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In this study, physical properties of normal concrete, magnetite concrete, EAF concrete, and EAF concrete with added iron
powder were evaluated and a feasibility of radiation shielding is also evaluated through irradiation tests against X-rays and
gamma-rays. While the unit weight of EAF concrete (3.21 t/m®) appeared lower than that of magnetite concrete (3.50 t/m°),
the results in compressive strength of EAF concrete were greater than those in magnetite and normal concrete. While the
radiation transmission rate of normal concrete reaches 26.0% in the X-ray irradiation test, only 6.0% and 9.0% of
transmission rate were observed in magnetite concrete and linear relationship with unit volume weight and radiation shielding.
In the gamma-ray irradiation test, the performance of EAF and magnetite concretes appeared to be similar. Through the
results on the excellent physical properties and radiation shielding performance a potential applicability of EAF concrete to
radiation shielding was verified.

Key words: Electric arc furnace oxidizing slag, Concrete, Radiation shielding concrete, Magnetite, X-ray, Gamma-ray.

Introduction ray of concrete contained lead additive were investigated

and the gamma shielding properties were improved

Radiation shielding concretes are commonly used in [13]. Fiber reinforced concrete containing steel fiber
nuclear power plants, nuclear medicine facilities, and and lead fiber has improved radiation shielding
nuclear research facilities [1,2]. With respect to the properties [14]. In addition, there have been studies on
material for production of radiation shielding concretes, the calculation of radiation attenuation coefficients in
that magnetite, barite, and hematite in high ratios and Portland cements mixed with silica fume, blast furnace
colemanite and boron additives in low ratios should be slag and natural zeolite [15], and a study on the
used as the materials for the production of radiation development of radiation shielding concrete based on
shielding concretes [3-10]. While materials with high- the aggregates specific to each nation (e.g., stones or
specific gravity are required for the shielding of gamma soil) [16-18]. The studies on the mass attenuation
rays, materials such as water, boron, and graphite can coefficients of building materials (glass, concrete,
be used for neutron radiation [11]. The radiation marble, fly ash, cement) according to energy range (10
shielding property varies with the amount and type of keV ~ 100 GeV) have also been carried out [19]. A few
concrete aggregates. recent studies have focused on steel industry by-
The ACI 304.3R9 report shows that heavy aggregate products [20-22]. Although these by-products contain a
can be less fluid when mixed with concrete due to its large amount of recyclable and useful resources, current
irregular shape and higher acute angle compared to measures of disposal rely primarily on depositing them
ordinary aggregate [12]. Also, it was pointed out that into landfills. With global attention to environmental
the possibility of segregation the concrete is high due problems, the practical applicability of industrial by-
to the high density of the heavy aggregate. Various products is being researched. Among steel slags, extensive
materials have been used in previous studies to research has been conducted on the recyclability of
alleviate these issues and develop radiation shielding electric arc furnace oxidizing slag(EAF) [23-27]. J. T.
concrete. For example, research has been conducted on San-Jose examined the mechanical performance of
the development of concrete based on radiation concrete using two types of EAF. As a result of the
shielding materials such as lead and iron. The gamma- verification, the effect of increasing the compressive

strength was remarkable, and the evaluation of the
physical performance of the aggregate explains the
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of concrete by controlling the mixing of EAF. It was
pointed out that the particle size distribution of the
aggregate by the crushing process through the
generation of the EAF was uneven and the quality
performance was verified [29].

F. Faleschini has shown that it has superior performance
to general concrete in the Interfacial transition zone
(ITZ) of EAF concrete. The applicability of EAF as
high strength concrete was also investigated. It is
possible to produce high-strength concrete without
inorganic additives, and it is suitable for high-density
concrete applications [30, 31].

EAF contains iron (15~30%), and has a high
density of 3.0 ~3.7 t/m*. Therefore, it is believed that
such high-density EAF can be used as an aggregate for
radiation shielding concrete.

In this study, the possibility of developing a radiation
shielding concrete through radiation shielding test of
magnetite-based concrete and EAF concrete was verified
by reviewing the physical and chemical properties of
EAF, which is an industrial byproduct, and assess the
radiation shielding performance of concretes based on
each material through X-ray and gamma-ray irradiation
experiments.

