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h i g h l i g h t s

� Ultra-high performance concrete (UHPC) has rarely been explored for radiation shielding.
� Amang has higher specific gravity than lead glass and silica sand.
� Amang-UHPC is not a suitable material used as c-rays shield.
� Compression strength of UHPC mixed with lead glass keep on decreasing.
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a b s t r a c t

Barite in Malaysia is limited; therefore, a locally available alternative source must be identified to meet
the requirements of high-density concrete for radiation shielding. We selected steel fibre-reinforced
ultra-high-performance concrete (UHPC) samples with different inert materials, namely, silica sand,
amang and lead glass, as the study object and tested them experimentally for their mechanical properties
and radiation absorption capabilities. The UHPC samples showed compressive strength values exceeding
155 MPa at 28 days. Meanwhile, UHPC with lead glass underwent decreased of compression strength in a
long period, and UHPC with amang caused an issue related to radiological safety despite that it was effec-
tive as a c-ray shield. Thus, the use of UHPC with silica sand is practical for constructing nuclear facilities
because of the abundance and cost-effectiveness of the involved materials.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Concrete structures in nuclear power plants (NPP), such as con-
tainment and reactor buildings, spent fuel pools, cooling towers,
water intake structures, hot cells and high-level waste dry casks,
are crucial to NPP safety, operation and financial aspects because
they help protect the environment from certain external and inter-
nal events. External events include seismic activity, potential sab-
otages and serious climate conditions, such as surges and
tornadoes. Meanwhile, internal events include loss-of-coolant acci-
dents and high energy line break (elevated temperatures and radi-
ation). Concrete is a long-lasting material that can be used for NPP
facilities and is ideal for radiation shielding against c-rays or
neutrons. History has shown that concrete structures deteriorate

commonly because of such factors as improper design, sloppy con-
struction work, use of low-quality materials, high exposure to
harsh environments and violation of maximum allowable loads,
thereby possible jeopardising the safety of concrete structures
and posing risk to people’s safety and health [1].

According to [2], heavyweight concrete has specific gravities
exceeding 2600 kgm�3. Heavyweight concrete is made of heavy-
weight aggregates (specific gravities exceeding 3000 kgm�3). For
radiation shielding, increasing concrete density also increases the
c-ray attenuation coefficient, thus allowing the concrete to absorb
additional radiation for improved environmental safety [3].

Most previous researchers used heavyweight aggregates of var-
ious minerals to find the linear attenuation coefficient (m) theoret-
ically and experimentally in collecting data about concrete
mixtures of varying ranges and studying different concrete
mixtures used as radiation shields. Scholars have stated that con-
crete containing magnetite fine aggregates provides better
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physio-mechanical properties than concrete made with barite and
goethite does [4]. Changes in cement aggregates affect the proper-
ties of the concrete in terms of radiation shielding effectiveness and
structure. Several studies have investigated the production of high-
density concretes that can achieve increased m while maintaining a
small thickness; this goal may be achieved by using special addi-
tives instead of changing the aggregate concentration [5–9]. Con-
cretes with additives in the aggregate can provide more efficient
c-ray shielding than ordinary concrete can [10]. In 2015, the shield-
ing parameters of five ores, namely, barite, magnetite, hematite,
limonite and serpentine, were investigated. The study found that
barite and magnetite are suitable for X-ray shielding [8]. To obtain
the m experimentally, researchers typically select one type of aggre-
gate, such as ilmenite [11], barite [12–16,6], lime/silica [17], zeolite
[18], hematite [19], lead glass [20], magnetite [4,21] and lead mine
waste [7]. Different photon energies provide varying m; therefore,
numerous experiments are required to obtain only one m for each
photon energy. Hence, m is calculated theoretically when many
minerals are compared; such theoretical calculation has been con-
ducted using such simulation software as XCOM [9,3,5], Monte
Carlo simulation [16] and Micro shield [10].

