with lead
used for comparison. Concrete incorporated with the
Bi,0;, additive offered slightly better radiation attenu-
ation properties than those incorporated with the PbO
additive. From the past literature studies, the ul-
tra-high strength concrete (UHSC), a specialized type
of concrete characterized by its high compressive
strength, has not been tested for its radiation shielding
ability by any of the researcher. To evaluate the radia-
tion shielding capability, the UHSC is produced with
sugarcane bagasse ash, rice husk ash, ground copper
slag (GCS), and waste granite sand (WGS).

The basic mixture of concrete, composed of hy-
drogen and other light nuclei, helps it in acquiring the
high atomic number, which makes concrete to effec-
tively attenuate the radiation [7]. Further with the ad-
dition of natural heavy weight aggregates such as
magnetite, hematite limonite, barite, bauxite, serpen-
tine, and artificial aggregate additives like iron punch-
ing and lead shots, the attenuation properties of con-
crete can be improvised to a greater extent [12]. The
concretes of such type are generally referred as
high-density concrete (HDC) whose density varies
from 2800 kgm depending on the type of coarse ag-
gregate used in the production. The use of special ag-
gregates has been proved to enhance the shielding
characteristics of concrete, but the production process
of these aggregates include some environmental deg-
radation which causes health hazards due to the expo-
sure to the toxic powders emitted from crushing of the
heavy weight minerals needed to form aggregates
[11]. Also, the cost of these materials is high and their
availability is limited [13]. The use of environmentally
friendly materials and industrial wastes for the con-
crete is in the current focus of research to produce eco-
nomical products with good qualities and to find a way
for disposing the wastes effectively. So far, in the re-
search on radiation shielding concrete, the focus has
been on developing HDC with different types of natu-
ral and artificial aggregates, filler materials and chang-
ing the material composition of the conventional
HDC, with a main focus on increasing the density of
the concrete.

The research focusing on improving the homo-
geneity has not been carried out on concretes used for
radiation shielding. As like normal strength concrete,
high strength concrete has a reduced homogeneity
among the binder pastes and at the zone between inter-
action of binder and aggregates. Still, the increased
load carrying capacity of HDC, when compared to
concrete with normal density, is credited to the high
compressibility nature of heavy weight aggregates

used in its production. The research concentrating on
the influence of nature of the hardened binder struc-
ture on radiation shielding of is almost nil.

In the current investigation, the hypothesis is
that the development of concrete by combining the
concept of high homogeneity along with high density
would result in a concrete product with enhanced radi-
ation shielding. The choice of concrete type in the cur-
rent investigation is UHSC, which has been proven by
many researchers to have high homogeneity [14]. Itis
considered that high homogeneity of concrete would
improve the radiation shielding property. When com-
bined with high density industrial wastes as aggre-
gates, the radiation shielding will further be enhanced.
Therefore, the UHSC produced with agro-residual
wastes such as treated bagasse ash (TBA) and treated
rice husk ash (TRA) as replacement for cement and in-
dustrial wastes such as GCS and WGS as replacement
for quartz sand was tested for the radiation shielding
efficiency. The availability of literature on radiation
shielding property of UHSC is almost nil and the cur-
rent investigation is considered to be the first in this
category.

RADIATION SHIELDING
CHARACTERISTICS OF UHSC

Radiation attenuation test

In the present investigation, radiation shielding
characteristics of UHSC was investigated using the fa-
cility available in Government Hospital at Madurai,
Tamil Nadu, India. Radiation shielding test was per-
formed using radioactive source of ®°Co with energy
level of 1.173 MeV and 1.333 MeV which can be as-
sumed as single source with average energy of 1.125
MeV with exposure rate constant of 127. The speci-
men was tested for counting time of 1 minute. The
LAC (u) of the specimen was measured by ion cham-
ber detector. The MAC of specimen (u/p) was calcu-
lated by density of specimen (p). The test set up for ra-
diation attenuation test is shown in fig. 1.

