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Abstract: A series of concrete mixes were prepared by replacement percentages 0, 5, 10, 15 and 20 wt% of cement by electric arc 

furnace slag (EAF).Mechanical tests and different types of nuclear radiation were used to evaluate the effect of slag on mechanical 

properties, the macroscopic neutron cross-sections (Σ,cm-1) and mass attenuation coefficients(σ, cm2/g) of gamma ray respectively. The 

results showed that, the mechanical properties of concrete increased with increasing electric arc furnace slag up to 15 wt. % .  Moreover, 

15 wt% mix sample was the optimum percentage for the values of mass attenuation coefficients of concrete maxis. On the other hand, 

there is no a significant variation of the values of Σ for all used neutron energy by adding a different percentage of slag a s a cement in 

concrete. 
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1. Introduction 

Radiation shielding concretes are commonly used in 
nuclear power plants, nuclear medicine facilities, and nuclear 
research facilities [1- 5]. With respect to the material for 

production of radiation shielding concretes, the guidelines in ACI 
304R specify that magnetite, barite, and hematite in high ratios and 
colemanite and boron additives in low ratios should be used as 

the materials for the production of radiation shielding 
concretes. The guidelines from the International Commission 
on Radiological Protection (ICRP) are widely used as the standard 

for radiation shielding [6]. While materials with high-specific 
gravity are required for the shielding of gamma rays, materials 
such as water, boron, and graphite can be used for neutron radiation 

[7]. The radiation shielding property varies with the amount and 
type of concrete aggregates [8, 9]. Although magnetite or barite 
(density greater than 4.0 t/m3) have been used in previous studies [10, 
11], they involve numerous problems pertaining to concrete 

manufacturing, such as low slump, low compressive strength, and 
material segregation of concrete. Various materials have been used 
in previous studies to alleviate these issues and develop radiation 

shielding concrete [12]. For example, research has been 
conducted on the development of concrete based on radiation 
shielding materials such as lead and iron [13- 15]. There have been 

studies on the effect of adding silica fume and blast furnace 
slag [16] on the attenuation coefficient [17], and a study on the 

 

development of radiation 47 shielding concrete based on the 
aggregates specific to each nation (e.g., stones or soil) [18, 19]. Much 
research has been conducted on high-density aggregates [20]. A 

few recent studies have focused on steel industry by-products [21, 
22]. Although these by-products contain a large amount of 
recyclable and useful resources, current measures of disposal rely 

primarily on depositing them into landfills. With global 
attention to environmental problems, the practical applicability 
of industrial by- products is being researched [23]. Among steel 

slags, extensive research has been conducted on the 
recyclability of electric arc furnace (EAF) oxidizing slag [24]. 
While the use of EAF oxidizing slag is increasing with global 

advances in the steel industry, it is only used in road base and 
subbase, or hot mix asphalt, and is otherwise deposited in landfills, 
and no clear recycled use is known [25]. Research has been 
conducted to assess the possibility of developing concrete 

based on EAF oxidizing slag aggregates (EAF), the 
improvement effect of concrete on compressive strength, and 
the enhancement of durability [26- 28]. EAF oxidizing slag 

contains iron (15 – 30%), and has a high density of 3.0-3.7 t/m3. 
Therefore, it is believed that such high-density EAF can be used 
as an aggregate for radiation shielding concrete. 

The objective of this research is to investigate the effect of arc furnace 
slag as cement replacement materials on mechanical and nuclear 
attenuation behaviors of concrete 
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2. Experimental Programmed Materials 

    Electric arc furnace (EAF) 
Table 1 shows the chemical composition of EAF determined 

by XRF analysis. EAF contains around 35% iron and therefore 
has a high density. Thus, it is believed that the use of EAF for 
radiation-shielding concretes in place of cement will be highly 

effective. 
 

