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Ms. Ref. No.: CONBUILDMAT-D-18-04494

Title: Gamma-ray shielding properties of heavyweight concrete with electric arc furnace slag as aggregate:
an experimental and numerical study

Reviewer#l:

1) Heavy weight concrete with barite was extensively studied over the past decade, THE QUESTION IS:
WHAT’S NEW?? Please see: “Properties of Heavyweight Concrete for Structural and Radiation Shielding
Purposes”, S. Ozen et al, Arab J Sci Eng (2016) 41: 1573. https://doi.org/10.1007/513369-015-1868-6

It would be also of interest to the authors to check the work in which mine waste was used as fine

aggregate: “Mechanical and Radiation Shielding Proprieties of Mortars with Additive Fine Aggregate Mine
Waste”, Wissem Gallala et al, Annals of Nuclear Energy, Vol. 101, pp. 600-606, March 2017.
http://dx.doi.org/10.1016/j.anucene.2016.11.022

We thank the Reviewer for his observations.

As suggested, a bibliographic reference has been added in the revised version of the manuscript (lines 63-
65), while the first indicated one had already been introduced before.

The authors agree with the reviewer that heavyweight concrete, especially barite but also sustainable
concretes, have been largely investigated for radiation protection issues. However this study is essentially
directed towards the assessment of the performance of concretes enriched by EAF slag. Particularly,
experimental and numerical results indicate that such a concrete has comparable shielding properties to
baritic concrete, both allowing for a 10-20% decrease in shielding thickness with respect to ordinary
concrete; anyway, in terms of mechanical properties, those of EAF concrete are more satisfactory than
those of baritic one, therefore concrete made with EAF steel slag as coarse aggregate is an attractive
sustainable alternative even to more conventional heavyweight mixes.

The results are justified both by the outcomes of organic/inorganic scintillators and dosimetric films as
detectors, and by numerical results obtained via advanced Monte Carlo simulations of radiation transport
in different geometrical test configurations.

2) Using arc furnace slag raises a question on the effectiveness of the reduction in the MgO (39.94% in
the NA coarse) down to 2.97% in the EAF slag. However, the increase in the iron oxides to 33.28% is
indeed of usefulness. Please comment on this as an advantage for the use of arc furnace slug.

The MgO content of natural aggregates is high due to their origin (dolomitic aggregates, very common in
North-East Italy). Conversely, EAF slag is abundant in other kind of oxides, especially iron as indicated by
the Reviewer. Compounds associated to the presence of iron oxides that can be found in EAF slag through
XRD are typically magnetite, magnesioferrite, etc. Such minerals participate in increasing the stiffness of
this material and the specific weight (due to the high molecular weight of iron), and they are quite
volumetrically stable. Hence, as it has been widely observed in literature, such difference in the MgO
content does not have any negative effect compared to natural aggregate. As reference, please see [19],
[23] of the revised manuscript and:

Y  Frias et al. (2010) Steel slag aggregate in concrete: the effect of ageing on potentially expansive

compounds.

Y Tomellini R. (1999) Summary Report on RTD in Iron and Steel Slags: Development and Perspectives.

A comment on the oxide composition of aggregates has been included (lines 144-147).


https://doi.org/10.1007/s13369-015-1868-6
http://dx.doi.org/10.1016/j.anucene.2016.11.022

3) Another question on the arc furnace slug is the abundance to use it in the concrete mix, is there a
study showing how much can be extracted from arc furnaces?

The latest datum on the abundance of electric arc furnace slag is reported in:
http://www.euroslag.com/products/statistics/2016/

In 2016 it was estimated that the total production of steel making slag in Europe was 18.4 million tons,
more than 30% of which consisting in EAF slag from carbon or stainless/high alloy steel production. The

estimated use of the total steel making slag is 14.2 million tons, almost 50% being in road construction and
almost 5% in cement and concrete production.
These information have been added in the revised version of the manuscript (lines 66-69).

4) and 5) 4-Gamma attenuation experiments were done using Co-60 source, which provides only 2
peaks at 1.1732 and 1.3325 MeV, hence the results are for these two gamma energies. Shielding and
attenuation can vary over the energy range and the question is: why other gamma sources were not used to
cover a wider range of photon peaks such as Cs-137 at 0.662 MeV and Ba-133 at 0.356 MeV. You can
complete this computationally as you have already no chance to do further experiments.

5-Same question regarding HVL: If experiments are conducted using various gamma sources then it would
be of benefit to have the HVL for different photon energies. This also can be done computationally and
added to the manuscript.

137

To answer to the request we have introduced the results obtained with a ~’Cs gamma-ray source,

characterized by a lower energy gamma emission E, = 0.6617 MeV, both in configuration #2 and #3, both
for the linear attenuation coefficient and HVL.

Results are reported in table 6d), lines 443-444 of the revised version of the manuscript and discussed at
lines 445-451 of the same manuscript.

6) Is there any calculations for the exposure rate and exposure buildup factor for specified shielding
thickness/distance??

As requested, calculations of buildup factors have been conducted and these considerations have been
added at lines 233-239 and 452-457 of the revised manuscript.


http://www.euroslag.com/products/statistics/2016/

Reviewer#2:

The authors thank the reviewer for his/her comments.



Reviewer#3:

1) There is a complete lack of reference to permeability of concrete as one of important performance
parameters for radiation shielding elements.

2) What is known about thermophysical properties of EAF that would influence the thermal stresses in a
shield?

We thank the Reviewer for his observations.

Permeability, together with an optimum w/c ratio, drives radiation shielding properties of concrete, as
extensively addressed in references [1-4] of the manuscript; on the other side, thermophysical properties
of slag depend highly on the production process and on the operating conditions inside the furnace during
steel melting.

Hence, it is very true that an appropriate hygro-thermal characterization of concrete is fundamental to
assess its performance against not only radiation but even thermo-mechanical loads (see e.g. the two
references listed below) and in fact such aspects are part of the research subjects of some of the authors.
However at present assessing the influence of hygro-thermal parameters on the shielding response of
concrete is out of scope for the present study (it is being currently studied for a forthcoming paper), which
is mainly focused on the choice of aggregates under low thermal gradients.

- G. Mazzucco, G. Xotta, B. Pomaro, V.A. Salomoni, F. Faleschini, “Elastoplastic-damaged meso-scale
modelling of concrete with recycled aggregates”, Composites Part B: Engineering, 140, 145-156, 2018.

