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A B S T R A C T

In this paper, the influence of Electric Arc Furnace (EAF) slag aggregates on the mechanical and gamma ray
shielding properties of concrete mixtures were studied experimentally. EAF slag and crushed limestone were
used as aggregates while steel fibers of different geometry were also incorporated into the concrete mixtures.
Unit weight, ultrasonic pulse velocity, compressive strength, split tensile strength, flexural toughness and
shielding properties in gamma energies 244, 344, 779, 964, 1112 and 1408 keV were measured and compared to
the corresponding values of conventional concrete. The use of EAF slag aggregates results in the production of
higher density concrete compared to conventional concrete with limestone aggregates with enhanced me-
chanical and shielding properties and adequate workability. Additionally, the inclusion of fibers improves the
flexural behavior of concrete and slightly increases compressive strength and unit weight.

1. Introduction

Radiation protection from radioactive sources and ionizing radia-
tion generating equipment used in industrial, medical or research ap-
plications is of main importance for human health. Concrete is a
structural material that is widely used as shield against radiation due to
ease of fabrication and low cost for construction and maintenance
(Kaplan, 1989). Since aggregates occupy at least three-quarters of the
volume of concrete, their properties influence the physical and me-
chanical properties of concrete and the use of special aggregates may
enhance these properties (Neville, 1996). In the case of radiation
shielding concrete, heavyweight aggregates are preferred over normal
weight ones in order to reduce the shield thickness (ACI 304R-00,
2000). According to ASTM C637, heavyweight aggregates are classified
to natural minerals, such as barite, magnetite, hematite, ilmenite and
serpentine, or synthetic such as iron, steel, ferrophosphorus and boron
frit (ASTM C637, 1998).

Many research works have been carried out on measuring the ra-
diation shielding capacity and mechanical properties of concrete when
different amounts of heavyweight aggregates are used. The selection of
the type of aggregate used mainly depends on its availability and ef-
fectiveness (Kharita et al., 2008).

Gencel et al. (2011) measured gamma-ray attenuation capability,
density and mechanical strength of concretes containing different he-
matite proportions and produced with 400 kg of cement per 1m3 and

water/cement ratio 0.42. For the maximum rate of hematite in the
aggregate mixture, which was 50%, the improvement compared to
ordinary concrete on the linear attenuation coefficient for the energy of
0.66MeV was 12.5%, compressive strength was increased by 13%
reaching 68MPa and density was increased by 16.6% reaching
2800 kg/m3.

The shielding of X-rays by concrete containing different amounts of
barite and normal weight aggregates has been investigated by Akkurt
et al. (2006). Results showed that when the rate of barite in the mixture
increased, the linear attenuation coefficient μ was also increased. The
improvement of μ when the total amount of aggregates was barite in
comparison to ordinary concrete was 19% for the energy of 0.66MeV.

Ouda (2015) developed a high-performance heavy density concrete
for gamma-ray shielding using different aggregates such as barite,
magnetite, goethite and serpentine along with other pozzolanic mate-
rials. A high cement content (450 kg/m3) and low water/cement ratio
(0.35) were selected. Heavy density concrete made with magnetite and
barite coarse aggregate reached a compressive strength of 60MPa. On
the contrary, the concrete mixtures made with goethite and serpentine
coarse aggregate did not satisfy the requirements of high-performance
concrete, since the compressive strength was lower than 50 and 35MPa
respectively.

Kharita et al. (2008) calculated the linear attenuation coefficient of
radiation shielding concretes produced with local materials from Syria,
such as riverside aggregates, hematite, dolomite, serpentine and black
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costal sand. Results for the energy of 0,66MeV showed enhanced
shielding properties of hematite and dolomite-based concrete compared
to the other aggregates.

Experimental results of another mechanical property of heavy-
weight concrete, the fracture energy absorbed under tensile loads, for
metallic (Wu et al., 2001) and iron ore aggregates (Kan et al., 2004) are
also published. Compared to normal concrete, the fracture toughness of
iron ore-based concrete is lower while for metallic aggregate-based
concrete is higher.