Table 1 Chemical properties of the EFA (mass ratio,%) 
SiO2 Al2O3 Fe2O3 CaO MgO MnO L.O.I 

15 11 37 26 3 6 2 

 

Ordinary Portland cement (OPC) 
The present study was carried out using a commercial 

Portland cement type CEM I 42.5 N conforming to Egyptian 
standard code ESS 2421/2007. The physical, chemical and 
mechanical properties of this cement are given in Table. 2. 

 

Table 2 Properties of Cement Type (CEM I 42.5 N) 

Chemical 
Composition 
(wt. %) 

Physical 
properties 

Compressive 
strength (N/mm2) 

SiO2 20.36 
Fineness 
(cm2/gm) 3290 

2 days 22.4 

Al2O3 5.12 
Specific Gravity 
3.15 

7 days 33.7 

Fe2O3 3.64 
Expansion 

(mm) 1.2 
28 days 56.8 

CaO 63.39   

MgO 1.03   

SO3 2.21   

L.O.I 1.3   

 

Coarse and Fine Aggregates 
Natural siliceous sand having a fineness modulus of 2.66 and a 

specific gravity of 2.67 was used as fine aggregate. The coarse 
aggregate was a crushed dolomite with a maximum nominal 
size of 18 mm with a specific gravity of 2.64 and a crushing 
modulus of 23 percent. 

 

Mixing and casting 
Concrete mixes were prepared using a tilting drum mixer. 

The weighted coarse and fine aggregates were placed in the mixer 
and started mixing for 30 seconds to obtain a homogeneous 
mix. The cementitious materials were added to the mixer and 

stirred for 2 min. The water was slowly added and mixed for 2 
min. The mixing process was continued for 3 min. Under a 
laboratory conditions, six cubes of 150 mm and six cylinders of 

150 × 300 mm were prepared. After casting, all specimens were 
covered with plastic sheet and stored in the laboratory for 24 hours. 
The specimens were then demolded, and placed in water for 28 days. 

Moreover, one of the prepared cylinder was cut off by thickness 
varies from 5 up to 20 cm for nuclear radiation (γ-rays and 
neutrons) measurements. 

 

Fresh properties of concrete mixes 
The consistency and workability of the concrete mixes 

was evaluated using the slump cone test. 

 

 

 

 

 

Mechanical tests 

Compressive strength tests on cubes at 7 and28 days were 
carried out in a compression testing machine. The cubes were 

fitted and the load was slowly applied. The tensile strength 
tests were performed on cured cylinders specimen at 28 days. 
 

Microstructure Analysis 

X-ray diffraction (XRD, Philips Analytical X-ray 
B.V. Machine) and scanning electron microscope (SEM, Joel- 
JXA-840A) have been used to investigate the structure of 

concrete with and without blast furnace slag. All concrete 
samples were coated with gold to improve the appearance of 
microstructure. 

 

Neutron and gamma ray measurements and calculations 
The BF3 neutron detector was used to detect a collimated 

slow neutron, total slow neutron, and neutron with energy 

greater than 10 keV beam emitted from 241Am-Be neutron source 
with activity 3.7 GBq. the neutron transmitted fluxes were 
measured according to equation (1) [29] to deduce the values of 
macroscopic neutron cross-section. In case of slow neutrons 

measurements, the collimated beam was slowed down by 7 cm 
polyethylene block behind the sample, also the neutron of energy 
below 10 keV was cut off by a block of Born carbide B4C. the 

Schematic diagram of experimental setup was shown in Fig.1. 

 
 

Eq (1) 
 

Fig.1: Schematic diagram of Neutron spectrometer 

A collimated beam of gamma rays emitted from 3.7 μCiEu- 152, 9.5 
μCi Cs-137, and 4.9 μCiCo-60 radioactive sources were used as 
sources of gamma ray energies. six pronounced peaks from the 
energy spectrum of gamma rays were chosen to cover a wide band of 

gamma energies to study the gamma ray attenuation coefficients of 
the investigated concrete barriers Fig.2 showed the schematic 
diagram of gamma ray detection system, where a 3″ x 3″ NaI (Tl) 
scintillation detector was used to measure the gamma ray intensities for 

the studied energy lines. The Beer- Lambert’s equation was used to 
evaluate the linear attenuation coefficient, which considered the 
basic nuclear parameter, depending on the gamma ray intensities 

that transmitted from the investigated samples [30], [31]. 
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   Eq (2) 

Where, Io & I are the intensities of gamma rays before and 

after transmitted the sample, respectively, μ (by cm-1) is the linear 
attenuation coefficient of the sample, and x is the thickness of the 
sample. Mass attenuation coefficient, σ (by cm2/g) is another 

important nuclear parameter which independent of density of the 
material, was evaluated from equation (3) after considering 

superficial density (xρ) in states of thickness. 