Experimental

Materials

Ordinary Portland cement (OPC), specified by
ASTM C 150-05 (Standard specification for Portland
cement), was used. EAFs have varying density depending
on the steelmaking process. The unit volume weights
of EAF1 and EAF2 are 3.7 t/m’ and 3.4 t/m’, respectively.
The density of magnetite is over 4.3 t/m’, and its
fitness modulus (FM) was adjusted discretionarily to
suffice for its use as a concrete aggregate during the
experiment. Figs. 1 and 2 show the grading curves for
aggregates.

In this study, iron powder was mixed with EAF to
improve unit volume weight. The iron powder was
generated as an industrial byproduct of the steelmaking

Table 1. Physical properties of used materials

Hee Seob Lim, Han Seung Lee and Seung Jun Kwon

100

90

B0

70

G0

Passing (%)

50
--@--Normal aggr.

40
-0—EAF1
30
=B—=EAF2
20
10 - & Magnetite
1]
0.15 0.3 0.6 1.18 1.36 4.75

Sieve size (mm)

Fig. 1. Grading curves for fine aggregates (ASTM C 136).
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Fig. 2. Grading curves for coarse aggregates (ASTM C 136).

Material Physical properties
Cement OPC (density : 3.14 t/m%)
Fine aggregates Washed sand density : 2.61 t/m®, Fineness Modulus : 2.69, absorption : 1.32%
EAF 1 density : 3.70 t/m®, Fineness Modulus : 2.71, absorption : 1.10%
EAF 2 density : 3.38 t/m®, Fineness Modulus : 2.54, absorption : 2.00%
Magnetite density : 4.30 t/m®, Fineness Modulus : 2.75, absorption : 0.61%

Iron powder

Coarse aggregates Crushed granites
EAF 1 density
EAF 2 density

Magnetite
Super plasticizer

density

density

density : 7.20 t/m®, absorption : 0.10%
: 2.62 t/m>, Fineness Modulus : 6.86, absorption : 0.80%
:3.78 t/m®, Fineness Modulus : 6.62, absorption : 1.34%
: 3.42 t/m®, Fineness Modulus : 6.36, absorption : 2.72%
: 4.40 t/m>, Fineness Modulus : 6.80, absorption : 0.50%
Poly carboxylate ether (density : 1.05 t/m®)
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process. Iron powder has a high density of around 7.2
t/m?, and comprises more than 90% Fe,0;.

Normal aggregates, EAF, magnetite, and iron powder
were used, and experiments were conducted to measure
the physical properties of the aggregates that were
specified by ASTM C 33/C33M-08 (Standard specification
for concrete aggregates), ASTM C 29 (Standard test
method for bulk density and voids in aggregate),
ASTM C 127-15 (Standard test method for relative
density and absorption of coarse aggregate), ASTM C
128-15 (Standard test method for relative density and
absorption of fine aggregate), and ASTM C 136
(Standard test method for sieve analysis of fine and
coarse aggregates). Table 1 shows the physical properties
of the used materials.

Table 2 shows the chemical properties of each
material determined by XRF analysis. The heavy
aggregate contains various types of chemical components
in the form of oxides. EAF aggregate contains about
35% of Fe,Os;, which affects radiation shielding, and
about 25% of CaO. The magnetite aggregate also
contains about 58% of Fe,0; and shows high density.
Therefore, it is considered that heavy aggregate is
basically effective for radiation shielding compared
with general aggregate.

Table 2. Chemical properties of the materials (mass ratio, %)
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Experimental plan

Table 3 shows the mix design of concrete. The mix
design of concrete was based on water/cement (W/C)
ratios of 0.4 and 0.45. EAF aggregate was used 2 type
with different physical properties (EAF1, EAF2). Table
4 shows the description of the symbols of the specimen.
Experiments were conducted on mechanical performance
of concrete and radiation shielding performance test.
For fresh concrete, the air content and unit volume
weight were measured using ASTM C 173 (Standard
test method for air content of freshly mixed concrete
by the volumetric method), and a slump test was
conducted using ASTM C 143 (Standard test method
for slump of hydraulic-cement concrete). With hardened
concrete, ASTM C 39 (Standard test method for
compressive strength of cylindrical concrete specimens)
compressive strength tests, X-ray irradiation experiments,
and gamma-ray irradiation experiments were conducted.