RESULTS AND DISCUSSION

The test for evaluating the radiation shielding ca-
pacity of UHSC was carried out on the samples with
mix category that has proved to have better strength and
durability properties. The UHSC produced individually
with 15 % of TBA and TRA as partial replacement for
cement has exhibited better strength and durability. In
case of quartz sand replacement, UHSC having differ-
ent proportions of GCS ranging from 10 % to 60 % and
WGS ranging from 10 % to 40 % has shown better
strength and durability enhancements. Hence in this in-
vestigation, the radiation shielding behaviour has been
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Figure 1. Test set-up for radiation attenuation

evaluated for the above selected samples subjected to
normal, steam and heat curing regimes. The samples
were subjected to a radioactive source of ®*Co with en-
ergy level of 1.173 MeV and 1.333 MeV which can be
assumed as single source with average energy source of
1.125 MeV. The source exhibited an exposure rate con-
stant of 127. The specimens were tested for counting
time of 1 minute. The LAC u of the specimens was mea-
sured by ion chamber detector. Using the linear coeffi-
cient values, the MAC, half value layer (HVL), and
tenth value layer (TVL) were calculated. The test was
carried out on UHSC samples of size 150 mm x 150 mm
and 10 mm thick tile specimen as shown in fig. 2.

Linear attenuation coefficient

The LAC indirectly measures the intensity of a
photon beam as it passes through an absorber material,
indicating the rate at which the beam attenuates while
traversing the material. It depends not only on the in-
tensity of the photon energy but also based on the type
and density of the material. In general, it has been re-
ported in various literatures that higher the LAC val-
ues of concrete better the radiation shielding. To inves-
tigate the influence of steel fibre on linear attenuation
behaviour, control concrete sample without fibre was
prepared and subjected to the radiation energy source.
The LAC values for different samples of UHSC pre-
pared in this investigation are given in tab. 1.

[

Figure 2. Test sample for linear attenuation test

Table 1. The LAC of UHSC

Mix LAC [em ']
designation | Normal curing | Steam curing | Heat curing

CMWF 0.074 0.095 0.107

CM 0.108 0.117 0.126
TBA15 0.110 0.123 0.127
TRA15 0.109 0.120 0.127
GCS10 0.148 0.162 0.167
GCS20 0.171 0.185 0.210
GCS30 0.205 0.229 0.234
GCS40 0.234 0.244 0.264
GCS50 0.254 0.275 0.285
GCS60 0.269 0.285 0.290
WGS10 0.112 0.130 0.144
WGS20 0.139 0.157 0.162
WGS30 0.157 0.185 0.200
WGS40 0.195 0.224 0.239

The LAC value in cm™ for the control mixture
without fibre (CMWF) was 0.074, 0.095, and 0.107
for normal, steam and heat curing, respectively. Those
values for the UHSC with the addition of steel fibre
were 0.108, 0.117, and 0.126, respectively. Figure 3
presents the LAC values for control mix (CM) with
and without steel fibres.

The results show that the addition of steel fibres
considerably increases the attenuation. The reason for
this is the micro aggregate behaviour of micro steel
fibres because of their dimension, which is 0.12 mm
diameter and 10 mm length. It has been reported by
Azeez et al. [15] and Maslehuddin et al. [13], in their
research, that the addition of iron granules and steel
shots have improved the radiation shielding, as the ad-
dition of these materials increased the density of the
respective concretes, thereby improving the linear at-
tenuation. The same can be related to the attenuation
improvement of fibre reinforced UHSC specimens.
The manufacturer of the fibre has reported in their
datasheet, that one kilogram of fibres has approxi-
mately 11,32,000 individual fibres and these fibres act
as micro aggregates to effectively attenuate the radia-
tion. In the present investigation, LAC of CMWF sub-
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Figure 3. The LAC for CM with and without fibre
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jected to normal curing was 0.074 cm™! with 10 mm
thick sample and this value was almost twice that of
HDC produced with magnetite as a coarse aggregate,
as reported by Ouda [7], on testing a sample of 20 mm
thick. This clearly shows that UHSC can be effectively
used in shielding the radiation with minimum thick-
ness when compared with HDC.