- F. Girardi, G.M. Giannuzzi, D. Mazzei, V. Salomoni, C. Majorana, R. Di Maggio, “Recycled additions for
improving the thermal conductivity of concrete in preparing energy storage systems”, Construction and
Building Materials, 135, 565-579, 2017.

3) The slag, as a by-product, is expected to exhibit a variability of engineering properties. Therefore the
probability of acceptance for major shielding structures is reduced. What is the actual variability, can you
control it without increasing the costs very much?

Slag properties can be quite controlled during time, as modern facilities consider them more a by-product
rather than a waste. For instance in [24] (revised manuscript) the authors demonstrated that the physical
properties and chemical composition of one type of EAF slag produced in Northern Italy are almost
constant in time, through monitoring them by experimental tests carried out on different stocks in 5 years.
However, a specific assessment of the variability of those properties, based on a statistical plan, has not
been carried out yet. Some results on the structural reliability of RC section made of EAF slag-concrete
(with varying content and substitution ratios) are currently under publication, showing that the reliability
index is the same (or even higher) than for natural concrete, except in case of using fine EAF slag, that is
very heterogeneous. A remark has been also reported within the text at lines 79-82.

Remarks by Reviewer#3:

#124 Please justify the significance of using CEM | 52.5R for most probably massive concrete elements

The authors agree with the Reviewer, being uncommon to use this type of cement for massive structures
for unfavorable cement hydration temperatures. However, the choice was due to the necessity of using a
cement with no mineral additions, not to overlap the effects linked to the use of the slag and those,
possibly arising, linked to the interaction of slag and the mineral addition. A remark has been added within
the text at lines 132-135.



#129 Criteria/specification for pretreatment of EAF slag

References are already included in the text, although an additional work has been included (see reference
[23] of the revised version). This work investigates the efficacy of the typical pre-treatment operations on
slag stability and physical/chemical properties. Slag pre-treatment operations are commonly adopted in
many facilities, and they are linked only to mechanical operations (so they do not severely affect the cost of
management). Some observations on the specifications for pre-treatment of EAF slag have been added at
lines 76-79 of the revised manuscript.

#132-133 What methods were used for measuring these properties? The moisture state of aggregate
grains?

The EN standard EN 1097-6:2013 was used to assess WA% and apparent density; for grading, EN 933-
1:2012 was used. They were recalled within the text and in the references.

#144 Please explain what is the porosity of EAF slag. Variability of MIP data?

The porosity has not been experimentally investigated in this work. However, a detailed characterization of
the slag used for this experimental campaign can be found in reference [23] of the revised manuscript.

#146 Please comment on the high MgO content, appropriate in concrete?

The content of magnesium oxides of this type of aggregate (alluvial silico-calcareous aggregate) is related to
the presence of dolomite CaMg(COs3),, that is the main constituent. Although stable at room temperature,
one of the main criticisms of this aggregate is related to a high-temperature exposure, due to the
decomposition of dolomite occurring between 600 and 800°C. However, due to the large availability, this
type of aggregate is one of the most used in North-Eastern Italy. A comment has been added within the
text at lines 144-147.

#165 Why don't you add some grading limiting curves like these in DIN 1045-2 or similar to indicate if the
particle size distribution is far from common range for plain concrete technology?

Please, note that Figure 2 of the manuscript refers to both cement and aggregate particles together, hence
they are not specifically aggregate grading curve for which applying the normative limits. The aim of this
graph is to highlight how REF and EAF curve are more similar to each other, while BAR differs, also due to
the different shape factor in the Bolomey curve, which is related to the shape of aggregates and to the
different maximum size of the particles in this mix design. If the Reviewer prefers the aggregate grading
curve alone, the plot could be easily substituted by adding also the requirements from Recommendations.

#184-230 Scenario #1 Test setup for gamma-ray attenuation measurements -rather unusual, why not use
slabs instead of cubes to reduce the dispersion of radiation?

Scenario #1 was used in a first step because of the availability of an isotropic high-activity source (at the
beginning the source was supposed to be used also for radiation hardness measurements, but due to some
technical problems of the source extraction system this item had to be postponed), and the interest of
studying attenuation of radiation in 10 cm thickness. It was in a second step that, to avoid scattering or at
least to reduce as much as possible the contribution of scattering effects, the use of gamma point-sources
and collimated geometry was conceived and it was proved to give more realistic results.



To be sure that the geometry of scenario #2 and #3 was acceptable, we could quite easily simulate the
irradiation through an optimum geometry with an infinitely wide concrete wall and a perfectly collimated
beam, and we could find good agreement with the numerical values obtained in scenario #3 corrected for
the scattering effects. This observation has been added in lines 402-405 of the revised manuscript.

#259-260 Was the pore water omitted or included?

The water content was considered as in the composition given for each mix design in Table 3 and it enters
the Monte Carlo simulations as elementary composition, i.e. distinguished into percentages of single
atoms.

#303 Table:
-Why the density of REF assumed for Fluka computation is so different than given here?

Thank you for the observation. We corrected this oversight in Table 4, which is now coherent with
experiments and analyses.

-How do you explain the density increase of BAR due to drying: 2363 < 24047

Thank you for the remark: there were few typos for the fresh densities of REF concrete (not the BAR
concrete) which led to a misleading value for the fresh density. Indeed the average dry weight is 2404
kg/m® while the fresh one was 2390. The slight difference between the values for the three samples is
easily linked to some discrepancies in compaction among the different specimens of the same mix design
or to specimens geometry. As for the mismatch between fresh and dry density of BAR concrete, please
refer to the next answer.

- BAR fresh density is 18% higher than the sum of mass of components, please explain how this is
possible?

Actually, to the authors the BAR fresh density seems comparable to the sum of mass components. Based on
the calculations: sum of components = 400 kg cement + 160 kg water + 1371 kg barite + 897 kg sand + 4 kg
WRA = 2832 kg/m?>. The fresh density was 2884 kg/m> and the dry density at 28 days is 2828 kg/m®. Again,
some slight differences can be expected due to: cement hydration, development of heat of hydration,
maturation, discrepancies due to the compaction of the specimens used for the fresh density evaluation
and the casted specimens that cured for the mechanical and radiation exposure tests.

- The assumption for a constant 2% air content for all the mixes is not valid, is it?

In absence of data on porosity, actually 2% entrapped air on each sample seemed to the authors a
reasonable assumption, that was confirmed by previous experiences in designing EAF concrete mixtures.
Nevertheless, from the chemical point of view this has a negligible effect. A comment has been added to
underline this at lines 286-289.