The compressive strength test of hardened concrete
was calculated as the average of three cylinder
specimens of dimensions @10 x20 cm after standard
curing for 3, 7, and 28 days. The specimens for X-ray
and gamma-ray irradiation experiments had dimensions
of 13.6 cmx16 cmx5 cm.

F6203 CaO SlOz A1203 MnO MgO 803 T102 etc.
OPC 34 62.6 21.9 4.8 - 2.6 3 - 1.7
Washed sand 0.5 0.5 86.2 5.8 - 0.2 - - 6.8
Crushed granites 33 4.5 72.1 15.7 - 1.5 - - 2.9
EAF1 36.8 26.1 15.5 11.9 6 34 - - 0.3
EAF2 343 20.7 21.9 10.4 5.3 43 - - 3.1
Magnetite 58.1 1.9 104 53 - 52 - 18.4 0.7
Iron Powder 92 - - - - - - - 8
- : not provided
Etc. shows the ZnO, K,0, P,Os, Na,O
Table 3. Mixing design of concrete (kg/m®)
Specimen W{C W C Fine aggregate Coarse aggregate Ad.
ratio NF EAFl EAF2 MA. Ir. NC EAF1 EAF2 MA.
40N 0.40 165 413 868 - - 911 - - - 33
40E(1) - 1257 - - - - 1308 - - 33
40M - - - 1508 - - - - 1570 4.1
40E(1)M - 1257 - - - - - - 1570 33
45N 0.45 180 400 844 - - - - 959 - - - 33
45E(1) - 1186 - - - - 1338 - - 33
45E(2) - - 1069 - - - - 1220 - 33
45M - - - 1423 - - - - 1605 4.0
45E(1)M-Ir(10%) - 1199 - - 133 - - - 1686 33
45E(1)-Ir(40%) - 997 - - 665 - 1387 - - 33

- : not provided

NF: Natural fine aggregates (Sand), NC: Natural coarse aggregates (Granite), EAF: Electric Arc Furnace Oxidizing Slag, Ir.: Iron powder,

MA.: Magnetite, Ad.: Super plasticizer
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Table 4. Symbols of specimen

Hee Seob Lim, Han Seung Lee and Seung Jun Kwon

Specimen Composition
40N W/C 0.40, normal concrete
40E(1) W/C 0.40, EAF1 concrete
40M W/C 0.40, magnetite concrete
40E(1)M W/C 0.40, fine aggregate of EAF1, coarse aggregate of magnetite
45N W/C 0.45, normal concrete
45E(1) W/C 0.45, EAF1 concrete
45E(2) W/C 0.45, EAF2 concrete
45M W/C 0.45, magnetite concrete
4SE(1)M-Ir(10%)  W/C 0.45, fine aggregate of EAF1 and replacement ratio 10% of Iron powder , coarse aggregate of magnetite

45E(1)-Ir(40%)

W/C 0.45, fine aggregate of EAF1 and replacement ratio 40% of Iron powder , coarse aggregate of EAF1

Experimental methods and measurement items

Fig. 3 shows the X-ray irradiation experiment. The
X-ray from the X-ray generator is attenuated by each
specimen, and the dosage is calculated using the
LaBr3(Ce) detector. The distance between the X-ray
generator and the specimen was kept constant at 1 m
for all specimens, and the thickness of all the specimens
was 5 cm. The X-ray spectrum was generated at a
voltage of 150 kVp. Table 5 shows the description of
the X-ray generator.