In the presence of TBA and TRA it has been reg-
istered an increase in resistance to radiation under dif-
ferent curing regimes and that is shown in fig. 4. It can
be said that the addition of TBA and TRA in the UHSC
mix has a positive effect on the attenuation perfor-
mance of UHSC. This increase in attenuation is due to
the incorporation of additional crystalline C-S-H [9].
A similar finding has been reported by Azeez et al.
[15] based on their research on evaluating the influ-
ence of blast furnace slag on the linear attenuation of
anti-radiation shielding concrete. The addition of sup-
plementary cementitious materials will have signifi-
cant improvement in the attenuation behaviour of con-
crete.

It has been emphasized in previous research
works that the radiation shielding properties of con-
crete can be improvised considerably by making mod-
ification in the aggregates rather than on the binders.
Similarly, the UHSC with aggregate replacement by
industrial wastes has shown improvement in LAC val-
ues. Drastic increase in values of LAC was observed
with the incorporation of GCS in UHSC matrix and the
variation in LAC values with the GCS content is pre-
sented in fig. 5.

A significant increase in attenuation was ob-
served even for a minimal replacement of 10 % of
quartz sand with GCS and the percentage increase in
attenuation was about 37 %, 32 %, and 39 % when
compared with the corresponding CM for specimens
subjected to normal, steam and heat curing respec-
tively. An increasing trend in attenuation coefficient
value was observed for all the mixes containing GCS
as substitute for quartz sand, ranging from 10 % to
60 %. The highest LAC value was registered for
GCS60 and the percentage increase in LAC values

- Normal
7 I Stream
[T Heat

LAC [em™]

TBA15 TRA15

Mix designation

Figure 4. The LAC for UHSC with TBA/TRA
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Figure 5. The LAC of UHSC with GCS

was 150 %, 130 %, and 144 % when compared with
the corresponding CM for specimens subjected to nor-
mal, steam and heat curing respectively. Increase in
LAC by more than 100 % was observed for UHSC
specimens with GCS percentage ranging from 40 % to
60 %, when compared with the CM for all the curing
regimes adopted in this investigation.

The test results explain that with the addition of
GCS, the ability of UHSC to shield the radiation en-
hances enormously and hence UHSC with GCS can
effectively be applied in areas where shielding of radi-
ation is mandatory. It has been reported, in a research
to develop HDC with magnetite as aggregate, by Ouda
[7] that the maximum LAC value was 0.205 cm™! for
sample thickness of 100 mm. In another research, by
Rezaei-Ochbelagh and Azimkhani [5], the maximum
value of LAC was 0.21 cm™! for concrete produced
with lead powder. But in the present investigation, the
maximum value of LAC measured on sample of 10
mm thickness was 0.290 cm™ for specimen with 60 %
GCS subjected to heat curing. In both the research
stated above, the radiation energy source was same as
that used in the present investigation.

The variation in LAC of UHSC produced with
different proportions of WGS as substitute for quartz
sand is presented in tab. 1 and fig. 6. An increasing
trend was observed at all the replacement percentages
considered in this study. For UHSC with WGS, the
maximum value of linear attenuation was for WGS40
irrespective of the curing regimes. For WGS40, the
percentage increase in the LAC was 81 %, 90 %, and
92 % for specimens subjected to normal, steam and
heat curing, respectively, when compared with the
corresponding CM. The WGS30 which has exhibited
the highest strength and durability properties among
the specimens produced with WGS, the percentage in-
crease in LAC was only 46 %, 59 %, and 59% , respec-
tively, for curing regimes listed in the previous order,
which is lower than that of WGS40. Having the same
binder content, fibre content and water cement ratio,
the increase in LAC with increase in WGS is attributed
to the enhancement in density due to the incorporation
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Figure 6. The LAC of UHSC with WGS

of more WGS. The stated reason is supported by the
density determined for samples subjected to radiation
as shown in tab. 2.