More recent works examine the possibility of using alternative and
environmentally friendly materials from various origins for the pro-
duction of experimental radiation shielding concretes. In most cases,
the mechanical and radiation shielding properties of these concretes are
compared with ordinary or commonly used heavyweight concretes.

Motivated by ecological concerns over the disposal of scale and steel
chips waste, Alwaeli (2016) used these materials as replacement of
natural sand (from 25% to 100% in terms of weight of sand) for the
production of concrete for shielding against X-rays. Compared to or-
dinary concrete, density of concrete was increased and the needed
shield thickness against X-ray radiation was decreased when the per-
centage of these materials in the mixture were high. However better
results on compressive strength in relation to normal concrete were
obtained only in the case of steel chips.

Cullu and Ertas (2016) used different amounts of lead mine waste as
aggregate for the production of radiation shielding concrete. The ce-
ment content was 315 kg/m3 and the water/cement ratio was 0.69.
Linear attenuation coefficient for the energy of 0.66MeV, concrete
compressive strength and density of lead mine waste-based concrete
were measured and compared with normal weight concrete with
limestone aggregates and heavyweight concrete with barite aggregates.
Results showed that lead mine waste aggregates do not absorb as much
radiation as barite aggregates. However the absorbed radiation amount
was observed to be higher compared to limestone aggregates. When the
total amount of aggregates was lead mine waste, compressive strength
was significantly increased reaching 30MPa, while the linear attenua-
tion coefficient was increased by 5.2% and decreased by 20.4% com-
pared to limestone and barite-based concrete respectively.

Taking into consideration that most of the additives being used for
enhancing the properties of radiation shielding concrete either pose
hygiene hazards or require special handling processes, Yao et al. (2016)
used bismuth oxide (Bi2O3) powder, a material of proven radiation
attenuation ability and environmentally friendly nature, as additive in
common concrete and compared it with lead oxide (PbO). For the
highest addition percentage of the two additives (25% by weight of
cement), bismuth oxide powder presented similar results with lead
oxide. The linear attenuation coefficient for the energy of 0.66MeV was
increased by 6.24% and compressive strength increased significantly by
30% over normal concrete.

The linear attenuation coefficients at 662, 1173 and 1332 keV, from
137Cs and 60Co sources respectively, of concrete having marble ag-
gregates in different concentrations have been investigated by Akkurt
and Akyıldırım (2012). The conclusion extracted from this work was
that the radiation shielding properties of normal concrete can be im-
proved by using marble in concrete as an aggregate. On the contrary,
for the same testing setup and utilization of pumice as aggregate, it was
clear that results were not ideal in terms of concrete radiation shielding
properties (Akkurt et al., 2012).

Kharita et al. (2009) added carbon powder to shielding concrete
made of hematite aggregates to investigate its effects on shielding
properties. The powder was added in different percentages, and the
mechanical and radiation attenuation properties of the prepared con-
cretes were determined. It was found that, the addition of carbon
powder by 6% (by wt.) of the concrete could increase the strength on
concrete by about 15%. The shielding effectiveness decreased for both
gamma and neutrons with the increasing carbon powder percentage.
But the loss in shielding effectiveness for both gamma rays and neutrons

were within measurements error range for carbon powder addition of
6%.

Another issue concerning the use of concrete as radiation shielding
material is control of cracking. Concrete cracks and loss of mechanical
strength can occur by numerous causes such as plastic and drying
shrinkage, external mechanical or thermal loads, fatigue and weath-
ering and in the case of radiation shielding concrete, radiation exposure
(Field et al., 2015). Use of fibers in concrete is a relatively old but re-
liable method to prevent the occurrence of large crack widths, increase
tensile strain capacity of concrete and minimize the reduction of com-
pressive strength after exposure to elevated temperatures (ACI 5441R-
96, 1996; Poon et al., 2004). Considerable work has been done on the
properties of fiber reinforced concrete. The effect of addition of steel-
fibers on compressive strength usually ranges from negligible to mar-
ginal but sometimes it can increase strength by up to 25% (Balaguru
and Shah, 1992). The most prominent advantage of steel fiber re-
inforced concrete (SFRC) compared to plain concrete is improved
flexural behavior and toughness, which is the energy absorption at
fraction (Choi and Lee, 2003). The performance of SFRC is influenced
by the properties (material, geometry) of fiber (Buratti et al., 2011;
Della Sala and Cerone, 1996; Sharma et al., 2009) the fiber contents and
distribution (Mohammadi et al., 2008; Yazıcı et al., 2007), the perfor-
mance of the matrix concrete and so on (Kurihara et al., 2000).