 

              Eq (3) 

 

 

 
Fig 2: Schematic diagram of experimental setup for gamma ray detection 

 
 

     The comparison between experimental and theoretical 
data was carried out by using the WinXCom computer 
program (version 3.1) [32],[33],[34] to calculate the mass 
attenuation coefficients of γ-rays of such used energies for 

the studied concrete samples based on the mixture rule of 
the following equation: (4) Where, (μi/ρi)m is the mass 
attenuation  coefficient for the individual element in each 

mixture sample, Wi is the fraction weight of the element in 
each mixture sample. 
 

 
                          Eq (4) 

 
     Fig.3: Effect of slag as cement replacement on slump 

value.

 

 
 

 
3. Results and Discussion 

    Fresh Concrete 
The slumps of fresh concrete for different mixtures were 

shown in Fig. 3. It was noticed that the slump test values were 
decreased with increasing slag content in concrete. This behavior was 
probably due to the rough texture and high-water absorption of 

slag particles, leading to low fluidity. 

 

 Microstructure (SEM)  

     Fig. 4 (a-e) shows microstructure of concrete with and 

without slag. It can be seen that the plain concrete has more 

voids comparing to concrete with slag. In addition, the figure 
revealed that the voids decreased with increasing slag content to 

15 wt. %. Beyond this value the voids increased again, but still 

lower than both the plain specimens. On the other hand, Fig. 4 
displays that the internal structure of slag concrete was similar 

to the structure of Portland cement. 
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(a) (b) 
 

(c ) (d) 
 

(e) 
Fig 4: Microstructure of concrete with and without slag as cement. (a) Concrete without slag, (b) 5wt. % slag, (c) 10 wt. % slag, (d) 15wt. % slag 
and (e) 20wt. % slag 
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 Mechanical properties of hardened concrete 

    Compressive strength 
Fig. 5 presents the compressive strength of concrete 

with and without slag as cement replacement after 7 and 28 
days of curing. The results revealed that the compressive 
strength for all concrete mixes increased with the curing 

time. This was mainly attributed to the cement hydration and 
accumulation of hydration products which close some of 
available pore spaces in concrete matrix and result in 
improving the mechanical performance. Furthermore, Fig. 5 

indicated that the compressive strength increased by adding 
slag from 5 % to 15wt% replacements. Beyond this value the 
compressive strength decreased. This reduction in 

compressive strength for concrete mix with 20wt% 
replacement was due to the decrease in the free water content 
that resulted from the high-water absorption characteristics 

of arc furnace slag in comparison with sand (see Fig. 4-e). 
This causes a considerable decrease in the workability of 
concrete and hence, increases the voids in this mix. 

  

 
Fig. 5: Effect of slag as a cement replacement on compressive 

strength of concrete 

 
     Splitting tensile strength  

Fig. 6 depicts the results for splitting tensile strength of 
different slag mixes concrete. It was noticed that all slag 
mixes have gained higher split tensile strength than that of 

the control mix. However, beyond 15% replacement of 
cement, the tensile strength decreases, but still more than the 
control mix. The trend was similar to the trend of 

compressive strength development of concrete. This 
behavior was due to decreasing the cementitious material per 
surface area of fine. 