#305-309 How do you explain the influence of aggregate on the kinetics of strength increase?

There are many works, including those by some of the authors of this work, that already explained why EAF
slag contribute to gain strength, especially when a good cement matrix is present. Among them, please see
reference [19], [23], [26-28] in the revised version of the manuscript.



A brief remark has been added in the text at lines 330-331.

#312-318 The figures show nothing to support the conclusion of better adhesion, | also cannot see the
irregularity looking perpendicularly to the surface; it is speculative - better to remove.

This sentence was removed.

#366-372 Could you elaborate the explanation why the thin dosimetric films may be less influenced by
scattering events? It has nothing to do with the geometry of the specimen?

According to the authors there is very low influence of scattering on the dosimetric films for a twofold
reason: for their thin thickness, which preserves the films to be affected by relevant scattering
contributions from all directions, and for the direct mounting of the films on the back face of the samples,
which definitely allows to “cut” the scattering contributions that are generated within the concrete
samples; only the photons emerging from the back face of the sample are detected.

On the other hand, the uniform coloration/dose of the analyzed films (applied on the front and back faces;
not reported in the paper but visible below) confirms the spatial isotropy of the panoramic source used
(film on the front faces) and supports (film on the back faces) the assumption of the negligible contribution
of scattering events, if any. While the different coloration per mixture is independent on the spatial
position of the samples around the source.

Figure 1. Two scanned images of a Gafchromic film applied on the back face of a concrete sample, after
exposure. The upper and lower sections of the film correspond to the “in air” and “shielded” part of the film
(with the yellow boxes as an example of region of interest (Rol) considered in the film analysis).

The low influence of scattering on the scintillators is definitely appreciated in “good geometry” conditions,
more than in scenario #1, because of the necessary disposition of the instrument at a certain distance from
the back surface, which does not guarantee that the measures are adequately spurious from scattering,
likewise films do (being them tightly mounted on the sample faces).
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GAMMA-RAY SHIELDING PROPERTIES OF HEAVYWEIGHT CONCRETE WITH
ELECTRIC ARC FURNACE SLAG AS AGGREGATE: AN EXPERIMENTAL AND
NUMERICAL STUDY
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Abstract:

This study investigates, both experimentally and numerically, the radiation shielding properties of
two types of heavyweight concretes, one containing barite and one made with Electric Arc Furnace
(EAF) slag as coarse aggregates. Fresh and hardened concrete properties are preliminary analyzed
and compared to a conventional mix containing natural aggregates, namely: fresh and hard bulk
density, consistency, compressive and tensile strength, elastic modulus. Three specimens per each
mix are subsequently irradiated with both a high-activity (8.97TBq) and a low-activity (280kBq)
%Co gamma-ray source to measure their linear attenuation coefficients. Gamma-ray shielding
characteristics are also numerically analyzed via a Monte Carlo code assessing radiation transport
calculations. Experimental and numerical results indicate that EAF concrete has comparable
shielding properties to baritic one, and it allows a certain decrease in thickness of the radiation
shield, if compared to an ordinary concrete, however it has superior mechanical properties than the
other studied mixtures.

Keywords: Electric Arc Furnace slag; Baritic concrete; Heavyweight concrete; Linear attenuation
coefficient; Radiation shielding.

Highlights:

e Concrete with Electric Arc Furnace steel slag is suitable for radioprotection uses
e Monte Carlo analyses agree with results from scintillators and dosimetric films

e EAF concrete has comparable attenuation properties than baritic

e Baritic concrete has lower mechanical properties than EAF concrete

e Promising aspects for sustainable heavyweight concrete made with EAF steel slag

! Corresponding author.
Email valentina.salomoni@dicea.unipd.it
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1. INTRODUCTION

The design of adequate shields is a problem of major concern to guarantee safe service life of
existing reactor vessels, nuclear research facilities, as well as strategic structures where accelerators
are used for medical and industrial applications. For decades, concrete has been worldwide accepted
as an efficient and convenient shielding material. The combined presence of light and heavy nuclei
makes it capable to attenuate both neutron and gamma radiations at the same time. Particularly,
water content inside concrete has the main role against neutrons, being recommended values for this
application in the range 120-170 kg/m® in ordinary concretes [1]. Conversely, high-density shields
enhance gamma-rays attenuation.

The aggregate choice drives the optimization of concrete radiation shielding properties in a twofold
way: i) by adding minerals (e.g. serpentine, limonite) capable of increasing the fixed-water content
of concrete or retaining their water of crystallization at high temperatures so to increase the overall
water content; and ii) by using heavyweight minerals (typically barite, ferro-phosphorus, magnetite,
hematite) to increase the specific weight of the mixture. With these additions, it is well-known that
enhanced properties can be achieved from the point of view of radioprotection [1-4] and durability
[5, 6].

Concerning gamma-ray shielding properties, heavyweight concrete is generally expensive.
Therefore, several research recently has explored the possibility of using alternative materials,
combining good shielding and mechanical properties with cost-effectiveness and sustainability.
Lead mine waste aggregates were employed at different replacement ratios in [7], together with
barite and limestone; lead slag, both in the form of primary slag and lead-zinc slag waste, was
substituted to natural sand in shielding concretes in [8, 9]; thermo-chemo-mechanical properties of
concrete with fly ash and blast furnace were studied in [10-14]; the influence of pellet waste and
trommel sieve waste addition in concrete for shielding purposes was analyzed in [15, 16]. The
effect of incorporating barite-fluorspar mine waste (BFMW) as a fine aggregate additive on the

mechanical and shielding properties of cement mortar has been studied in [17].
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In 2016 it was estimated that the total production of steel making slag in Europe was 18.4 million
tons, more than 30% of which consisting in Electric Arc Furnace (EAF) slag from carbon or
stainless/high alloy steel production. The estimated use of the total steel making slag is 14.2 million
tons, almost 50% being in road construction and almost 5% in cement and concrete production [18].
EAF slag is a by-product of the iron and steelmaking process in electric arc furnaces. Calcium and
iron oxides are the two major chemical constituents of this material, together with SiO2, Al203,
MnO and MgO. Typically, it has a quite stable crystalline structure, rich in magnetite and hematite
[19], which makes it a suitable candidate for gamma-ray radiations shielding applications.
However, potential expansive reactions due to the presence of free lime and periclase may hinder a
satisfactorily use of this material. They can be prevented by an outdoor weathering of about 2-3
months before use and some daily cycles of drying-wetting conditions [20-22]. A recent work [23]
has demonstrated the efficiency of this pre-treatment method (currently adopted by many
steelmaking facilities in Italy and Spain for ensuring slag volumetrically stability) and its influence
on some physical properties and mineralogical composition. Physical and mechanical properties of
EAF slag, as well as its chemical composition, can be easily controlled along the steelmaking
production chain. Currently, anyway, many producers consider it more a by-product rather than a
waste and often its heterogeneity does not differ much from that of a natural material [24].