Fig. 4 shows the high-intensity gamma-ray irradiation
device used for the gamma-ray irradiation experiment,
and 1.33 MeV gamma-rays emitted from a Co-60
radioactive isotope were used. Specimens identical to
those used in the X-ray irradiation experiment were
used, and the absorbed radiation dose was measured
by analyzing the chemical change through chemical
dosimetry. An alanine dosimeter was used in this
study, which generates free radicals when it absorbs
radiation, allowing the measurement of radiation dose

X-ray Generator

using electron paramagnetic resonance (EPR).
Results and Discussion

Properties of concrete before and after hardening

Experimental results, including air content, unit
volume weight, compressive strength, and slump test of
each specimen, are shown in Table 6. The slump was
found to be around 150+ 25 mm. The air contents
results, highest air contents of more than 4.0% were
observed for 40M and 45M. The unit volume weight
experiment results revealed 3.11 ~3.21 t/m* of EAF1
concrete, 2.91 t/m> of EAF2 concrete, 3.51 ~ 3.55 t/m?
of magnetite concrete, 3.31 t/m’ of 40E(1)M, 3.30 t/m’
of 45E(1)M(Ir10%), 3.45 t/m* of 45E(1)(Ir40%), and
2.28-2.34 t/m* of normal concrete. W/C change did not
entail any change in the unit volume weight and each
specimen show differences with aggregates.

Fig. 5 shows a comparison of the predicted and
measured unit volume weights of fresh and hardened

Detector

LaBr3(Cc) ':: |

Fig. 3. Experimental configuration for X-ray attenuation measurements.

Table 5. X-ray generator

Manufacturer Model Main Specifications
Xylon Power Generator, Plus & Minus Generator MG 452 Up 450k Vp, X-ray irradiation up to 10 mA
Xylon Bipolar Metal-ceramic X-ray Tube YTU 450 -D02 Bipolar system of tubes.

Stable high voltage irradiation possible.
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Fig. 4. Experimental configuration for gamma-ray attenuation measurements.

Table 6. Test results of air content and unit volume weight of
fresh and hardened concretes

Experimental unit volume

Air - a
Specimen Slump content weight (tm’)
(mm) %) Fresh Hardened
concrete concrete
40N 160 2.5 2.28 2.28
40E(1) 160 3.1 321 321
40M 155 4.0 3.47 3.55
40E(1)M 155 32 327 331
45N 170 3.0 2.34 2.34
45E(1) 160 3.1 3.11 3.11
45E(2) 165 32 291 291
45M 145 42 3.61 3.51
4SE(DM-Ir(10%) 155 3.4 3.50 3.30
45E(1)-1r(40%) 155 3.5 3.65 345

2. ASTM C 173 standard based.

concretes. Comparing the unit volume weights of
concrete before and after hardening, at a W/C ratio of
0.45, the unit volume weights of 45M, 45E(1)M-
Ir(10%), and 45E(1)-Ir(40%) appeared to decrease. It
was observed that this difference occurs when the unit
volume weight exceeds 3.50 t/m’. In the case of iron
powder substituted concrete, the unit volume weights
decreased significantly.

Fig. 6 shows a comparison of the test results of
compressive strength. In the compressive strength
test results of W/C ratio of 0.40, 40N exhibited the
lowest compressive strength of 39.5 MPa. 40E(1)
had a compressive strength of 60.2 MPa, and 40E(1)M
showed the highest compressive strength of 61.5
MPa. EAF concrete demonstrated 20MPa higher
compared to normal concrete. At W/C ratio of 0.45,
it resulted in 39.3 MPa which is the highest in 45E(1)-
Ir(40%). In contrary, 45N was shown as the lowest at
31.2 MPa.

Fig. 7 shows the experimental results for the unit
volume weight and compressive strength of hardened

4
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Fig. 5. Compare the experimental unit volume weight with the
predicted unit volume weight.

concrete. Comparing the unit volume weights and
compressive strengths of each specimen, it was found
that the compressive strength increases with unit
volume weight. However, when the unit volume weight
was greater than 3.50 t/m°, a decrease in strength was
also observed. While the unit volume weight of 40M
was the highest at 3.55 t/m’, its compressive strength
was lower than that of 40E(1). Moreover, the sample
with at W/C ratio of 0.45, 45M was the highest at 3.51
t/m?, its compressive strength was lower than that of
45E(1)Ir(40%). It is considered by increasing the
capacity of the admixture used rather than is not the
effect of increasing the compressive strength due to the
increase of the unit volume weight. Previous researchers
have shown that EAF aggregate has the effect of
increasing compressive strength when used as concrete
[32, 33]. In addition, the compressive strength enhance-
ment effect occurred in the magnetite concrete is
judged to be the shape of the magnetite. This suggests
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that the adhesion between the magnetite and the paste
is improved. Therefore, it was confirmed that the
concrete strength can be controlled by changing the
aggregate. The compressive strength of concrete is
determined by the adhesion of the paste to the surface
roughness of the aggregate rather than the chemical
composition of the aggregate.