It is observed that the inclusion of WGS in-
creases the density of the concrete and there by at-
tenuating the radiation. The density of WGS40 is
2.83 gem™, 2.92 gem™, and 2.98 gem™ for normal,
steam and heat cured specimens respectively. The den-
sity values are much smaller when compared to the
practically used HDC whose density starts from a min-
imum of 3.5 gem [16]. As the specific gravity of both
the quartz sand and WGS are almost the same, the
better attenuation of UHSC with WGS is due to the im-
provement in packing density by addition of fine WGS
and homogeneity enhancement. In previous re-
searches on anti-radiation shielding concrete, the den-
sity was given the major consideration, but the LAC
determined in this investigation suggests that in addi-
tion to density, homogeneity of the concrete matrix has
to be given more consideration in producing a con-
crete with enhanced radiation shielding characteris-
tics.

The attenuation property of the concrete de-
pends on the thickness of the sample tested and it in-
creases with the thickness of the concrete [7]. In the
present investigation, the attenuation values were de-
termined using specimens of 10 mm thickness and al-

Table 2. Density of UHSC specimens tested for radiation

Mix Density [gem ]
designation |Normal curing| Steam curing | Heat curing

CMWF 2.43 2.52 2.66

CM 2.5 2.53 2.71
TBAI1S 247 2.65 2.72
TRAI1S 2.52 2.59 2.73
Q90G10 2.54 2.66 2.75
Q80G20 2.59 2.74 2.7
Q70G30 2.57 2.76 2.83
Q60G40 2.83 291 2.98
GCS10 3.04 3.16 3.27
GCS20 3.06 3.19 3.24
GCS30 3.09 3.15 3.21
GCS40 3.12 3.29 3.37
GCS50 3.25 3.31 3.37
GCS60 3.25 3.37 3.5

most all the test specimens with GCS and WGS have
LAC values greater than or, equal to that of HDC.
Hence, it can be stated that UHSC with GCS and WGS
can be effective in shielding the radiation and this can
be further improved with the increase in the thickness,
making it suitable for high energy radiation and neu-
tron shielding. The increase in shielding resistance
with use of GCS in UHSC is due to the higher density
of CS, as its specific gravity is 3.52 equivalent to the
high-density aggregates used in the production of
HDC for shielding radiation and improvement in ho-
mogeneity due to the fine size of GCS with particle
sizes less than 600 m.

All the ingredients of UHSC being the same for
any particular mix containing TBA, TRA, GCS, and
WGS, the difference in LAC and density was observed
among the samples subjected to different curing re-
gimes. The density of specimens subjected to elevated
temperature curing . e. steam and heat curing is higher
than that of normal curing. The increase in LAC and
density under elevated curing is due to the formation
of additional C-S-H, which goes on to fill the mi-
cro/nano pores present in the matrix and rapid crystal-
lization of C-S-H. Among the three curing regimes
considered in this study, heat cured specimens have
shown better resistance against shielding because of
the ability to produce crystalline C-S-H, followed by
steam and normal curing.

The linear attenuation test results suggest that ra-
diation shielding concretes can be produced using in-
dustrial and agro-residual wastes efficiently instead of
conventional high dense aggregates which are costlier
and causing some environmental degradation, by con-
centrating equally on the homogeneity and density of
the concrete. Most of the HDC used practically have
compressive strength ranging from 60 MPa to 100
MPa, whereas in the present investigation, the mini-
mum compressive strength was above 180 MPa and the
maximum was above 325 MPa. Ultra-high strength,
along with the good radiation shielding properties,
make UHSC produced in this investigation a favour-
able material for radiation shielding structures, with
high load carrying capacity especially where structures
with reduced structural component size are required as
in high rise nuclear reactor constructions. Another ma-
jor problem with HDC is its proneness to segregation in
fresh state, but with UHSC the segregation problem is
nil because of the size of the ingredients and the reduced
water to cement ratio.