The characterization of EAF slag as coarse recycled aggregate has been addressed by several both
in terms of mechanical and durability-related properties of concretes [20, 22, 25-28]. Some works
investigate also the behavior of real scale reinforced concrete (RC) elements containing EAF slag in
whole substitution to coarse natural aggregates (NAs), to assess its response at the structural scale,
both against gravity load [29, 30] and horizontal cyclic loads [31, 32]. According to available
studies, EAF concrete has generally a comparable specific weight to baritic concrete. Mechanical
properties are typically enhanced when the slag partially or totally substitutes NAs: Pellegrino et al.
[20] and Abu-Eishah et al. [33] attributed the observed compressive and tensile strength gain to the

slag morphology and shape, which is found to improve the adherence with the cementitious matrix.
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Faleschini et al. [19] and Arribas et al. [28] observed also that less pores and micro-cracks are
developed in the interfacial transition zone (ITZ) of EAF concrete than in conventional mixes, thus
explaining the typical high strength characterizing EAF concrete. Also, the elastic modulus of EAF
concrete is generally higher than that of a conventional concrete. Hence, the replacement of coarse
NAs with EAF slag allows to design high-strength concretes (HSC), maintaining relative high w/c
ratios (around 0.4), without using any mineral additions, e.g. high lime fly ashes or silica fume [34].
Recently, some works have attempted preliminary experimental investigations on the radiation
shielding properties of EAF concretes. Maslehuddin et al. [35] determined that replacing 50% of
natural aggregates with EAF slag allows to achieve a sustainable and cheap concrete for radiation
shielding. Gonzalez-Ortega et al. [36] compared EAF concrete with a conventional and a baritic
mixture: from experimental evidences, they obtained that EAF concrete was characterized by
similar strength to that of ordinary concrete, with intermediate attenuation properties between the
other two. Ozen et al. [37] demonstrated that concrete with iron ore (hematite), steel slag and
natural sand exhibits higher compressive strength and fracture energy than mixes made with steel
mill scale, magnetite and barite. These results evidence the capability of such concrete to absorb
energy during the cracking process, other than providing an increased linear attenuation coefficient
for radiation, which is proportional to the unit weight of the mixture. Ouda [38] compared the
shielding properties of several heavyweight concretes made with magnetite, barite, goethite and
serpentine as coarse aggregates. Silica fume, fly ash and ground granulated blast furnace slag were
also added in the mixes. The optimum solution against gamma-rays was obtained using magnetite
both as a coarse and fine aggregate, and an addition of silica fume to the binder. In another study
Ouda and Abdel-Gawwad [39] found that the incorporation of basic oxygen furnace (BOF) slag at
100% as fine fraction (total replacement of sand) produces a higher packing degree, a reduction in
porosity and an improved bulk density, so playing a significant role in gamma-rays attenuation.

In the present work the performance of concrete with 100% EAF slag as coarse aggregate is

investigated both experimentally and numerically, focusing on the main mechanical parameters and
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attenuation capacity against gamma-rays. A comparison is conducted in relation to ordinary
concrete and another heavyweight mixture: a concrete with 100% barite as coarse aggregate, which
is commonly used for radioprotection of nuclear power plants, waste repositories or medical
facilities. The combined approach adopted in this work allows proving the soundness of the
findings also via a predictive numerical tool, which may be extended to different radiation scenarios

or concrete mix proportions.

2. MATERIALS AND EXPERIMENTAL METHODS

2.1 Materials and mix details

Three mixtures were investigated, with the aim to assess the influence of aggregate type on the
radiation attenuation properties of each concrete: ordinary concrete (REF), concrete made with
barite (BAR) and concrete made with EAF slag (EAF).

Accordingly, cement dosage and type, w/c ratio and aggregate grading curve were kept constant in
all the mixes. For the production of the specimens, a cement type CEM | 52.5 R was used at dosage
of 400 kg/m® wic ratio was instead 0.4. The use of this type of cement is generally not
recommended for massive structures, due to the risks of unfavorable cement hydration
temperatures; however, it is here considered for being characterized by low mineral additions, so
minimizing possible interaction effects with slag [28].

Concerning the coarse fraction, roundish natural aggregates were used to cast the reference mix;
barite was employed to produce the natural heavyweight mix while two sizes of EAF slag were used
to produce the recycled heavyweight mix. EAF slag was obtained from a local plant, where carbon
steel is produced; before its use, it was properly pretreated to limit any further expansive reaction.
In all the mixes, river sand was used as fine aggregate. Figure 1 shows the three types of coarse
aggregates: a) dolomitic NA; b) barite; c) EAF slag.

The main physical properties of aggregates are listed in Table 1, and they were evaluated according

to EN 933-1:2012 [40] and EN 1097-6:2013 [41], whereas their chemical compositions are reported
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in Table 2. The coarse aggregates composition differ depending on their origin: natural ones are
abundant in calcium and magnesium (alluvial silico-calcareous aggregates); barite aggregates
contain minerals consisting of barium sulfate, whereas slag contains high amount of iron, calcium
silicon and aluminum, due to their presence in the molten steel bath. Additionally, a water-reducer
admixture (WRA) was used with the aim of obtaining a S4 consistency class, as defined in [42]. Its
content varies inside each mixture to achieve the defined workability target. Water was taken from

the urban supply system of the city of Padova (Italy), and it does not contain any compound that

may affect concrete quality.

Figure 1. a) Coarse siliceous natural aggregates; b) barite; ¢c) EAF slag.

Table 1. Physical characteristics of aggregates.
NA coarse Barite EAF slag NA fine

Size (mm) 4-16 4-14 4-16 0-4
Apparent density (kg/m°) 2701 3817 3854 2703
Water absorption (%) 0.75 1.90 0.84 1.18
Shape roundish sharp-pointed sharp-pointed roundish

Table 2. Chemical composition of aggregates.