Ultra-high-performance concrete (UHPC), a cementitious com-
posite that can achieve compressive and flexural strengths exceed-
ing 200 and 20 MPa, respectively, is one of the most advanced
concrete technologies today [22]. In 1977, the first high-
performance cement was the hot-pressed cement [23], followed
by macro-defect-free cement [24], slurry-infiltrated fibre concrete
[25] and similar materials. Reactive powder concrete (RPC), which
was used by researchers to increase compression strength from
200 MPa to 800 MPa through improved fineness and reactivity,
was subsequently introduced [22]. However, RPC is too costly
and therefore is not favoured for use in the industry. In 1994, De
Larrard [26] proposed the UHPC, which shows high compressive
strength due to high density. Researchers immediately started
using UHPC in their studies. M.M. Reda [27] reported that the
UHPC mixture has higher density than ordinary concrete due to
the highly dense microstructure of the former. Z. Wu [28] and
Amin [29] researched the flow capability, pore structure and
hydration of nanomaterials, whereas Sukhoon [30] studied the
speed of crack propagation of UHPC. Ambily [31] and Zhao [32]
explored the combinations of copper slag and iron ore with UHPC.
Finally, Tina [33] researched the hydration process of amorphous
silica on UHPC.

The main principles in UHPC design are porosity reduction and
microstructure, homogeneity and toughness improvement [34].
The use of UHPC for NPP structures will enhance the collection of
periodic imaging data using non-destructive testing methods
because of the abovementioned main principles. In this research,
lead glass and amang are mixed with UHPC, and these mixtures
are compared with UHPC containing silica sand.

The lead glasses used for this research come from a CRT TV fun-
nel and are non-biodegradable waste glasses. This waste material
can cause serious environmental pollution, especially to soil, water
and air. This pollution issue must be addressed by reusing waste
materials. By recycling such items, one not only helps save the
environment by minimising landfill spaces and conserving natural
resources but also saving energy and money [35].

Amang (tin-tailing) is a by-product of a rough concentration of
casserite (tin dioxide), which can be obtained in tin mining. Amang
is processed to produce valuable minerals, such as ilmenite, zircon,
monazite, xenotime, columbite and struverite. These minerals con-
tain naturally occurring radioactive materials (NORMs) and are
improved to process amang and thus yield technologically
enhanced NORMs [36].

Previous studies have used only concrete containing high-
density coarse aggregates. UHPC has rarely been explored. There-

fore, the current research mixes high-density materials in place
of silica sand with UHPC. This work aims to investigate the use
of various concrete components, namely, lead glass and amang,
to create high-performance, high-density concrete that can
improve shielding efficiency better than silica sand can against
emitted radiation rays, that is, c-rays.

2. Materials

The cement used in this research was ordinary Portland cement
(OPC) type I (manufactured for [37] by Tasek Corporation Berhad).
The fine aggregates used were amang (Minerals and Geoscience
Department Malaysia), silica sand (Dura Technology Sdn. Bhd)
and lead glass (Nippon Glass (M) Berhad). The fine aggregates mea-
sured less than 1.35 mm and thus met the general specification
requirement in producing UHPC [38]. To produce high-strength
concrete, densified silica fume was added to the mix in powder
form, which contained 97% silica dioxide (SiO2) with a particle size
range of 0.1 mm–1 mm. To adjust the workability of the concrete, a
polycarboxylic ether-based admixture was used as superplasti-
ciser. Two types of steel fibres were utilised, namely, 0.5% by vol-
ume straight steel fibre with a total fibre length of 20 mm and
fibre ø of 0.2 mm and 0.5% by volume end hooked steel fibre with
a total fibre length of 25 mm and fibre ø of 0.3 mm. All steel fibres
were fabricated with a minimum tensile strength of 2500 MPa. The
chemical components in the material (except loss of ignition) were
tested using an X-ray fluorescence spectrometer, as shown in
Table 1.

3. Mix design and sample preparation

Three series of UHPC with three types of fine aggregates were
prepared on the basis of the study by R. Yu [38]. The optimum ratio
for each mixture was based on normal UHPC, as shown in [34]
using only silica sand (SS-UHPC). To obtain a water-to-binder ratio
that was less than 0.2 to maintain workability (180–220 mm),
extensive trial-and-error was conducted on the trial mix of amang
(A-UHPC) and lead glass (LG-UHPC); the mix proportion was
adjusted by changing the masses of the fine aggregates, water
and superplasticiser. The adjusted mix proportion selected is pre-
sented in Table 2.