X-ray irradiation experiment

The fundamental equation for the X-ray irradiation
experiment is Eq. (1). Assume that the X-ray irradiating
upon the shield has an intensity of 10, while that after
the irradiation can be denoted as I. Here, x is the
thickness of the shield, and y, is the linear attenuation
coefficient, which represents the probability of the X-
ray causing an arbitrary interaction with the material
per unit length. Linear attenuation coefficient can be
described using the Lambert law.

45N

O3 day @7 day m2E8day

45E(1) 45E(7) asm ASE(1)M-Ir(10%) 4SE(1}-Ir(40%)

7000
000
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g‘ i SOEIM
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(] ] \
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2000 f 4 450
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o LiL - ;
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Channel

Fig. 8. Exp Response for X-ray of specific channels.

I=1,-e"" @)
Here, I = dose rate at the surface of the shield facing
towards the X-ray source

Iy = dose rate at the surface of the shield opposite to the
X-ray source

U = linear attenuation coefficient, which is a constant
representing the X-ray absorption ratio of the
shielding material.

x = thickness of the shield

Fig. 8 shows the Exp Response for X-ray of specific
channels. The spectrum data of the source appears as
the total number of data read by the detector on a
particular channel. The spectrum data of the concretes
using each material represents the X-ray transmission
performance of the irradiated materials, with lower
values of the Exp response of channel implying better
shielding performance. The value of the data was the
lowest at 40M, and the highest at 40N.

Table 5 shows the test results from the X-ray
irradiation. From the X-ray irradiation experiment,
normal concrete specimens, 40N and 45N, showed a
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Table 5. Calculated data for the X-ray irradiation

Specimen Unit volume weight Spectrum Data u (em™) Transmission rate (%) HVL (cm)
Source a 1,712,234 - - -

40N 2.28 450,588 0.267 26.32 2.60
40E(1) 3.21 148,117 0.490 8.65 1.41
40M 3.55 105,174 0.558 6.14 1.24
40E(DHM 3.31 127,588 0.519 7.45 1.34
45N 2.34 449,450 0.268 26.25 2.59
45E(1) 3.11 153,289 0.483 8.95 1.43
45E(2) 291 199,097 0.430 11.63 1.61
45M 3.51 114,073 0.542 6.66 1.28
45E(1)M-Ir(10%) 3.30 133,873 0.510 7.82 1.36
45E(1)-Ir(40%) 3.45 119,653 0.532 6.99 1.30

?Total number of data of Exp Response of channel in the absence of a shielding
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Fig. 9. Transmission rate/linear attenuation coefficient against the
unit volume weight.

transmission rate of around 26%; EAF concretes,
40E(1), 45E(1), showed a transmission rate of around
9%; 12% of 45E(2). EAF concretes containing iron
powder, 45E(1)M-Ir(10%), 45E(1)-Ir(40%) had a
transmission rate of 6.99 ~7.82%; and magnetite
concretes, 40M and 45M, showed a transmission rate
of 6.14 ~6.66%. Equivalent transmission effects are
observed in magnetite concrete, and in 45E(1)M-
Ir(10%) and 45E(1)-1r(40%), of which the unit volume
weight was discretionarily increased.

In order to compare the shielding properties of the
concrete, the half value layer(HVL) was calculated to
be 2.6 cm for normal concrete and 1.35 cm for EAF
concrete, and the difference is about 1.25 cm. In
addition, it was confirmed that the maximum difference
between general concrete and magnetite concrete is
about 1.36 cm.