In this paper, the aim is to investigate the effects on the mechanical
(unit weight, ultrasonic pulse velocity, compressive strength, split
tensile strength, flexural toughness) and radiation shielding properties
of concrete when steel fibers are used as reinforcement and Electric Arc
Furnace (EAF) slag, a by-product of the steel industry, is used as ag-
gregate. The results are compared to the corresponding values of con-
ventional concrete with limestone aggregates.

2. Experimental program

2.1. Materials

2.1.1. Aggregates
The aggregates used in the test mixtures were either crushed lime-

stone or EAF slag. Crushed limestone aggregates are the most common
natural aggregates used for concrete production in Greece, while EAF
slag is a by-product of the steel industry which has been researched to
be used as a concrete aggregate (Papayianni and Anastasiou, 2010).
EAF slag is produced at an early stage of the steel production process,
where the cooling of melt slag gives dense, coarse particles with rough
surface and dark-grey colour which are crushed to produce aggregates
of the desirable size (Fig. 1).

The chemical composition of aggregates was determined by che-
mical analysis by Atomic Absorption Spectroscopy, using AAnalyst 400,
Perkin Elmer Instrumentation. The results are shown in Table 1, ex-
pressed as percentage by mass of aggregate (wt%). Loss of Ignition
(LOI) was obtained by calcinating the samples at 1000 °C. Loss of ig-
nition represents the loss of free and bonded water and loss of carbon
dioxide coming mainly from calcite. Compared to limestone (2680 kg/
m3), EAF slag is a material of higher density (3300 kg/m3), due to iron
oxide content, which is an element of higher atomic number than cal-
cium or carbon both included in limestone aggregates. The addition of

Fig. 1. EAF slag (left) and limestone (right) aggregate.
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this by-product in concrete can increase its density and potentially
enhance its shielding properties.

2.1.2. Fibers
Commercially available steel fibers of different geometry were used

in order to improve the ductility of concrete. Hooked-end fibers of
0.8 mm diameter and 30mm length were compared with corrugated
fibers of 1.0mm diameter and 25mm length. The fiber volume content
in fibrous mixtures was 0.9%.

2.2. Concrete mixtures

Concrete mixtures were prepared in the laboratory in order to in-
vestigate the type of fibers and aggregates that maximize the mechan-
ical and shielding properties of concrete. Six concrete mixtures (L,
LF30, LF25, S, SF30, SF25) were produced and their proportions are
presented in Table 2.

The cement content was kept constantly at 300 kg/m3 as well as the
water to cement ratio at 0.50. The rate of limestone aggregates replaced
by EAF slag in mixtures S, SF30 and SF25 was 65% by volume and
superplasticizer was also used in order to improve workability. EAF slag
sand was combined with limestone sand in order to improve the gra-
dation of the aggregate mixtures which are presented in Fig. 2.

The fresh concrete was immediately compacted after being placed
in the moulds with a vibrating table. The vibration was applied for the
minimum duration necessary to achieve full compaction. The Vebe test
(EN 12350-3:2000 Standard, 2000) was used to evaluate workability.
Generally, the addition of fibers results in a loss of slump, as measured
by ASTM C 143, but this fact however does not necessarily mean that
there is a corresponding loss of workability, especially when vibration
is used during placement. Since slump is not appropriate to measure
workability of fibrous mixtures, it is recommended that the inverted
slump cone test or the Vebe test should be used (ACI 5441R-96, 1996).