The dry binder powder (cement and silica fume) was poured
into a mixer machine (300 kg capacity) and dry mixed for 2 min
at low speed. Then, the fine aggregates were poured and mixed
for 4–6 min until properly blended. By weight, 70% water and
50% superplasticiser were added to the mixer machine at medium
speed for 2–3 min. The remaining water and superplasticiser were
added after achieving a flowable mix. Finally, all the materials
were thoroughly mixed for 1 min before workability was deter-
mined using the flow table test as per [39].

The mix was then cast in three layers, and each layer was com-
pacted using a vibrating table. The specimens were sprayed with a
curing compound to avoid water evaporation, demoulded after 24
h at ambient temperature and then placed in a hot-water tank
(with temperature reaching 90 �C) for accelerated curing for 3 days
according to [40].

3.1. Tests on UHPC

To measure compression strength, 12,100 mm cubes were
made for each mix and three specimen were tested after 1, 7, 28
and 56 days. Three 75 mm ø � 150 mm-long cylinders were pre-
pared for each mix to determine the modulus of elasticity at 28
days. To measure the flexural strength (modulus of rupture) of
each mix, three 100 mm � 100 mm � 500 mm prisms were cast
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and tested after 28 days. Six more prisms (30 mm � 100 mm �
500 mm) were prepared and tested after 28 days to measure ten-
sile bending strength as per Appendix E of [39].

For the radiation absorption test, c-rays were obtained from
137Cs (2.5 mCi) and 60Co (3 mCi) sources, which emit 0.66 and
1.33 MeV photons, respectively. By using Eq. (1) from Lambert’s
Law, we obtained

I ¼ I0e�lt cm�1: ð1Þ
The m was obtained. A scintillation detector was used to mea-

sure the c-ray. The experiment setup in the test is shown in Fig. 1.
Half-value-layer (HVL) and tenth-value-layer (TVL) absorber

(UHPC) thicknesses are material thicknesses that would reduce
the radiation intensity by half and one-tenth, respectively, of the
original values. HVL and TVL are provided through instilling Eqs.
(2) and (3).

HVL ¼ ln2=l ð2Þ

TVL ¼ ln10=l ð3Þ

4. Results and discussion

4.1. Effect of amang and lead glass substitute on workability, W/B ratio
and density of UHPC

The workability, W/B ratio and density of all UHPC samples are
presented in Table 3. Measurements for the studied mixtures were
compared with those for a UHPC mix with only silica sand.

A-UHPC showed a decrease in workability at a similar W/B ratio
with SS-UHPC. According to a laboratory study done using Bru
nauer–Emmett–Teller theory, which aims to determine the aver-
age pore ø of materials, the decrease in workability of A-UHPC
was considerably attributed to a reduced pore ø. Pores with small
ø produce large surface areas, thereby causing additional water to
be absorbed and consequently reducing workability [41].

A-UHPC had the highest density, which increased by nearly 26%
and 22% due to the higher specific density of amang (4000 kgm�3)
in comparison with silica sand (2700 kgm�3) and lead glass
(3038 kgm�3). The density of the designed UHPC would affect the
radiation absorption, as presented in Section 4.3. The specific

Table 1
Chemical composition of materials (%) (Test conducted at Malaysian Nuclear Agency by Material Technology Group).

