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incorporating colemanite and polyvinyl
alcohol (PVA) fibre in UHPC on its
mechanical strength and radiation shielding.
Compressive strength results show sand
UHPAC with the highest value at 131 MPa.
Magnetite and barite UHPdC recorded
compressive strength of 118.7 and 116 MPa
respectively. In terms of flexural and splitting
tensile strength, sand UHPdC also recorded
the highest value at 20.0 and 17.6 MPa
respectively. However, the highest value of
gamma radiation shielding is recorded by
magnetite UHPdC at 0.1972 and 0.139 cm’
based on exposure to Cs-137 and Co-60
respectively while sand UHPdC recorded
the lowest value. This is also shown in
neutron shielding value as magnetite
recorded the highest value at 0.0307 cm-'.
Overall, presence of colemanite increase
neutron shielding coefficient of UHPC but
both colemanite and PVA fibre caused
reduction in mechanical strength and
gamma ray shielding of the concrete.

I. Introduction
Harnessing of nuclear energy
provides lots of benefits in
healthcare, power

and durability [1]-[5].
Familiarity of concrete as
shielding  for radiation is

generation indicated by research that

and advancement in agriculture
but the penetrative nature of its
energy requires shielding which
has been vastly made of concrete
due to its ubiquitous components
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improves its radiation shielding
properties via incorporation of
beneficial element [6]-[8]. Vast
study on radiation shielding
concrete have been conducted
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but there is a dearth of data
involving ultra performance
concrete as most of the research
produced concrete with
compressive and tensile strength
0f49 MPa and 3 MPa [9]-[11].

Study also shows radiation
shielding concrete possess low
durability based on large mass
loss due to sulfate attack [12].
Furthermore, thermal durability
of radiation shielding concrete is
low based on 30 and 90 % loss
of strength and neutron shielding
respectively when exposed to
500°C [13]. Further increase in
temperature of 800°C resulted in
84.8 loss in compressive
strength [14].
ultra-high performance concrete
(UHPC) which possess
compressive strength of more
than 120 MPa with superior
thermal durability due to
incorporation of fibre would
provide nuclear related facility
with better shielding [15]-[19].

Few research on UHPC as
radiation  shielding material
shows compressive and flexural
strength of more than 138 and
20 MPa respectively [7], [20],
[21]. A research on magnetite
UHPC shows residual

Utilization of

ISSN: 2180-3811 Vol. 15

compressive strength of 23 MPa
after exposure to 800°C [22].
However, there is lack of works
on other type of heavyweight
aggregate and incorporation
with neutron absorbing mineral.

A combination of neutron

absorbing element such as
colemanite along with PVA
fibore that helps improve

concrete’s thermal resiliency in
composition of UHPC requires
further investigation to assess its
viability. Furthermore, there is
also dearth of study on UHPC’s
neutron shielding performance
which is beneficial for wider
application in nuclear related
facility. Hence, this study aimed
to investigate the performance of
UHPC with colemanite and
polyvinyl alcohol (PVA) fibre in
term of mechanical, radiation
shielding that includes neutron
shielding. This type of modified
UHPC is denoted as ultra-high
performance
(UHPAC).

dense concrete

II. Materials and Methods
Ordinary Portland Cement
type 1 is sourced from Tasek

Corporation  Berhad  which
follows MS EN 197-1:2014
No. 1 January - June 2024 19
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guidelines. Three types of
UHPdCs are produced that
consist of fine-sized main
aggregate that are either sand,
barite or magnetite. Each main
aggregate also is also combined
with colemanite as
absorber. Sand used in sand
UHPAC are sourced from river
and sieved to three range of
sizes; 0.65 — 300 pm, 300 - 600
um and 0.6 — 1.18 mm. Barite
are obtained from Minerals and
Geoscience Department
Malaysia which are sieved to
sized less than 1.18 mm
diameter. Magnetite 1is also
sieved to less than 1.18 mm

neutron

diameter that are sourced from

iron ore mine of Bestagold Sdn.
Bhd. in Sungai Petani, Kedah.
Colemanite are sourced from
Turkey having powder-sized
diameter.

Scanning Electron Microscope
(SEM) images for magnetite,
barite and colemanite is shown
in Figure 1 based on 200 x
magnification. Magnetite
particles have cylindrical shape
and larger in sized compared to
barite. Barite particles are sized
between 40 — 66 um but larger
compared to colemanite. Only
small population of colemanite
having size between 22 — 40 um
while the rest are sized between
12 - 22 pm.