The concrete specimens cast for determining the mechanical prop-
erties of concrete mixtures were 150× 150×150mm cubes,
100× 100×400mm beams and cylinders of 150mm diameter and
300mm height produced according to EN 12390-2:2000. Cylinders of
90mm diameter and different height were produced to measure the
radiation shielding properties of concrete mixtures. All specimens were
cured at 20 °C and 95% RH for 28 days.

2.3. Concrete properties

After curing, the concrete specimens were tested for ultrasonic pulse
velocity (EN 12504-4:2000 Standard, 2000), density, compressive and
split tensile strength (EN 12390:2000 Standard, 2000). The flexural
behavior of fibrous concrete beams was tested by recording on a
computer load-midpoint deflection and load-Crack Mouth Opening
Displacement (CMOD) curves (Figs. 3, 4).

From the analysis of these curves, the toughness levels were esti-
mated by three different standards. The limit of proportionality and the
residual flexural strengths corresponding to CMOD =0.5mm, 1.5mm,
2.5 mm and 3.5mm were calculated (EN 14651:2005, 2005). Values of
flexural toughness factor and ratio for 2mm deflection (JSCE Standard
SF-4, 1984) and toughness indices and residual strength factors (ASTM
C1018-94 Standard, 1994) were also calculated. The ASTM standard
estimates toughness levels for deflections close to the first crack while
the other standards mentioned above correspond to higher end-point
deflections. At this point, it should also been mentioned that in the
ASTM C1018 procedure, the difficulty of objectively identifying the
exact location of first crack on the load-deflection curve affects ASTM
toughness indices calculation (Banthia and Sappakittipakorn, 2007).

In order to investigate the γ-ray shielding properties of concrete
mixtures, a gamma ray source (152Εu) with 4.114ΜBq of activity and a
High Purity Germanium (HPGe) detector connected to a computerized
Multi-Channel Analyzer were used. The sample was positioned at a
distance of 10 cm from the source and at a distance of 3 cm from the
front face of the detector. The measuring time depends on the activity
of the source and the sample (density, height etc.). In our case the
measuring time was around 10min in order to have a satisfying gamma
spectrum that leads to errors less than 2%. A schematic view of the
system and the instrumentation used are presented in Fig. 5.

The HPGe detector is preferable over other types of detectors for
gamma ray spectrometry mainly due to better resolution (Knoll, 1979).
Although NaI detectors have better efficiency than HPGe detectors, the
HPGe detector used has 50% efficiency relative to a 3" × 3'' ΝaI de-
tector at energy 1332 keV. The linear attenuation coefficient and the
Half Value Layer (HVL) were calculated at energies of 244, 344, 779,
964, 1112 and 1408 keV. The linear attenuation coefficient μ (cm−1) is
defined as the probability per unit path length that the gamma ray
photon is removed from the initial beam by absorption or scattering
(Knoll, 1979) and is obtained by:

= ⋅ ⎛
⎝

⎞
⎠x

ln N
N

μ 1 0

(1)

Table 1
Chemical composition (wt%) of EAF slag and limestone aggregates.

EAF slag Limestone

Na2O 0.12 0.02
K2O 0.06 0.02
CaO 27.69 51.45
MgO 3.30 1.02
Fe2O3 29.01 0.65
Al2O3 3.59 0.10
SiO2 9.88 3.24
LOIa 26.22 43.39
Undetermined 0.13 0.11

a Loss of ignition.

Table 2
Mixture proportions and fresh concrete properties.

Mixture

Materials L LF30 LF25 S SF30 SF25

Cement II32.5N (kg/m3) 300 300 300 300 300 300
Water (kg/m3) 150 150 150 150 150 150
Limestone fine aggregate (kg/m3) 892 892 892 694 694 694
Limestone coarse aggregate (kg/m3) 1090 1090 1090 – – –
EAF slag fine aggregate (kg/m3) – – – 239 239 239
EAF slag coarse aggregate (kg/m3) – – – 1342 1342 1342
Superplasticizer (kg/m3) 1.5 2.4 2.4 2.4 2.4 2.4
Hooked-end steel fibers (kg/m3) – 70.8 – – 70.8 –
Corrugated steel fibers (kg/m3) – – 70.8 – – 70.8
Properties of fresh concrete
EAF rate (% bv. of aggregates) 0 0 0 65 65 65
Vebe time (s) 6 6 7 11 12 13
Unit weight (kg/m3) 2430 2460 2489 2728 2794 2775