Oxides OPC Silica Fume Fine Aggregates

Silica Sand Amang Lead Glass

SiO2 22.66 94.71 97.32 1.63 53.42
Al2O3 6.82 0.38 1.36 1.36 3.87
Fe2O3 6.64 – 0.84 40.53 –
CaO 54.57 3.06 0.03 0.04 2.89
MgO 2.89 0.32 0.05 0.1 1.73
SO3 5.05 0.50 0.02 0.16 0.13
CI 0.02 0.05 0.01 0.01 –
Na2O 0.16 0.17 0.03 0.02 6.56
K2O 0.28 0.63 0.06 0.02 6.53
TiO2 0.61 0.007 0.08 52.16 0.11
BaO – – – – 1.43
P2O5 0.08 – 0.01 0.18 0.02
MnO 0.09 0.009 0.003 2.19 0.01
Rb2O 0.02 0.003 0.001 – 0.03
SrO 0.03 0.004 – – 1.37
ZrO2 0.01 – 0.18 0.08 0.28
Sb2O3 – 0.14
As2O3 – – – 0.26 –
Ta2O5 – – – 0.12 –
Nb2O5 – – – 0.37 –
SnO2 – – – 0.14 –
CeO2 – – – 0.2 0.92
ThO2 – – – 0.03 –
PbO – – – 0.06 20.34
WO3 – – – 0.08 –
Sm2O3 – – – 0.02 –
Y2O3 – – – 0.08 –
Total 99.93 99.84 99.99 99.88 99.78

Table 2
Adjusted mix proportion of UHPC.

Material Density (kgm�3) Mass (kgm�3) Mass Needed (kg)

SS-UHPC A-UHPC LG-UHPC SS-UHPC A-UHPC LG-UHPC

OPC 3150 825 825 825 55 55 55
Densified silica fume 2200 200 200 200 13 13 13
Silica sand 2700 1000 0 0 67 – –
Amang 4000 0 1480 0 – 99 –
Lead glass 3038 0 0 1125 – – 75
Super plasticiser 1070 40 40 40 2.67 2.67 2.67
Steel fibres (0.75% SS & 0.75% EH) 7840 120 120 120 8 8 8
Free water 1000 164 164 164 10.9 10.9 10.9
3% moisture of SS 1000 30 30 30 2 2 2
Total air voids – – – – – –
Targeted W/B ratio 0.16 0.16 0.16 0.16 0.16 0.16
Targeted density 2379 2859 2504 159 191 167
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gravity of the mineral used is generally proportional to the density
of the UHPC mix.

4.2. Effect of amang and lead glass substitute on strength of UHPC

4.2.1. Unconfined compressive strength, tensile bending strength,
flexural strength (modulus of rupture) and modulus of elasticity

The average unconfined compression strengths for the different
UHPC mixes at 1, 7, 28 and 56 days are shown in Fig. 2. The test
was conducted using a 2500 kN compression testing machine at
a loading rate of 80 MPamin�1. All mixtures achieved high early
strength (>75 MPa) because of the silica fume, which contained
highly reactive pozzolan. Therefore, using weak calcium hydroxide
binder with a strong calcium silicate hydrate (C–S–H) binder to
refine pores provides a filler effect [4]. Possessing high strength
is good for nuclear facilities, particularly in terms of long-term
durability [1].

LG-UHPC reaches the highest compressive strength of 170 MPa,
followed by SS-UHPC (165 MPa) and A-UHPC (157 MPa) at the age

of 28 days. V. Vaitkevičius [42] stated that the best performance
and compression strength (221 MPa) of the combination of silica
fume and glass powder was observed on the 28th day. This finding
indicates that glass powder works as a chemical activator and poz-
zolanic material compared with silica fume. However, in certain
cases, glass powder can also aid in reducing the amount of water
in a mixture with normal consistency. In the aforementioned
study, glass powder works as an inert material during the early
stage of hydration because of the different sizes of particle distri-
bution, probable defects of the glass powder and specific surface
of the material. Endothermic process occurs when glass powder
disintegrates, thereby increasing the dissolution rate due to heat
treatment. Glass disintegration acts as a stimulus for the disinte-
gration of Portland cement, glass powder and silica fumes due to
high amount of alkalis released. In such an environment, glass
powder will encounter alkali silica reaction (ASR).

This shows that at the condition whereby the compression
strength of LG-UHPC significantly dropped by 6% on day-56 com-
pared to day-28. B. Topçu [43] claimed that waste glass contains
high NA2O and shows signs of amorphousness (reactive non-
crystalline), which causes ASR eventually. This reaction will cause
the expansion in the altered aggregates through the swelling gel of
the C–S–H formed. This gel when mixed with water will increase in
volume and exerts expansion in pressure inside the material,
which will cause spalling and weaken the concrete.