NA coarse (%) | Barite (%) | EAF slag (%) | NA fine (%)

CaO 55.74 . 30.30 19.01
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Si0, 431 5.01 14.56 53.77
MgO 39.94 - 2.97 10.32
BaO - 59.86 - -
SO;3 - 35.14 - -
Fe,O, - - 33.28 3.19
Al,O, - - 10.20 11.90
MnO - - 4.34 -
Cr,03 - - 2.67 -
K,0 - - - 1.81

The Bolomey grading curve was used to proportion the concretes (Figure 2). Baritic concrete
grading differs more significantly from the other two mixtures because of the difference in the
maximum size of the aggregates themselves (barite: dmax = 14 mm; NA and EAF: dmax = 16 mm).
Table 3 lists the mix details of the analyzed concretes. It is worth noting that an increase in sand
content was necessary in BAR and EAF mixes to adjust particles grading, due to their different
shape with respect to NAs.

For each concrete twelve cylindrical specimens (h x d = 200x100 mm?) and three cubes with 100
mm side were casted. The former were used to assess concrete mechanical properties, i.e.
compressive strength at 7 and 28 days, tensile splitting strength and secant elastic modulus at 28
days in agreement with EN 12390 series [43-45]. The latter were instead used to investigate the
radiation shielding properties.

The same mixing and casting procedure was adopted for all specimens to avoid any influence due to
possible differences in the preparation conditions. Particularly, samples were properly compacted,
demolded after 1 day and then cured in controlled humidity (RH > 95%) and temperature conditions

(20 £ 1°C) for 28 days.
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Figure 2. Particles grading curves (cement + aggregates).

Table 3. Mix proportions of the analyzed concretes (per m®).

REF | BAR | EAF
Cement (kg) 400 | 400 | 400
Water (kg) 160 | 160 | 160
w/c (-) 0.4 0.4 0.4
NA coarse (kg) 971 - -
Barite (kg) - 1371 -
EAF slag (kg) - - 1270
NA fine (kg) 913 | 897 | 966
Total Volume Aggregates (1) 690 | 690 | 690
WRA (kg) 3.2 4.0 3.2

2.2 Exposure to gamma-rays and estimation of radiation shielding properties

After the standard 28-days maturation, three cubic specimens per each mix were left in the bunker
room hosting the gamma-rays source at the Legnaro National Laboratories (LNL) of the National
Institute of Nuclear Physics (INFN) in Legnaro (Padova), Italy, and there exposed for a prolonged
period in the perspective of studying also radiation damage on irradiated concrete (which is the
object of a future paper). The high-activity ®°Co source is of the model Gammabeam 150-A,

manufactured by the Atomic Energy of Canada Ltd (Nordion, Canada) [46].
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The radioactive source is characterized by an activity of 8.97 TBq (as estimated on July 2016),
allowing a dose-rate of 53 Gy/hour at 20 cm from the source; it emits two gamma-rays per decay at
average energy of 1.25 MeV.

Figure 3 shows the location of the specimens around the source, at the chosen radial distance of 20
cm from the source. At this distance, the setup guarantees an isotropic radial irradiation of the

samples. This geometrical scenario will be referred from here on as scenario #1.

Figure 3. Test setup for gamma-ray attenuation measurements — detail of the high-activity ®°Co
source (Gammabeam A150, Nordion, Canada) drawer at rest: experimental scenario #1.
Part of the incoming radiation Iy is attenuated by the samples, the remaining part crossing the
specimen of thickness x; therefore, the ratio between the intensity detected at the front face (lo) and
that at the back face (ly) is a measure of the attenuation capacity of the material, through the
following expression (Lambert’s law) [1]:

#:M, 0
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In EqQ. (1) u is the linear attenuation coefficient, which is defined as the probability per unit distance
of travel that a photon of given energy experiences an interaction such as scattering (Compton
scattering) or absorption (photoelectric effect and pair production). As the inverse of the mean-free-
path A, the linear attenuation coefficient is also a measure of the average distance that the particle
streams from the point where it is generated to the point at which it first interacts with another
particle; therefore, it allows an estimate of the material shielding capabilities against photons.

The predominance of the scattering mechanism on the absorption mechanisms varies with the
photon energy and the atomic number of the absorber; notably the photoelectric effect is the most
sensitive mechanism to the atomic number and it becomes important at low energies. However, the
efficiency of both effects increases at increasing atomic number, therefore the attenuation process of
photons is driven by the unit weight of a medium.

From the linear attenuation coefficient, the Half-Value Layer (HVL) can be calculated, which
practically represents the thickness of the absorbing medium required to reduce gamma radiation to
one-half of its original intensity. Since the intensity is related to the attenuation coefficient, the HVL
value can be determined with Eq. (2), which is valid in the case of uncollided mono-energetic

photons:
HVL = —<. (2)
U

While under broad-beam conditions:

b _gew @3)

lo
where B is the buildup factor, which can be obtained by dividing the I /1o ratio under broad-beam

conditions by the ! /o values obtained under narrow-beam conditions. Hence B depends on photon
energy, penetration depth and atomic properties of the shield material. Moreover, even the
scattering due to the wall of the bunker in which the source is located may contribute to the buildup

factor.
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A couple of radiochromic films [47] were applied both onto the front and back face of each
specimen (with respect to the source exposition), to monitor the irradiation dose uniformity, record

the “shielded” dose and then estimate the linear attenuation coefficient of each sample (Figure 4).

tj
i
£
S

Figure 4. Radiochromic films applied on the front and back faces of the concrete samples under
investigation placed in scenario #1.

Samples were then exposed to gamma-rays for 6 hours; after this period, the pigmentation of the
films was analyzed and converted into absorbed dose, via the calibration curve. Analyses of the
exposed films, both in the red color channel and multi-channel, were made by using a flat-bed
scanner and the NIH ImageJ processing program [48].

An estimate of the linear attenuation coefficient was obtained through Eq. (4), starting from the
definition of x given in Eq. (1), given the direct proportionality between the absorbed dose and the
intensity of radiation:

In ( Din / Dout)

R @
X

where Dj, and Dy, are the doses at the front and back face, respectively, and Ax is the thickness of
the concrete sample (10 cm).
Radiation attenuation measurements have been performed also using gamma-ray detectors as

particle counting instruments. Namely, two types of scintillator have been used: a novel kind of
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organic scintillators, recently developed at LNL and based on phenyl-polysiloxane (PSS
scintillators) [49, 50] and an inorganic scintillator made of BaF, crystals.