0
10
20
30
40
50
60
70
80
90

100

0 0.25 0.5 1 2 4 8 16

Pa
ss

in
g 

(%
)

Sieve (mm)

L, LF30, LF25 S, SF30, SF25

Fig. 2. Aggregate gradation curves for test concrete mixtures.
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where Ν and N0 are the number of counts recorded with and without
the specimen inserted between the source and the detector respectively
and x is the thickness of the specimen in cm. The HVL is defined as the
thickness of specified material which reduces the intensity of radiation
entering the material by half and is associated with the linear at-
tenuation coefficient according to the following equation:

=HVL ln 2
μ (2)

3. Results and discussion

3.1. Properties of fresh concrete

Workability of fresh concrete was decreased for mixtures S, SF30
and SF25 with EAF slag aggregates compared to mixtures L, LF30 and
LF25 with limestone aggregates. The required time for compaction was
almost two times higher according to Vebe test. For both types of ag-
gregates, the inclusion of corrugated 25mm long fibers in concrete
decreased workability more than hooked-end 30mm long fibers.

3.2. Properties of hardened concrete

The physical and mechanical properties of concrete mixtures that
were measured are shown in Table 3. The increase on the mechanical
properties when 65% of the limestone aggregates is replaced by EAF
slag and when 30mm instead of 25mm fibers are used in the EAF-based
concrete are given in Fig. 6.

3.2.1. Unit weight and ultrasonic pulse velocity
The unit weight of steel slag aggregate concrete varied from 2721 to

2790 kg/m3 depending on the inclusion and type of fibers and was 13%
higher compared to limestone aggregate concrete (2721 instead of
2400 kg/m3). The ultrasonic pulse velocity increased by 7% which
means that increased strength and elastic modulus are expected. The

Fig. 3. Schematic view of measuring gauges for recording load-midpoint deflection (left) and CMOD deformations (right).

Fig. 4. Load-CMOD curves for fibrous mixtures.

Fig. 5. Instrumentation and schematic view of the system for the radiation shielding measurements.

Table 3
Properties of concrete mixtures after 28 days of curing.

Mixture

L LF30 LF25 S SF30 SF25

Unit weight (kg/m3) 2400 2415 2430 2721 2790 2726
Ultra sonic pulse velocity (m/s) 4603 4583 4595 4911 4831 4818
Compressive strength (MPa) 38.20 37.20 38.10 57.60 59.50 50.10
Splitting tensile strength (MPa) 3.20 3.30 2.90 4.50 4.60 4.23
Flexural strength (MPa) 6.80 6.84 6.82 8.50 8.55 8.30
JSCE SF-4 Standard
Flexural toughness factor (MPa) – 6.03 5.26 – 7.62 6.06
Equivalent flexural ratio (%) – 88.68 77.35 – 88.6 73.01
BS EN 14651:2005 Standard
Limit of proportionality (MPa) – 6.81 6.70 – 7.87 7.59
fR,1 (MPa) for CMOD=0,5mm – 5.69 6.03 – 7.27 6.51
fR,2 (MPa) for CMOD=1,5mm – 6.02 5.24 – 7.95 5.56
fR,3 (MPa) for CMOD=2,5mm – 6.16 3.49 – 7.83 3.09
fR,4 (MPa) for CMOD=3,5mm – 5.97 2.24 – 7.43 1.83
ASTM C 1018-94 Standard
I5 – 3.5 4.0 – 3.6 3.4
I10 – 6.4 7.6 – 6.7 6.3
I20 – 11.9 14.8 – 12.9 11.9
R5,10 – 59.2 71.9 – 61.6 57.9
R10,20 – 54.8 72.0 – 61.9 56.1
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inclusion of fibers in mixtures SF30, SF25, LF30 and LF25 decreased the
pulse velocity, implying that fibers induce more voids in concrete. The
decrease was higher for mixture SF25.