Oertel [33] reported that the filler effect depends on the type of
amorphous silica. Each type of amorphous silica differs in reactiv-
ity and acts differently during UHPC hydration process. The differ-
ences were observed for a short period (up to 3 days), and these
differences would then be equalised by the filler effect due to poz-
zolanic reaction.

In reference to the earlier question on whether an LG-UHPC
sample of 56 days undergo ASR, most researchers have claimed
that the three factors that cause ASR are sufficient amount of alka-
lis, reactive aggregates and sufficient amount of water [44–46].
According to [47], the amount of Na2O must be limited to only
0.8% for ASR to occur. However, in the present study, Na2O in LG-
UHPC is more than the initial value, which is up to 6.56%. Never-
theless, other researchers did not observe any deterioration caused
by ASR with Na2O higher than 0.80% [42,48]. Therefore, other fac-
tors that may affect ASR, particularly in UHPC, such as water-to-
binder ratio, concrete permeability and size of aggregates, merit
further study [34]. Hence, field emission scanning electron micro-
scopy (FESEM; GeminiSEM 500) coupled with energy-dispersive
spectroscopy (EDS; Oxford Inca) was used to determine the mor-
phology of LG-UHPC after 610 days. The results are shown in Fig. 3.

Fig. 1. Test setup for radiation shielding.

Table 3
W/B ratio and workability of UHPC mixtures.

UHPC
Mix

W/B
ratio

Workability
(mm)

Density
(kg/m3)

Average
pore ø(nm)

A-UHPC 0.16 190 3036 11.72
SS-UHPC 0.16 210 2401 83.96
LG-UHPC 0.17 250 2479 98.9

Fig. 2. Average compression strengths of SS-UHPC, LG-UHPC and A-UHPC.
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For specific microstructural features, the collected EDS data
provide additional support for identifying lead glass, paste and
ASR gel. LG shows peaks for only silicon and oxygen. Meanwhile,
the hydrated paste shows a strong peak for calcium, with lesser
peaks for silicon, oxygen and other elements. The ASR gel will show
a strong peak of silicon and lesser peaks for sodium, calcium and
oxygen [49]. The analysis of hundreds of EDS data for LG-UHPC
indicates no sign of ASR gel developed. Fig. 3(b) shows no signs
of micro-cracking ring around the LG particle.

A study on ASR against glass UHPC was conducted by using
accelerated ASR test and showed that glass UHPC was not suscep-
tible to ASR due to its low permeability [48]. The experiment in
[42] revealed that glass powder could bind five times less port-
landite compared with silica fume. This result is supported by

Fig. 3(b) in the present work, which shows a non-homogeneous
portlandite. This finding proves that the compression test on
610-day-old LG-UHPC caused 21% reduction compared with the
28-day-old sample. In accordance to [48], strength reduction is
caused by the elongated and flattened nature of LG particles.

The results of tensile bending strength, flexural strength (mod-
ulus of rupture) and modulus of elasticity are presented in Table 4,
which highlights that the compression and flexural strength of
UHPC can be enhanced significantly with the increase in volume
of steel fibres [38]. However, the volume of steel fibres used in this
study is controlled as shown in Table 2.

The average modulus of rupture, also known as flexural
strength, can be determined in reference to ASTM C78-94, as
shown as follows:

Fig. 3. FESEM images of LG-UHPC at 610 days with magnification of 100 mm (a) and 25 mm (b).
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f cr ¼ PL=b;2; ð4Þ

where fcr is the modulus of rupture, P is the maximum load applied,
L is length of specimen, b is the average width of specimen and ; is
the average depth of specimen.

The modulus of rupture, which is defined as the highest stress
experience in material before it yields, is determined by using a
three-point load technique. Experiments were conducted using
T-machine with loading capacity of 200 kN at loading rate of
0.5–0.8 MPa/s.