Particularly, organic detectors are proved to overcome the typical drawbacks of both plastic (low
radiation hardness and poor stability) and liquid organic detectors (toxicity, flammability,
durability) and they show an improved optical transmittance on the scintillation yield as well as
thermal and radiation resistance. Their performances, in terms of fluorescence lifetime and
neutron/gamma pulse shape discrimination, are discussed in detail in [51]. These detectors are
mainly used for neutron detection due to their characteristic low atomic number (they are mainly
made by H and C ions) but they can be used even for gammas in high hardness environment for
their high resistance and their low efficiency, which may prevent counting build up and saturation
of electronics due to high photon fluxes.

Two different geometrical scenarios have been considered for the measurement setups with
scintillators: scenario #2 and #3. They both consists in a collimated setup, as schematically pictured
out in Figure 5 (a) or in Figure 5 (b), where a low-activity point ®°Co source (activity of 280 kBq;
dose rate of 6.24x10” Gy/hour at 40 cm from the source) was used to measure the linear attenuation
coefficient. They differ in the point of measurement: in #2 the scintillator is placed in contact with
the back face of the samples; in #3 it is placed at 10 cm from this face, to reduce defects on
measurements due to scattering. Measurements were performed using both scintillators: the organic

PSS scintillators and the inorganic BaF, crystal.

3. NUMERICAL ANALYSES

Photon transport in each irradiated specimen was studied via the Monte Carlo code Fluka® [52,
53]. The code was used in the past for studies related to neutron radiation shielding [54, 55]; in this
work it is employed to specifically address photon transport; in the numerical analyses 10° photons
were tracked in the analysis to reach an acceptable standard deviation in the simulation; no specific

biasing technique was used to improve statistics.
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The elemental composition is supposed to be homogeneous for all media. In absence of
experimental evidences, a 2% of entrapped air was assumed constant in all the mixtures, based also
on the experience that some of the authors developed during a previous experimental campaign for
mix design purposes of concretes with EAF slag. In the model radiation propagates through dry air.

Figures 6 shows the photon flux close to the source: front view (a) and top view (b) of the samples.
In Figure 7 results in terms of photon flux for the REF sample are reported, for the collimated

experimental scenario.

Lead collimator

@)

60Co source

l.

Detector

Concrete sample

a)

b)
Figure 5. a) Schematic view of the experimental setup for attenuation coefficient measurement with
scintillator detectors; b) picture of the setup: scenario #2 (left): scintillator at 30 cm from the source
(i.e. in contact with the concrete samples); scenario #3 (right): scintillator at 40 cm from the source,
at further 10 cm lead collimation.
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Numerical linear attenuation coefficients were calculated both accounting and neglecting scattering

events for a better comparison with experimental results.

Table 4. Elemental composition of the three mixtures implemented in Fluka®; percentage by mass.
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REF (%) BAR (%) EAF (%)
0 37.97 36.01 37.04
Na 0.23 0.20 0.20
Mg 11.77 1.42 2.38
Al 1.87 1.59 4.35
Si 7.76 7.05 9.51
P 0.014 0.002 0.011
S 0.42 7.44 0.36
K 0.44 0.38 0.40
Ca 28.11 8.97 20.01
Mn 0.016 0.007 1.67
Fe 0.81 0.69 12.95
c 9.059 7.70 8.40
N 1.51 151 151
Ar 0.02 0.02 0.02
H 0.001 0.001 0.001
Cr - - 1.21
Ba - 27.01 -
Density (kg/m?) 2404 2828 2830
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303 Figure 6. Photon flux [photons/(cm? s)] in the neighborhood of the source: a) front view; b) top
304 view. The simulation refers to the setup of scenario #1 (for interpretation of the references to color
305 in this figure legend, the reader is referred to the web version of this article).
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309  Figure 7. Photon flux [photons/(cm? s)] in the collimated setup with REF sample: a) lateral view; b)
310 top view. The simulation refers to scenarios #2 and #3 (for interpretation of the references to color
311 in this figure legend, the reader is referred to the web version of this article).
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4. RESULTS AND DISCUSSION

4.1 Physical and mechanical properties of fresh and hardened concrete

Table 5 lists the results of fresh and hardened concrete properties. Fresh concrete density, estimated
just after casting operations in the molds, was very similar for BAR and EAF mixtures and higher
than the reference mixture of about +20%. Workability, assessed with the Abrams cone method, is
in the range of quasi-fluid and fluid classes. Particularly, one can appreciate that the slight addition
of WRA and fine particles in the EAF mixture was effective in improving the workability of fresh
concrete. This did not occur in the case of BAR, in which the mix design variation involved only the
amount of fine particles, whereas the WRA content was kept constant as in the reference batch. This

explains why BAR showed a lower slump than the other two mixtures.

Table 5. Fresh and hardened properties of the investigated concretes.

dZLeSSI?y Slump fc 7days Dry denSity3 28 days fc 28days fct Ec
(kgm) | €™ | (MPa) (kg/m?) (MPa) | (MPa) | (MPa)
2379 - 35.5 2396 41.49 2.64 36686
REF 2399 - 34.4 2409 41.07 3.52 35297
2392 - 30.8 2407 41.16 3.81 37066
Average 2390 19 33.5 2404 41.24 3.32 36350
2853 - 29.2 2794 40.59 3.25 28783
BAR 2874 - 34.6 2843 39.88 3.16 28115
2926 - 35.6 2847 38.72 3.67 29115
Average 2884 15 33.2 2828 39.7 3.36 28671
2813 - 47.0 2805 59.2 3.97 46538
EAF 2800 - 45.7 2820 55.5 444 49609
2837 - 45.3 2869 59.3 4.31 49869
Average 2817 21 46.0 2830 58.0 4.24 48672

When considering concrete strength evolution, EAF mixture displays higher compressive strength
from the first days of maturation, with an increase of the 7-days compressive strength of +27% and
+28% if compared to REF and BAR mixtures, respectively. These latter are instead characterized by
a similar strength at early age. At 28 days the difference in compressive strength further increases
up to +29% and +32%, respectively. Such results are consistent with the literature on the positive

effects of using EAF slag in hydraulic mixes [19, 23-28].
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Tensile strength increases considerably in EAF concrete if compared to REF and BAR mixes, with
an improvement of about +22% in both cases.

The splitting surfaces of the tested samples are shown in Figure 8.

Figure 8. Splitting surfaces of the tested concretes: a) REF; b) BAR; ¢) EAF mixtures.