Fig. 9 shows the transmission rate/linear attenuation
coefficient against the unit volume weight. It can be
seen that the linear attenuation coefficient increases
with unit volume weight, and the correlation of the
decrease in transmission rate with increasing unit
volume weight is shown.

Table 6. Results of the gamma-ray irradiation test

. Beforea Afterb Transmission Shielding
Specimen

(KGy)h (KGy)h Rate Rate

40N 0.51 0.35 68.6 31.4
40E(1) 0.50 0.32 64.0 36.0
40M 0.50 0.30 60.0 40.0
40E(1)M 0.50 0.31 62.0 38.0
45N 0.50 0.36 72.0 28.0
45E(1) 0.51 0.32 62.7 37.3
45E(2) 0.51 0.34 66.7 33.3
45M 0.51 0.31 60.8 39.2
45E(1)M-Ir(10%)  0.51 0.31 60.8 39.2
45E(1)-1r(40%) 0.50 0.30 60.0 40.0

# : In the absence of a shielding
b : In the presence of a shielding

Gamma-ray irradiation experiment

The experimental results for the y-ray irradiation
experiment were obtained from chemical dosimetry
using a y-ray irradiation device. Table 6 shows the
radiation dose and the transmission rate measured after
v-ray irradiation. While no significant difference can be
observed in the transmission rate of each concrete due
to the high penetration ratio of y-rays, it can be
observed that the y-ray transmission rate decreases with
unit volume weight, with a trend similar to the case for
X-ray irradiation.

Fig. 10 shows the estimates the thickness of concrete
assuming the gamma-ray shielding rate. The shielding
ratio is up to 40% for a thickness of 5 cm. Normal
concretes (40N, 45N) show a 99% shielding ratio at a
thickness of around 600 mm. EAF concretes (40E(1),
45E(1)) show a stable shielding ratio in 45 ~ 50 cm of
thickness range. Not only EAF concretes with steel
powder (45E(1)M-Ir(10%), 45E(1)-Ir(40%)) but also
magnetite concretes (40M, 45M) show a stable shielding
ratio at a thickness of 40 ~ 45 cm.
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Fig. 10. The estimation of concrete thickness to gamma-ray
shielding rate.

Conclusions

From the present work, the following results were

obtained for the applicability of EAF as a radiation
shielding concrete.

1. EAF concrete showed a higher compressive
strength and improved workability than magnetite
concrete. The effect of unit weight on strength
development seems to be small compared with the
effect of replacement of EAF aggregate. The
compressive strength of concrete is more affected
by the adhesion of the cement paste to the surface
of aggregate than the chemical properties of the
aggregate.

2. From the X-ray irradiation experiment, the shielding
ratios of normal concrete, EAF1 concrete, EAF2
concrete, EAF with iron powder concrete, and
magnetite concrete were evaluated to be about
26.0%, 9.0%, 12.0%, 7.0%, and 6.0% respectively,
which indicates a linear relationship between unit
volume weight and linear attenuation coefficient.

3.In terms of y-ray shielding ratio, 99% shielding
ratio was evaluated from normal concretes with a
thickness of 600 mm. EAF concretes (40E(1) and
45E(1)) showed a stable shielding ratio in 45 ~ 50
cm of thickness range. Not only EAF concretes
with steel powder (45E(1)M-Ir(10%), 45E(1)-
Ir(40%)) but also magnetite concretes (40M, 45M)
showed a stable shielding ratio at a thickness of 40
~ 45 cm.

4. Comparing the X-ray and y-ray shielding ratios,

similar linear relationships in EAF concrete were
observed as those in magnetite concrete, which
reveals that EAF concrete can be utilized a radiation
shielding concrete with improved strength and
workability.

5. The major problem of magnetite concrete is
reported to be segregation of aggregates due to
heavy self-weigh When EAF concrete is employed

Hee Seob Lim, Han Seung Lee and Seung Jun Kwon

for radioprotection against X-ray and y-ray, it can
provide more reduced thickness than OPC concrete
and more reasonable workability than magnetite
concrete with eco-friendly manner.

6. Although the density of concrete is important in

shielding radiation, abundant amount of Fe,Os in
EAF aggregate on radiation shielding.
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