According to [32], compressive and flexural strengths indicate
the function of material porosity, where flexural strength is
affected by the features/defects in the microstructure, such as
micro-cracks in the material. As shown in Table 4, the result in
flexural strength indicates that a higher scatter is due to the
complex microstructure of the concrete materials. The flexural
strength of A-UHPC, SS-UHPC and LG-UHPC ranges from
28.3 MPa to 30.7 MPa.

The plain concrete failed abruptly at the end of the linearity.
With regard to the post-cracking behaviour, all UHPCs tested were
analysed on material ductility. Once cracked, the main crack,
which ran along the high direction of the beam, was analysed. Until
the maximum loading, the fibre-reinforced UHPC beam was far
from broken, because the steel fibres were still well connected
and the fracture planes remained regular.

UHPC standard was referred by [50] while performing tensile
bending strength test with specimen size of 100 mm (width) �
30 mm (height) � 500 mm (length). The testing machine was
T-machine with displacement sensor of ± 20 to ± 30 mm and
maximum deviation of ± 0.2% from linearity. The average tensile
strength can be determined as follows:

f Utu ¼ 0:383� FB � I

b� h2 Mpa; ð5Þ

where fUtu represents tensile strength, FB denotes the maximum
load applied, L is the length of the specimen, b is the average width
of the specimen and h is the height of the specimen.

SS-UHPC reaches the highest tensile bending strength of 8 MPa,
followed by A-UHPC (7 MPa) and LG-UHPC (6.9 MPa). This UHPC
shows similar tensile strength as other UHPCs. It is the mineral
content that contributes to the tensile strength; however, when
the mineral is mixed with steel fibre, it causes the tensile strength
of all the UHPCs to become similar. According to [50], tensile
strength should be in the range of 7–15 MPa.

Modulus of elasticity (E) is the key factor for estimating the
deformation of structural elements. The formula to determine the
E of concrete is as follows:

E ¼ 4700f 1=2cu Mpa: ð6Þ
The comparison between experimental and theoretical modu-

lus of elasticity is shown in Table 4. From the table, the value of
experimental modulus of elasticity is lower than the theoretical
value.

Table 4
Compression strength, tensile bending strength, flexural strength (modulus of rupture) and modulus of elasticity at the age of 28 days.

UHPC Mix Compression
Strength (MPa)

Tensile Bending
Strength (MPa)

Flexural Strength MPa
(Modulus of Rupture)

Modulus of Elasticity
GPa (Experimental)

Modulus of Elasticity
GPa (Theoretical)

A-UHPC 157.5 7 28.8 51.7 58.98
SS-UHPC 165.7 8 30.7 50.7 60.5
LG-UHPC 170.1 6.9 28.3 42 61.30

Table 5
Relationship among m, mass attenuation coefficient (mm), half-value layer (HVL) and tenth-value layer (TVL) of UHPC mixtures prepared with silica sand, amang and lead glass.

UHPC mix Density (g/cm3) c-ray source m (cm�1) mm (cm2/g) HVL (cm) TVL (cm)

SS-UHPC 2.40 137Cs 0.155 0.065 2.56 4.17
A-UHPC 3.04 0.182 0.060 2.40 4.01
LG-UHPC 2.48 0.175 0.071 2.44 4.05

SS-UHPC 2.40 60Co 0.096 0.040 3.04 4.65
A-UHPC 3.04 0.112 0.037 2.89 4.50
LG-UHPC 2.48 0.106 0.043 2.94 4.55

Fig. 4. Variation of m with thickness of concrete shield made with silica sand, lead
glass and amang for 137Cs.

Fig. 5. Variation of m with thickness of concrete shield made with silica sand, lead
glass and amang for 60Co.
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4.3. Radiation absorption test

The UHPC mixtures of silica sand, amang and lead glass with m,
half-value layer (HVL) and tenth-value layer (TVL) were measured
at a photon energy of 0.662 MeV for 137Cs and 1.173 and 1.333
MeV for 60Co. The results are shown in Table 5.

The graphs in Figs. 4 and 5 show the variation of m as a function
of different shield thicknesses for SS-UHPC, A-UHPC and LG-UHPC
in the field of c-ray emitted by 137Cs and 60Co sources, respectively.