Elastic properties, evaluated in terms of the secant elastic modulus, are found to be enhanced when
EAF slag is used as coarse aggregate: in this case the improvement is of +25% if compared to the
REF mix, and even +41% if compared to BAR. This result indicates that baritic aggregates are made
by softer, more fragile minerals than EAF slag, even though the specific weight of the two is
comparable. Indeed, negligible differences in density are observed in hardened BAR and EAF at 28

days of curing.

4.2 Radiation shielding properties

Figure 9 shows the average linear attenuation coefficient of the three analyzed mixtures,
numerically computed via Fluka® code with scenario #1 for the experimental setup; the numerical
results correspond to the three filled black symbols in the same figure, which are an average of the
values obtained for the three samples per mix of the simulation. Results are here compared with the
experimental data obtained from an extensive campaign on various concrete mixes reported in [56].
The plot shows how the attenuation capability of concrete is strongly linearly proportional to its
density, as experimentally assessed in [56]. The results obtained from the numerical simulations are
found to closely match the available data with an error of +1.63% on the fluxes. Particularly, the

REF mix is fairly in line with the shielding performance of ordinary concretes of medium-to-high
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density, while both BAR and EAF mixtures show a shielding capacity close to that proper of a
baritic concrete of medium density; the attenuation coefficient of the two is very similar, due to the

similar unit weight of the mixtures themselves.
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Figure 9. Numerical results for the linear attenuation coefficient of the tested mixtures, obtained by
numerical simulation of scenario #3: ordinary concrete (REF), baritic concrete (BAR) and concrete
enriched with EAF slag (EAF), compared to experimental values of several concretes exposed to
photons of 1.25 MeV energy (O-ordinary concrete; FP-ferrophosphorus concrete; BA-baritic
concrete; M-magnetite concrete; I-ilmenite concrete; MS-magnetite-steel concrete) (Experimental
data redrawn from [56]).

The comparison between numerical and experimental results obtained for the different approaches
and the different studied scenarios are reported in Table 6, in terms of linear attenuation coefficients

p and half-value layer HVL.

The attenuation coefficients determined via the use of the dosimetric films have been obtained
through Eq. (4) (Section 2.2) with Dj, and Dy, corresponding to the dose without (i.e., “in air”’) and
with the concrete sample placed in front of the film, respectively, for each one of the three samples
of each studied mix, in such a way that all geometrical and intrinsic efficiencies could be cancelled
in the ratio and, therefore, neglected. In the same way, the attenuation coefficients determined via

the use of scintillators have been obtained through Eq. (1) with Iy and I, corresponding to the

gamma-ray particles counted without and with the concrete sample placed in between the source
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and the detector, respectively; similarly, the numerically obtained attenuation coefficients still come
from Eq. (1) in which Iy and I, correspond now to the gamma-ray fluxes computed at a same
distance x without and with the sample. The half-value layer has been computed, in any case,
through Eq. (2).

uand HVL for each mix type come from averaging the three values obtained per each sample. The
experimental errors in Table 6 refer to standard deviations.

Numerical results are associated to an average error on the fluxes of +0.65% for scenario #1 and
+1.63% for scenarios #2 and #3.

By comparing the results of Table 6 (), it can be noticed that the results obtained via the dosimetric
films (scenario #1) appear in general much higher (in terms of linear attenuation coefficient) than
those measured via the scintillators and the numerical ones, when the build-up effect is accounted
for. On the other hand, they are closer to the numerical predictions when the scattering effects are
not taken into account. The observed differences may be due to the fact that, since dosimetric films
are much thinner than scintillators and mounted directly on the specimen back face, as described in
Section 2.2, they may be poorly influenced by scattering events unless scattered gammas are almost
perpendicular to their sensitive face.

In any case, both experimental and numerical results confirm the better and comparable shielding
features of BAR and EAF with respect to REF.

As for the measurements with scintillators, the collimated measurement setup sketched in Figure 5
is proved to better control the drawback derived by the open geometry of the experiment: scenario
#2, where the detector is in contact with the concrete sample, shows that still strong scattering
effects may influence the results (up to 1.8-1.9 more gamma-rays than expected, behind the
sample), but they are well accounted for by the numerical results, which are practically the same in
scenarios #2 and #3, when the build-up factor is washed out. In scenario #3 the overall effect of
scattering is very much reduced (< 20%). Moreover, the numerical values obtained in scenario #3,

corrected for the scattering effects, are also very close to the numerical results obtained by
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considering an optimum geometry with an infinitely wide concrete wall and a perfectly collimated
beam (u equal to 0.142, 0.159 and 0.161 cm™ respectively for REF, BAR and EAF mixtures).

By comparing the three samples, the experimental results show that the EAF mix is similar or even
slightly more performant than the BAR one, and they both are better than the REF mix in terms of
gamma-rays attenuation capacity. This seems to be more evident in the measurements performed
with the BaF, scintillator, which is sensitive also to the photoelectric phenomenon, not only to
Compton scattering (as is the case of the organic scintillator).

A similar behavior between baritic concrete and concrete made with EAF slag aggregates has been
numerically confirmed, and almost no differences are envisaged when correcting for the build-up
effects. On the other side, standard concrete exhibits lower shielding capacities, both experimentally
and numerically.

In terms of HVL, for a given radiation field, the performance of heavyweight concretes can be
appreciated if compared to ordinary concrete. By considering the results from scenario #1, EAF slag
and baritic concretes are proved to allow for a decrease in the shielding thickness (to attenuate the
same amount of incident photons) of 18 and 19%, respectively, with respect to an ordinary concrete
when considering the results from scintillators (which are inclusive of scattering effects); these
percentages are almost confirmed by the numerical calculations conducted in the same
configuration. When comparing the results obtained via the dosimetric films and the calculations
corrected for the scattering effects, a more realistic decrease of 10 and 11% is obtained,
respectively. A similar outcome is found from the experimental values in scenario #3, leading to a
decrease in the shielding thickness at the scintillator position (plastic detector) of 13 and 14%,
respectively, and a decrease of 13 and 20% for the BaF, scintillator.

These results are confirmed by the numerical values, which give a thickness decrease of
approximately 10% for the two heavyweight mixtures, both when scattering occurs and when build-

up is avoided.
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Table 6. Comparison of experimental and numerical results: the linear attenuation coefficient p
(upper table) and the Half VValue Layer (HVL) (lower table):

b) scenario #2: scintillator at 30 cm from the source (i.e. in contact with the concrete samples) using
¢) scenario #3: scintillator at 40 cm from the source using a low-activity point ®°Co gamma-ray

d) scenario #2 (left): scintillator at 30 cm from the source (i.e. in contact with the concrete samples)
and scenario #3 (right): scintillator at 40 cm from the source, both using a low-activity point **'Cs

a) scenario #1: dosimetric films

a low-activity point ®°Co gamma-ray source.

source.

gamma-ray source.