Figure 1: SEM analysis of a) magnetite, b) barite and ¢) colemanite at 200 x
magnification

Two types of fibre used in this
study are steel fibre and PVA
fibre. Steel fibre is supplied by
Ganzhou Daye Metallic Fibres
Co., Ltd. with 20 mm length, 0.2

20 ISSN: 2180-3811
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mm diameter and they are
copper coated. Density of the
steel fibre is 7840 kg/m’ with
2850 MPa of tensile strength.
PVA fibre used in this study is
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0.015 mm in diameter, 12 mm in
length with 1600 MPa of tensile
strength. Density of fibre is 1300
kg/m’.

A total of three types of
UHPAC are used in this study
which are sand UHPdC, barite
UHPdC and magnetite UHPdC

and 0.5 % by-volume of PVA
fibre as shown in Table 1.
Samples are mixed and tested
for workability before moulded.
Once hardened, samples are heat
cured at 90°C for 48 hours and
followed by air-cured for the
remaining 24 days.

Table 1: Mix design for UHPdC

Silica San.d/ Colema PVA Sup.er. Steel Wa
Cement Fume Barite/ . plasticiz : er
Sample 3 . nite (kg/ Fibre
(kg/m’) (kg/  Magnetite (ke/m’) m) er (ke/m?) (kg/
m)  (kg/md) E (kg/m®) 5 m’)
USS95
CSPO.S 825 200 950 50 9.75 28 120 191
UB95C
5PO.S 825 200 1580 50 9.75 28 120 226
UMO95
C5PO.5 825 200 1819.3 50 9.75 28 120 236
Table 2: Physical properties of UHPdC
Workability Density UPV
UHPdC (mm) (kg/m?) (mm/s)
Sand UHPdC 170 2374442 4640+18
Barite UHPdC 285 2776+16 4083+0
Magnetite UHPdC 215 2991434 4348+0
Silica UHPC [22] - 2424 -
Magnetite UHPC [22] - 3339 -
M100 (barite concrete) [10] - 2480 4149
MO (sand concrete) [10] - 2320 4615

A total of 9 nos. of 100 x 100 x
100 mm cubic samples, 12 nos
of 100 x 100 x 500 mm prism
samples and 9 nos. of 100 dia. x
200 mm cylinder are produced
for this study which each type of

ISSN: 2180-3811
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No. 1

UHPdC is produced with
triplicate sample for each type of
dimension.

The workability of the mixes is
determined using flow table
apparatus. This is in accordance
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with EN 1015-3. Hardened
cubic samples are tested for
Ultrasonic pulse velocity (UPV)
test using direct method which is
in accordance with BS EN
12504-4:2021. Tested samples
are then tested for compressive
strength based on BS EN 12390-
3. Another type of sample which
is cylindrical with 100 mm dia x
200 mm height is used for
splitting tensile strength test
based on BS EN 12390-6.
Flexural strength is also
determined based on BS EN
12350-5 using prism sample of
100 x 100 x 500 mm dimension.

For radiation shielding
properties, prism samples of 100
x 100 x 20 mm that were cut
from 100 x 100 x 500 mm prism
block using concrete cutter were
used in the test. The samples are
air-dried before tested for
gamma ray and neutron
radiation shielding. Cs-137 (2
mCi) and Co-60 (1.14 mCi) are
used as gamma radiation source
for this study and these sources
are  detected  with  Nal
scintillating detector. AmBe of
23.88 mCi activity was used as
the source for neutron shielding
and this is paired with Helium-3

22 ISSN: 2180-3811

Vol. 15

neutron detector. A total of 8
slices of sample were tested for
each type of UHPdC and the
determination  of  radiation
shielding property is based on
Lambert’s Law in linear
attenuation coefficient (u).

The coefficient is calculated
based on the value of photon
count, D after passing through
sample with thickness, t and
known photon count without
sample, D, as given in Equation
(1). The u is estimated from
trend of plotted data of ln%

against 7. In term of macroscopic
removal cross section, Xy (E},),
the coefficient is calculated
using the same principle and this
is given in Equation (2).

In=2 = ut (1)
In=2 = $o(Ey)t )

III. Results and Discussion
Highest workability is
recorded by barite UHPdC and
this is followed by magnetite
and sand UHPdC as shown in
Table 2. This indicates that the
finer the size of particles would
result in higher workability as
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sand UHPAC has
particles among all UHPdCs.
Coarser and more
morphology of sand compared
to other UHPAC led to larger
friction between aggregate and
fibre which leads to lower
workability [23].