The m for the two concrete mixes declined with the increase of
c-ray energy. It clearly shows that the m is dependent on the pho-
ton energy and the density of the shielding material, accordingly.

Hereafter, the effectiveness of c-ray shielding is described as
HVL or TVLof a material. Figs. 6 and 7 show the HVL and TVL of
A-UHPC, SS-UHPC and LG-UHPC for different c energies emitted
by 137Cs and 60Co.

Good radiation absorption can bemeasured in the form of thick-
ness as the values of HVL and TVL decrease. This finding is related to
the theory that states that a higher density implies a higher radiation
absorption rate [4]. In accordance to the results of HVL and TVL, A-
UHPC is the best radiation absorber, followed by LG-UHPC and then
SS-UHPC. However, based on the study of Ismail [51], amang-
processing plants seem to show radiological effect to their workers
and the environment surrounding them. Although A-UHPC has the
best radiation absorption rate, itmight still cause issues on radiolog-
ical safety and health. In accordance to the International Commis-
sion for Radiological Protection (ICRP), a maximum permissible
dose limit above background of 1 mSv/y is recommended for mem-
bers of the public (ICRP Publication 60,1991).

5. Comparison with Previous research

As shown in Table 6, the attenuation coefficients for UHPCs
mixed with silica sand, amang and lead glass have not been devel-
oped since 1996. The development of UHPC will definitely increase
the compression strength of >150 MPa, which is beneficial for the
construction of nuclear facilities in terms of durability. Therefore,
using other minerals, such as hematite, barite, magnetite and ser-
pentine, as inert materials in UHPC should be further researched.
In the present study, a homogeneous concrete was developed to
improve thedata collection throughnon-destructive testingmethod
for periodicmaintenance. For practicality, SS-UHPCwas determined
to be the best choice in terms of abundance and cost efficiency.

6. Conclusions

From the aforementioned discussions, the conclusions can be
summarised as follows.

1. Amang has higher specific gravity than lead glass and silica
sand. Thus, UHPC mixed with amang provides higher density
compared with LG-UHPC (26%) and SS-UHPC (22%).

2. From the radiation absorption test, using A-UHPC as c-rays
shield was effective because of its high density. However, it
might cause issues on radiological safety and health because
A-UHPC in large quantity seems to show radiological effect on
the surrounding environment.

3. The compression strength of LG-UHPC decreased by 6% on day
56 and continuously decreased to 21% at day 610 compared
to day 28; this decline is not caused by ASR but by non-
homogenous portlandite, which elongated and flattened the
LG particles.

Fig. 6. Relationship among density, half-value layer and tenth-value layer of UHPC
made with silica sand, lead glass and amang using 60Co at photon energies of 1.173
MeV and 1.333 MeV.

Fig. 7. Relationship among density, half-value layer and tenth-value layer of UHPC
made with silica sand, lead glass and amang using 137Cs at photon energy of 0.662
MeV.

Table 6
Previous studies since 1996 which included compression strength and m.

Refs. Mineral Used Nmm�2 m

Energy (0.66 MeV) Energy (1.173–1.333 MeV)

Akkurt [13] Barite 51.9 MPa 0.248 0.105
Mostofinejad [3] Limestone 55.1 MPa – 0.014

Barite 49 MPa – 0.019
Ouda [4] Magnetite 60 MPa 0.205 0.198
Present study Silica Sand 165.7 MPa 0.155 0.096

Amang 157.5 MPa 0.182 0.112
Lead Glass 170.1 MPa 0.175 0.106
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4. Tensile bending strength range between 6.9 MPa and 8 MPa
because the volume of steel fibres used is controlled similarly
for each UHPC.

5. In terms of practicality, SS-UHPC shows better durable struc-
tural solution as a shielding material for NPP because it does
not contain radiation nor decreased in compression strength.
Moreover, the overall radiation shielding ability of SS-UHPC is
only slightly lower than A-UHPC and LG-UHPC.

6. In terms of abundance and economy, SS-UHPC definitely has a
larger availability than the other two minerals. In term of cost,
the silica sand is significantly lower than amang and lead glass.
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