(a)
W [cm™]
Ex_perin?en'gal Numerical Nume_rical
d05|metr.|c film (scenario #1) (scenario #1)
(scenario #1) No scattering
REF 0.163+0.003 0.068 0.115
BAR 0.181+0.003 0.078 0.128
EAF 0.182+0.001 0.090 0.126
HVL [cm]
Ex_perin?en'gal Numerical Nume_rical
d05|metr.|c film (scenario #1) (scenario #1)
(scenario #1) No scattering
REF 4.257+0.08 10.168 6.010
BAR 3.841+0.07 8.901 5.420
EAF 3.804+0.02 7.682 5.494
(b)
W [em™
Experimentgl Experimenta}l Numerical Nume_rical
PSS (scenario BaF, (scenario (scenario #2) (scenario #2)
#2) #2) No scattering
REF 0.095+0.002 0.106+0.002 0.082 0.144
BAR 0.112+0.002 0.121+0.002 0.098 0.160
EAF 0.111+0.002 0.120£0.002 0.095 0.159
HVL [cm]
Experimentgl Experimenta}l Numerical Nume_rical
PSS (scenario BaF, (scenario (scenario #2) (scenario #2)
#2) #2) No scattering
REF 7.275+0.160 6.510+0.125 8.409 4.829
BAR 6.211+0.124 5.705+£0.104 7.039 4.325
EAF 6.219+0.125 5.784+0.105 7.308 4.354
(©)
W [em™
Experimentz_al Experimentgl Numerical Nume_rical
PSS (scenario BaF, (scenario (scenario #3) (scenario #3)
#3) #3) No scattering
REF 0.130+0.004 0.121+0.004 0.124 0.145
BAR 0.148+0.004 0.139+0.004 0.138 0.160
EAF 0.150+0.005 0.152+0.005 0.141 0.158
HVL [cm]
Experimentgl Experimenta}l Numerical Nume_rical
PSS (scenario BaF, (scenario (scenario #3) (scenario #3)
#3) #3) No scattering
REF 5.341+0.165 5.704+0.176 5.574 4,779
BAR 4.660+0.140 4.969+0.152 5.024 4,333
EAF 4.617+0.139 4.554+0.138 4,931 4,385
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(d)

W [em™

Experimental Experimental Experimental Experimental
PSS (scenario BaF, (scenario PSS (scenario BaF, (scenario

#2) — 'Cs #2) - 'Cs #3) — 'Cs #3) — 'Cs
REF 0.140+0.003 0.147+0.003 0.169+0.006 0.162 +0.010
BAR 0.167+0.003 0.173+0.003 0.200+0.007 0.181+0.012
EAF 0.162+0.003 0.175+0.003 0.199+0.008 0.179+0.013

HVL [cm]

Experimental Experimental Experimental Experimental
PSS (scenario BaF, (scenario PSS (scenario BaF, (scenario

#2) - 'Cs #2) - 'Cs #3) — 'Cs #3) — 'Cs
REF 4.951+0.107 4.707+0.087 4.112+0.150 4.291+0.278
BAR 4.159+0.083 4.016+0.078 3.462+0.130 3.827+0.230
EAF 4.287+0.089 3.968+0.076 3.489+0.133 3.864+0.249

A further confirmation of these results, in terms of a major screening of the EAF mix with respect to
ordinary concrete but comparable with the BAR mix, comes from Table 6 (d), which reports the data
taken in scenarios #2 and #3, by using a **’Cs point gamma-ray source, characterized by an activity
of 280 kBq and a lower energy gamma emission E,= 0.6617 MeV.

The reduced HVL (~20%) found with respect to the same measures obtained with the ®°Co source,
i.e. the concrete thickness needed to screen the softer *¥'Cs gamma-rays, is in agreement with what
reported in literature.

A comparison of the results obtained in broad-beam irradiation conditions with respect to those in a
perfectly collimated condition allows also to numerically quantify the buildup factor B as 1.31 for
REF, 1.36 for BAR and 1.42 for EAF mixture. Minor differences are encountered in terms of
experimental evidences; in this case: 1.23 for REF, 1.25 for BAR and 1.23 for EAF mixture, which
might indicate a major effect of the common collimation material with respect to the contents of the

different specimens.

5. CONCLUSIONS
The feasibility of using EAF slag as a heavyweight aggregate to produce concrete for structural as

well as radiological shielding purposes has been here discussed and proved.
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Two experimental equipments have been used to evaluate attenuation capabilities against gamma-
rays of concrete made with EAF steel slag as coarse aggregate: radiochromic dosimetry films and
scintillator detectors. The experimental setup has been reconstructed via the Monte Carlo code
Fluka® both in a non-collimated and collimated testing geometry. The study of different scenarios
have allowed for confirming that several phenomena (among which photons scattering and lead
shielding effects) can affect the measurements, so suggesting deep care when interpreting the
results.

Since the shielding capability against gamma-rays is highly affected by the density of the medium,
for concrete it may be conveniently controlled by the choice of aggregates, which are the larger
constituent of the mix design. EAF slag exhibits densities that are in line with heavyweight
concretes used for radioprotection issues, like baritic concretes. At the same time its mechanical
performance is higher than that of ordinary as well as of baritic concretes (whose drawback is the
fragile nature of barite aggregates), in terms of compressive, tensile strength and elastic modulus.
Concrete with EAF slag has a compressive strength +29% and +32% greater than that of ordinary
and baritic concrete, respectively, turning to +25% and +41% if the elastic modulus is considered.
The shielding properties of concretes with EAF slag are similar or even higher than the measured or
calculated ones for baritic concrete and, in all cases, they are significantly enhanced if compared to
ordinary concrete. In addition, the required thickness to halve the initial intensity of photons is
relatively similar for baritic concrete and concrete made with EAF.

Particularly, for a given radiation intensity, numerical and experimental evidences have
demonstrated that an ordinary concrete wall needs to be about 10 to 20% thicker than one made
with 100% EAF slag aggregates to obtain the same shielding capacity.

Correspondingly, the electric arc furnace oxidizing slag has here appeared to be a promising by-

product for its sustainable use in concrete production even in the field of radiological protection.
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