Mass attenuation coefficient

The MAC of concrete is the measure of probabil-
ity of interaction between the incident photon and the
concrete and it used as an indirect measure of change
in atomic number. The MAC values of conventional
UHSC and UHSC produced with 15 % TBA and TRA
as substitute for cement and GCS ranging from 10 % to
60 % and WGS varying from 10 % to 30 % as partial
substitute for quartz sand, are presented in tab. 3.
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Table 3. The MAC of UHSC

Mix MAC [cm’g ']
designation |Normal curing| Steam curing | Heat curing

CMWF 0.030 0.038 0.040

CM 0.043 0.046 0.046
TBAI1S 0.044 0.05 0.05
TRAI15 0.044 0.05 0.05
GCS10 0.049 0.051 0.051
GCS20 0.056 0.058 0.065
GCS30 0.066 0.073 0.073
GCSs40 0.075 0.074 0.078
GCS50 0.078 0.083 0.085
GCS60 0.083 0.085 0.083
WGS10 0.044 0.049 0.052
WGS20 0.054 0.057 0.059
WGS30 0.061 0.067 0.071
WGS40 0.069 0.077 0.080

The values presented in tab. 3 show the frac-
tional resultant index obtained by dividing the LAC by
the density of the samples, indicating the contribution
made by the UHSC to resist the radiation irrespective
of the density of the samples. The higher the MAC the
better is the radiation shielding. From the results pre-
sented in tab. 3, it is observed that the replacement of
Portland cement with 15 % TBA and TRA individu-
ally has yielded in MAC slightly higher than the CM.
Like the LAC values, the replacement of quartz sand
with GCS up to 60 % and WGS up to 40 % individu-
ally has yielded in higher MAC values. The maximum
value of MAC was recorded for GCS60 and WGS40
with 0.083 cm’g™! and 0.08 cm’g™!, respectively, for
heat cured specimens. The MAC value for CM was
only 0.046 cm?g™" under heat curing.

Half value layer

The HVL is defined as the thickness of material
required to reduce the intensity of the incoming beam
by one half, and these values are calculated using the
LAC values of the samples. The lower the values of
HVL the better is the performance of concrete against
the radiation. The HVL values of UHSC specimens
produced in the present investigation are presented in
the tab. 4.

Figure 7 presents the variations of HVL with the
respect to the replacement of cement with TBA and
TRA. It can be observed from the test results that the
HVL values of UHSC without fibre were 9.43 cm,
7.30 cm, and 6.48 cm for normal, steam and heat cured
specimens, respectively. These values are well below
that of 17.32 cm for HDC produced with magnetite,
calculated from the LAC value for a specimen of
thickness 20 mm, as reported by Ouda [8]. This clearly
shows the ability of UHSC even without fibre to atten-
uate the radiation with a thickness well below 10 cm.
The review of previous literatures indicates that most
of'the tests to assess the LAC were carried out on spec-

Table 4. The HVL of UHSC

Mix HVL [em]
designation |Normal curing| Steam curing | Heat curing
CMWF 9.43 7.30 6.48
CM 6.42 5.92 5.50
TBAIS 6.30 5.64 5.46
TRAIS 6.36 5.78 5.46
GCS10 4.67 4.28 4.16
GCS20 4.05 3.75 3.31
GCS30 3.39 3.03 2.96
GCS40 2.96 2.84 2.62
GCS50 2.73 2.52 2.43
GCS60 2.57 243 2.39
WGS10 6.17 532 4.82
WGS20 4.98 4.40 4.28
WGS30 4.40 3.74 3.47
WGS40 3.55 3.09 2.90
104
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Figure 7. The HVL of UHSC with TBA/TRA

imens with minimum thickness of 10 cm, which will
be yielding higher LAC values, because the LAC in-
creases with the increase in thickness of the specimen
and when HVL is calculated it will yield lower values.
The ideal thickness for determination of LAC and
hence the HVL is 10 mm. But it is not possible to pro-
duce specimen with a thickness of 10 mmusing HDC,
as they have mean aggregate size of 20 mm, whereas
preparation of specimen with 10 mm thickness is pos-
sible using UHSC because of fine sized ingredients
with maximum particle size of 600 um.