3.2.2. Compressive strength
The 28-day compressive strength of mixture S was 57.60MPa,

showing a significant increase of 51% compared to mixture L that had
38.20MPa. Fibrous mixtures LF30 and LF25 with limestone aggregates
showed no differentiation regarding compressive strength compared to
plain concrete mixture L. Mixture SF30 with EAF slag aggregates and
hooked-end fibers reached a 28-day compressive strength of 59.50MPa.
On the other hand, mixture SF25 with EAF slag aggregates and
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Fig. 6. Increase on mechanical properties when 65% of the limestone aggregates is replaced by EAF slag (blue) and when 30mm instead of 25mm fibers are used in
the EAF-based concrete (red).

Fig. 7. Least-squares regression lines to obtain the linear attenuation coefficients.

Table 4
Linear attenuation coefficient μ (cm−1) of concrete mixtures at different energies.

Energy (keV) L LF30 S SF30 μS/μL

EAF rate (% bv. of aggregates) 0 0 65 65
Fibers added – Hooked-end 30mm – Hooked-end 30mm
244 0.260 ± 0.006 0.258 ± 0.006 0.299 ± 0.009 0.296 ± 0.008 1.15
344 0.230 ± 0.002 0.236 ± 0.002 0.254 ± 0.002 0.256 ± 0.002 1.10
779 0.157 ± 0.002 0.159 ± 0.003 0.174 ± 0.003 0.174 ± 0.003 1.11
964 0.138 ± 0.002 0.143 ± 0.002 0.153 ± 0.002 0.154 ± 0.002 1.11
1112 0.129 ± 0.002 0.133 ± 0.002 0.145 ± 0.002 0.145 ± 0.002 1.12
1408 0.116 ± 0.001 0.120 ± 0.002 0.129 ± 0.001 0.129 ± 0.001 1.11
Density (kg/m3) 2280 2330 2580 2570
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corrugated fibers showed reduced values compared to mixture SF30
and S by 16% and 13% respectively. This finding is consistent with the
results of ultrasonic pulse velocity test and workability.

3.2.3. Flexural and splitting tensile strength
The flexural strength of limestone aggregate concrete was 6.80MPa

and the splitting tensile strength was 3.20MPa. When EAF slag was
used as aggregate, the flexural strength was 8.50MPa (25% increased)
and the splitting tensile strength was 4.50MPa (41% increased). Use of
hooked-end fibers in mixtures LF30 and SF30 had no significant effect
on flexural and splitting tensile strength. In mixtures LF25 and SF25
with corrugated fibers a slight decrease was obtained compared to
mixture LF30 and SF30 respectively.

3.2.4. Toughness
Results from all the standard test methods verified that mixture

SF30 showed the best flexural behavior compared to the other mixtures.
When compared with mixture LF30, the increase on flexural toughness
factor was 26%, on the residual flexural strength 24–32% and on the
residual strength factors 5–13%. Limestone concrete mixture LF25
compared to mixture LF30 showed better flexural behavior right after
the first crack occurred, as estimated from toughness indices and re-
sidual strength factors according to ASTM C1018-94b. On the contrary,
for higher end-point deflections, mixture LF30 showed higher flexural
toughness. Toughness factors from all the standard methods for mixture
with EAF slag were decreased when corrugated fibers were used instead
of hooked-end fibers.

3.2.5. Shielding properties
Due to better results on the mechanical properties of fibrous mix-

tures with hooked-end fibers, only mixtures LF30 and SF30 were tested
for their shielding properties and compared with plain concrete mix-
tures L and S. At least five specimens with different thicknesses for each
mixture were used to obtain values of Ln (N/N0) versus thickness at
photon energies of 244, 344, 779, 964, 1112 and 1408 keV for each
mixture (Fig. 7.).

From these charts, the linear attenuation coefficient μ (cm−1) for
the above energies was calculated using the least-squares regression
lines and is given in Table 4, along with a comparison of mixture S and
L (μS/μL).