In term of density, UHPdC
with heavyweight aggregate
shows higher density compared
to sand UHPdC. Magnetite
UHPdC recorded the highest
density at 2991 kg/m®. This is
followed by barite and sand
UHPAC. This is due to higher
density of magnetite aggregate
compared to other aggregate
especially sand. A  study
comparing performance of'silica
UHPC with magenetite UHPC
also shows similar trend with
magnetite UHPC recorded UPV
value at 37 % higher compared
to silica UHPC. However, in
term of quality of concrete
structure, sand UHPAC recorded
the highest value of UPV at 4640
mm/s. This is followed by
magnetite and barite UHPAC.
This indicates that sand UHPdC
has more compactness in term of
microstructural which is due to

coarsest

angular

wider range of particle size

ISSN: 2180-3811 Vol. 15

distribution. This is also shown
in study of replacing sand with
barite in concrete where sand
concrete recorded larger UPV
value compared to barite
concrete [10].

A. Mechanical Properties
Sand UHPAC recorded the
highest compressive strength at
131 MPa and this is followed by
magnetite and barite UHPAC as

shown in Figure 2. This
correlates with UPV  value
which indicates better

microstructure resulted in better
compressive strength of UHPdC.
This is largely influenced by the
wider range of particle size
distribution and internal friction
between particles due to
morphology of sand.

Low compressive strength of
barite UHPAC is also shown by
study on UHPC that reported the
similar trend [7]. Barite UHPC
recorded the lowest compressive
strength compared to silica and
hematite UHPC. This may be
due to high friability of barite
aggregate based on Los Angeles
abrasion test based on a study
that compared it to limestone
and slag [24]. In comparison to
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other radiation shielding
concrete, UHPdC recorded
higher compressive strength as
shown in Figure 2 which is due
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to lower water-to-cement ratio
[25]-[27].
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Figure 2: Graph of compressive strength (MPa) of different UHPAC and sample
from previous studies

The presence of colemanite in
concrete resulted in lower
compressive  strength  yet
strength of barite UHPdC which
contained colemanite is still
higher than barite-colemanite
concrete from another study [26].
This is due to superior
microstructural ~ quality  of
UHPdC which reduced the
negative effect of colemanite in

concrete  composition.  Sand

24 ISSN: 2180-3811
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UHPdC also recorded the
highest value of flexural strength
which is 20.0 MPa as shown in
Figure 3.

This is higher compared to
magnetite and barite UHPdC at
17.0 and 14.0 MPa respectively.
This may be due to better
compactness of sand UHPAC
compared to other UHPdCs as
indicated by UPV value. The
compactness of matrix provides
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better contact with steel fibre
that is the crucial element in
resisting flexural deformation.
Furthermore, angular
morphology of sand also
provides better interlocking with
steel fibre also led to higher
flexural resistance.

Splitting tensile strength of
UHPACs also reflects the result

of flexural Sand

strength.

25

Flexural strength (MPa)
s & 8

(V)]

Sand UHPAC  Barite UHPdC

® Flexural strength

UHPAC recorded the highest
value at 17.6 MPa while
magnetite and barite UHPdC
recorded the value at 15.2 and
14.4 MPa respectively. This
further reinforces the superiority
of sand UHPdC in terms of
microstructural
between components of its
composition  compared  to
magnetite and barite UHPdC.

interaction

20
18 g
. 16 &
14 %,
12 §
10 5
8 Z
2l
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Magnetite
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® Splitting tensile strength

Figure 3: Flexural and splitting tensile strength of UHPAC

This is higher compared to
magnetite and barite UHPdC at
17.0 and 14.0 MPa respectively.
This may be due to better
compactness of sand UHPdC
compared to other UHPdCs as
indicated by UPV value. The

ISSN: 2180-3811 Vol. 15

compactness of matrix provides
better contact with steel fibre
that is the crucial element in
resisting flexural deformation.
Furthermore,

morphology  of
provides better interlocking with

angular

sand also
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steel fibre also led to higher
flexural resistance.

Splitting tensile strength of
UHPACs also reflects the result
of flexural strength. Sand
UHPAC recorded the highest
value at 17.6 MPa while
magnetite and barite UHPdC
recorded the value at 15.2 and
14.4 MPa respectively. This
further reinforces the superiority
of sand UHPdC in terms of
microstructural interaction
between components of its

0.25

0.2

Sand UHPdC

mCs137

composition  compared  to
magnetite and barite UHPdC.

B. Radiation Shielding
Result of gamma ray shielding
shows denser UHPAC has higher

shielding  against  gamma
radiation. Based on exposure to
Cs-137, magnetite UHPdC

recorded highest x4 value at
0.1972; and this is followed by
barite and sand UHPdC as
shown in Figure 4. The trend is
alike with source of Co-60.