The HVL calculated in this investigation is based
on the LAC obtained by testing 10 mm thick sample
against the radiation source. Therefore, it is considered
that the HVL values presented in the tab. 4 provide reli-
able data when compared with other researches on radi-
ation shielding characteristics of HDC. The addition of
steel fibres aids in reducing the HVL thickness of
UHSC to 6.42 cm, 5.92 cm, and 5.50 cm for normal,
steam and heat cured specimens. The percentage reduc-
tion in thickness is 32 %, 19 %, and 15 %, respectively,
for normal, steam and heat cured specimens when com-
pared with their counterparts without fibre. The pres-
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ence of fibre has much influence on the specimens sub-
jected normal curing than the steam and heat cured
specimens.

The addition of GCS and WGS independently in
the UHSC has positive impact in reducing the HVL
thickness. The variation of HVL with GCS and WGS
content is depicted in figs. 8 and 9 respectively.

The UHSC with GCS has yielded reduced HVL
at all replacement percentages when compared with
the CM. The maximum reduction is registered for
GCS60 and the percentage reduction is 60 %, 59 %,
and 57 % for the corresponding normal, steam and
heat cured specimens, respectively. The HVL value re-
duces with increase in the WGS content in the mix for
all the replacement percentages considered for assess-
ing the radiation attenuation of UHSC, and the maxi-
mum reduction was for UHSC with 40 % WGS, with a
percentage reduction of about 44 %, 47 %, and 48 % in
the order of normal, steam and heat cured specimens,
respectively.

The lowest HVL value among all the UHSC spec-
imens is for GCS60 subjected to heat curing having a
thickness of 2.39 cm, which is sufficient to reduce the
radiation by 50 % of its original intensity. This value of
HVL is lesser than 2.49 cm for heavy weight concrete
produced with Colemanite-Galena as aggregate with a
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Figure 9. The HVL of UHSC with WGS

maximum concrete density of 4.65 gem™, developed
by Mortazavi et al. [16] and 3.6 cm for heavy weight
concrete produced with bismuth oxide, developed by
Yao et al. [11]. It is interesting to note that density of
UHSC with 60 % GCS was 3.48 gcm™, well below the
density mentioned in both the previous reports. Thus, it
is evident that UHSC can effectively be utilized in
shielding the radiation.

Tenth value layer

The TVL is defined as the thickness of material
required to reduce the intensity of the incoming beam
by one tenth and these values are calculated using the
LAC values of the samples, similar to HVL. The re-
duced values of TVL indicate the increased resistance
in shielding the radiation. The TVL values for UHSC
samples tested for radiation attenuation efficiency are
presented in tab. 5. Similar to HVL, GCS60 and
WGS40 have topped the table because of their im-
proved density and homogeneity.

SUMMARY

The study highlights the significant radiation
shielding capabilities of UHSC compared to conven-
tional HDC. The inclusion of steel fibers and supple-
mentary cementitious materials such as TBA and TRA
significantly improved shielding efficiency, as evi-
denced by the increased LAC and MAC and reduced
HVL and TVL. Optimal replacement levels of 15 %
TBA or TRA enhanced radiation resistance across all
the curing regimes.