 

 
Fig. 6: Effect of slag as a cement replacement on splitting 

tensile strength of concert 

Gamma-rays measurements and calculations 

The intensity distribution of gamma rays transmitted through 

concrete barriers of different thicknesses were measured and 

plotted for different types of concrete mixes at gamma ray 

energy lines (662keV). These exponential curves were used to 

deduce the total linear attenuation coefficients (μ, cm-1) as a 

slope of these curves. Figs. 7-9 showed the behavior of 

measured and calculated mass attenuation coefficient (σ, 
cm2/g) with different thicknesses. The first note of these curves 

was a good agreement between the measured values of mass 

attenuation coefficients and that calculated by winXCom 

computer program(version 3.1), Also, the behavior of all these 

curves can be interpret by the prominent interaction between the 

investigated concrete barriers and gamma rays which 

considered a Compton scattering process as well as less 

contribution of photoelectric effect in low energies. 

      

 
Fig. 7: Mass attenuation coefficients of concrete with slag at 5 cm 

 

     
Fig. 8: Mass attenuation coefficients of concrete with slag at 10 cm 

  

   
Fig. 9: Mass attenuation coefficients of concrete with slag at 15 cm  
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     Fig.10 shows the comparison between values of mass 

attenuation coefficients in different types of concrete mixes 

using gamma ray energies (122 -1332 keV).  It can be seen that 

the values of σ (by cm2/g) were increased by increasing the 

weight percentage of slag   in concrete mixes up to 1173 keV 
gamma ray energy, which may be attributed to Z-dependence of 

Compton scattering process in this energy region. While for 

another gamma ray energies there is a fluctuation distribution of 

values of mass attenuation coefficient. This behavior is in 

agreement with work of El-Shazl and Sadawy [35] how used 

blast furnace slag as fine aggregate. 

  

 
Fig 10: Comparison between mass attenuation coefficients of 

investigated concrete mixes with different gamma ray energies. 

 

Neutron measurements  

The values of removal cross-sections of total slow neutrons 

(Kn1) (primary slow as well as slowdown in the studied 

concrete mixes), slow (Kn2), and neutron with energy greater 

than 10 keV (Kn3) were deduced from attenuation curves and 
shown in Table3. It was observed that, the values of 

macroscopic cross-sections of slow neutrons in all types of 

concrete under investigation were the biggest values of the 

others neutron energies. This behavior of slow neutrons may be 

attributed to elastic scattering of slow neutron with light 

elements in all types of concrete mixes. Also, it was noticed that 

the values of macroscopic cross-sections of total slow neutron 

slightly increasing than that of neutron with energy greater than 

10 keV in all concrete mixes. This behavior may be attributed to 

the competition between absorption process and slowdown 

process which takes place in the case of total slow neutron, 
while in the case of neutron with energy greater than 10 keV the 

only slow down process that appear. (Note that, about 23% of 

neutron energies emitted from 241Am-Be neutron source is 

considered slow neutron). Also, it was observed from Table3 

that the values of macroscopic cross-sections of all used neutron 

energies almost constant with increasing the percentage weight 

of slag in concrete mixes. This result can be interpreted as, the 

addition of slag up to 20 wt% as a cement in the concrete 

decreased the percentage of SiO2. 

  

Table 3: Macroscopic cross-sections of concrete mixes at 

different neutron energies 

k 
Macroscopic cross-section, cm-1 

0% 5% 10% 15% 20% 
kn1 0.038 0.041 0.039 0.038 0.037 
kn2 0.077 0.078 0.077 0.076 0.076 
kn3 0.031 0.033 0.034 0.034 0.033 

 
4. Conclusions 

 Slump test values were decreased with increasing slag 

content in concrete. 

 The mechanical properties of concrete were increased 

with increasing electric arc furnace slag up to 15 wt. % 

compared to mix control sample 

 A good agreement between the measured values of mass 

attenuation coefficients and that calculated by 

winXCom computer program(version 3.1) 

 

 15wt % of arc furnace slag as a cement in concrete was 

the optimum percentage for the values of mass 

attenuation coefficients of the most investigated γ-ray 
energy lines in concrete maxis. 

 There is no a significant variation of the values of Σ for 

all used neutron energies by adding a different 

percentage of slag as cement in concrete. 
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