=0.15
g
L

2 01

0.05

0

Barite UHPdC

Magnetite UHPdC

Co60

Figure 4: Graph of u (cm™) value of various UHPdC

Magnetite recorded the highest
value at 0.139 cm™ while barite
and sand UHPdC recorded
0.1306 and 0.1156 cm’
respectively. This is
influenced by heavy element
presence in denser UHPAC

largely

26 ISSN: 2180-3811
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which is Fe and Ba in magnetite
and barite UHPAC respectively.
Sand UHPAC is less dense as it
contains no heavy element.
Among heavyweight UHPdC,
magnetite UHPdC shows higher
gamma ray shielding compared

No. 1 January - June 2024
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to barite UHPAC is due to higher
percentage of Fe presence in
magnetite aggregates compared
to Ba in barite aggregates based
on result of XRF. Overall, at
higher energy of gamma source,
the difference between shielding
of UHPAC is reduced as the
radiation is more penetrative. It
is shown that the shielding
coefficient of each UHPdC is
lower compared to exposure to
lower energy source.

In comparison to a study on
UHPC as radiation shielding
concrete, sand UHPdC recorded
higher value of shielding
coefficient which is 0.1687 cm’
compared to 0.146 cm' the
silica UHPC sample in the study
that also contained PVA fibre
[22]. This may be due to denser
property of sand UHPAC
compared to silica UHPC in the
study. Another sample of the
study which is magnetite UHPC
recorded a similar x4 value with
magnetite UHPAC at 0.197 cm’!
but amount of PVA fibre is
lower in the UHPC. Overall,

density of UHPAC Ilargely

ISSN: 2180-3811 Vol. 15

influences its gamma radiation
shielding property.

The neutron shielding test used
AmBe source which the result
indicates higher neutron
shielding coefficient is shown by
denser UHPdC. Magnetite
UHPdC recorded the highest
2r(E,) value at 0.0307 cm’
while barite and sand UHPdC
recorded Xy (E},) value at 0.027
and 0.0262 cm™ respectively as
shown in Figure 5. This is due to
heavy elements in form Fe>O3
and Ba>SO4 in magnetite and
respectively  which
contributed in moderating fast

barite

neutron by inelastic collision
[28].

The moderated neutron is then
absorbed by boron in colemanite
which is a neutron absorber.
This resulted in higher }r (En)
value hence higher shielding
against  neutron  radiation.
Magnetite UHPdC shows higher
shielding compared to barite
UHPAC as Fe in magnetite has
higher absorption and scattering
cross section compared to Ba in
barite based on fast neutron [29].
This indicates that magnetite has
higher chances of either
absorbing or scattering a neutron
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particle which resulted in better
shielding.

In comparison to a study on
dolomite concrete as dry cask
storage, calculated neutron
shielding value in the study is
lower compared to the value

0.035
0.03
~0.025

recorded by UHPdCs in this
study [30]. The calculated value
is based on absorption of
thermal neutron of both
dolomite  concrete  samples
which are more than 0.4 % lower
than magnetite UHPdC.

5 o
w3 0.015

=4
N 0.01
0.005
0

Sand Barite ~ Magnetite Dolomite Dolomite
UHPdC UHPAC UHPdC  concrete | concrete 2
[30] [30]
= AmBe

Figure 5: Graph of ) & (E,) value of various UHPdC and dolomite concrete from
previous study

IV. Conclusion

This study aimed to evaluate
the performance of UHPAC in
terms of mechanical and
radiation shielding properties
with the following conclusions
are drawn:

Physical properties of sand
UHPdC show better results
compared to  heavyweight
UHPdAC which are barite and

28 ISSN: 2180-3811
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magnetite UHPdC. Mechanical
properties of UHPAC largely
correlated with physical
properties as sand UHPdC
shows better values. A wider
range of particle sizes, sturdy
aggregate and with more angular
morphology resulted in higher
mechanical strength of UHPAC.
Gamma radiation shielding of
UHPAC is largely influenced by
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density as magnetite UHPdC
recorded the highest value based
on exposure to Cs-137 and Co-
60. Neutron shielding based on
AmBe largest
value recorded by magnetite
UHPAC due to Fe element in the
aggregate.  Combination of
element with large scattering
cross section, neutron moderator
and neutron absorber produced
UHPdC with higher neutron

source shows

radiation shielding property.
Overall, magnetite UHPdC
shows overall practical
mechanical and highest
shielding property.

From this study, it is shown
that presence of colemanite and
PVA fibre impacts negatively on

gamma ray shielding and
mechanical ~ properties  of
UHPdAC. However, the

colemanite impacts positively
on neutron shielding coefficient
of the concrete and reducing
effects from both colemanite and
PVA fibre are minimized due to
superior quality of UHPdC.
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