Furthermore, GCS and WGS played a crucial
role in improving attenuation properties. A 60 % GCS
mix demonstrated the highest LAC, with a substantial
150 % improvement under normal curing, compared to
the control. Similarly, 40 % WGS substitution yielded
significant gains in attenuation, primarily due to in-
creased material density. The reduction in HVL and

Table 5. The TVL of UHSC

Mix LAC [cm]
designation | Normal curing | Steam curing | Heat curing

CMWF 31.33 24.26 21.52

CM 21.31 19.68 18.27
TBAI1S 20.93 18.72 18.13
TRAI1S 21.12 19.19 18.13
GCS10 15.53 14.21 13.81
GCS20 13.47 12.45 10.99
GCS30 11.25 10.05 9.84
GCS40 9.84 9.44 8.71
GCS50 9.06 8.38 8.08
GCS60 8.54 8.08 7.93
WGS10 20.49 17.69 16.02
WGS20 16.54 14.62 14.21
WGS30 14.62 12.41 11.52
WGS40 11.81 10.27 9.63
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TVL thickness across all the mixes highlights the effec-
tiveness of these waste-based materials in radiation
shielding applications.

Among the curing methods, heat curing exhib-
ited superior shielding performance, achieving maxi-
mumreductions in HVL and TVL. Additionally, while
traditional HDC typically range from 60-100 MPa,
UHSC mixes in this study achieved decisive compres-
sive strengths between 180 MPa and 325 MPa. The
combination of superior strength and radiation resis-
tance positions UHSC as an ideal material for
high-load radiation shielding structures, such as nu-
clear reactors, where reduced structural component
size is essential.

Based on the exhaustive experimental investi-
gation carried out on UHSC with effective utilisation
of agro-residual and industrial wastes, it is strongly
concluded that it is practically possible to produce
UHSC with excellent radiation shielding capability,
thereby making it a sustainable construction material.
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Heusenpupan PAIIKYMAP, Ajanycamu PAIIACEKAP, Kammpac APYHAYAIIAM

INOTEHIINJAI 3AHTUTE O 3PAYEIbA BETOHA
YIATPABUCOKE YBPCTORE O ATPOUMHIYCTPUIJCKOTI OTIIAJA

Beron yatpaBucoke uBpcrohe mpomu3BefeH Of arpo3aocTajuX OTHafaKa M MHAYCTPUjCKUX
HyCIpOU3BOfa TECTUPaH je Ha KamauuTeT 3allTUTE Off 3pauyea MepemeM Koe(UIUjeHTa JTUHEeapHOT
cnabibema, cioja noayfaeOsbuHe M clioja cinabibera Ha J[EeCeTHMHY HHTeH3uTeTa. Pedynratu Tecra
JIMHeapHOT cnabiberha MOKa3yjy fa ce OETOH YJATpaBUCOKE UBpcTohe ca arpope3ufyallHuM u
UHJYCTPUjCKUM OTIIAJJOM MOXKe e(PMKACHO KOPUCTHTH y 3alITUTH Of 3payesba. Pe3yiaratm 3a cioj
crnabibema OTKPUBAjy Jla ce OeTOHH 3a 3allTUTy Of 3pauelma MOIY IIPOU3BOAUTH KOpULIhemeM
HHyCTPHUjCKOT ¥ NOJBOIPUBPEIHOr OTIIafa, TaKo IITO he ce MmoajefHako KOHIEHTpUcaTu Ha noBehamwe
XOMOT€HOCTH U TyCcTHMHe OeToHCcKe Matpuie. BeToH ynTpaBucoke uBpcTohe pas3BHjeH y OBOM
UCTpaXXUBawky PErucTpoBao je 60Jba CBOjCTBa 3alITUTE Off 3paucka Off KOHBEHIMOHAIHUX OETOHA 3a
3allITUTY Off 3payea ca arperaTuMa BUCOKE I'yCTUHE KOJU Cy CKYIUbM U 3a KoOje je yTBpbeHo na umajy
Aerpajfalyjy >KUBOTHE CpPEeJJUHE 3aj€HO ca OIIaCHOCTUMA IO 3[paBJibe.

Kmwyune peuu: b6ettion yaitipasucoxe uspcitioke, 3pauerse, KoehuyujeHili AUHeapHoz caabsvetba,
HHony0ebmuUna, cA0j caabsmera Ha Oecetliury UHIeH3Ueiia