Results indicate that when EAF slag was used as aggregate instead of
crushed limestone, the linear attenuation coefficient increased by
10–15% depending on the photon energy. This variation can be at-
tributed to the different photon absorption mechanisms for different
energies. The photoelectric process is the predominant mode of inter-
action for X-rays and gamma rays of relatively low energy and is en-
hanced for absorber materials of high atomic number Z. The interaction
process of Compton scattering is the predominant effect at intermediate
gamma energies and the pair production process for higher energy
photons (1.022MeV and above). On the contrary, the inclusion of fibers
had no significant effect on the shielding properties of concrete mix-
tures.

The values of HVL are presented in Table 5. It can be seen that the

thickness of limestone concrete needed to reduce the γ-radiation to half
was 10–15% greater than steel slag aggregate concrete.

4. Conclusions

The mechanical and radiation shielding properties of concrete after
substitution of 65% of limestone aggregates by EAF slag, a by-product
of the steel industry, and addition of two types of steel fibers were
studied experimentally and compared with conventional concrete.

The produced concrete showed significant improvement on all the
mechanical properties. It is valuable noting that with a relatively low
cement content (300 kg/m3, type II32.5N), the measured 28-day com-
pressive strength was 60MPa (51% higher than normal concrete) while
other radiation shielding concretes studied in the literature and pro-
duced with magnetite, barite or bismuth oxide require higher cement
contents (400–490 kg/m3) to reach this level of strength (Ouda, 2015;
Gencel et al., 2011; Yao et al., 2016). Notable increase of UPV, density,
toughness, splitting and flexural strength in comparison to conventional
concrete was also observed for the EAF slag-based concrete. The linear
attenuation coefficient of the proposed concrete was measured for
photon energies of 244, 344, 779, 964, 1112 and 1408 keV and was
increased by 10–15%, depending on the photon energy, compared to
conventional concrete. This rate of increase can be characterized as
moderate when compared to barite-based concrete, which shows 19%
increase in the same range of energies (Akkurt et al., 2006), meaning
that for a specific level of radiation shielding, an EAF slag-based con-
crete shield would be constructed thinner than one constructed with
normal concrete but still, thicker than a barite one. However, the re-
latively low cost of EAF slag which is similar to limestone aggregates
and also the potential transportation cost of natural heavyweight ag-
gregates, since their deposits are concentrated in specific parts of the
world, can make the utilization of EAF slag in radiation shielding
concrete economically attractive. Additionally, there are also environ-
mental benefits by the exploitation of a by-product such as EAF slag by
saving natural resources and reducing CO2 emissions.

Regarding the effect of fibers, 30mm hooked-end fibers seem to col-
laborate in a better way with EAF aggregates in concrete compared to
corrugated ones, as obtained from the measurements of toughness. The
effect of fiber inclusion on the other mechanical properties and radiation
shielding capacity of concrete was found to be minimal or neutral.

As a final conclusion, it could be said that the above results support
the use of EAF slag and steel fibers for the production of an effective
and alternative radiation shielding concrete with increased strength
requirements.
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Table 5
Half value (cm) layer of mixtures at different energies.

Energy (keV) L LF30 S SF30 HVLL/HVLS

EAF rate (% bv. of aggregates) 0 0 65 65
Fibers added – Hooked-end 30mm – Hooked-end 30mm
244 2.67 ± 0.06 2.69 ± 0.06 2.32 ± 0.05 2.34 ± 0.07 1.15
344 3.01 ± 0.02 2.94 ± 0.02 2.73 ± 0.02 2.71 ± 0.02 1.10
779 4.41 ± 0.07 4.36 ± 0.07 3.98 ± 0.06 3.98 ± 0.06 1.11
964 5.02 ± 0.06 4.85 ± 0.06 4.53 ± 0.05 4.50 ± 0.05 1.11
1112 5.37 ± 0.07 5.21 ± 0.08 4.78 ± 0.06 4.78 ± 0.06 1.12
1408 5.98 ± 0.07 5.78 ± 0.08 5.37 ± 0.06 5.59 ± 0.07 1.11
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