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Abstract: This paper provides a simplified method to deduce the attenuated energy 

spectrum of X-ray radiation when it traverses through concrete made with 100 % 

electric arc furnace slag aggregates. Electric arc furnace slag is a by-product of the 

steel making process and in this study, it was utilized as an aggregate in the 

concrete. The attenuation of the radiation through the concrete is attributed to 

possible absorption and scattering of X-ray photons. Typically, X-ray procedures 

are conducted within the energy settings of the X-ray machines in the range of 60 

keV to 150 keV. As such, the lowest and the highest energy settings were 

considered in evaluating the degree of attenuation attained at these values. The 

concrete shielding partitions of thicknesses of 15 cm, 17 cm, 19 cm and 22 cm were 

constructed and exposed to X-ray energies of 60 keV and 150 keV respectively. 

The calculated X-ray spectrum through the concrete partitions describing the 

energies of the photons was compared with the spectrum incident on the concrete 

partition. The overall reduction of the energies of the photons is attributed to the 

interaction processes between the X-ray photons and the atoms as they traverse 

through the concrete partition. 

Keywords: Attenuated, X- ray spectrum, Electric arc furnace slag, Concrete, 

Photons. 
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1. Introduction 

X-rays consist of massless, uncharged particles known as photons and when these photons come 

in contact with matter, they are either absorbed, scattered or penetrate through the matter without 

any attenuation [1]. The absorption, scattering and penetration of the photons when they come into 

contact with matter, depend on the extent to which the energy of the photons is reduced as they 

traverse through matter [2]. However, owing to the ionizing nature of X-ray radiation, exposure to 

this type of radiation could be harmful because it may disrupt the functioning of the living tissues 

[3]. As such, in recent times, due to the increased use of X-ray generating equipment in medical 

facilities, there is a growing concern about whether the areas where the radiation producing 

equipment are operated are adequately shielded to prevent the radiation from escaping to nearby 

areas [4].  

A radiation shield forms a barrier which absorbs the photons and interacts with it so that its passage 

through it is blocked [5]. The process by which the energy of radiation is minimized is called 

attenuation and is dependent on the density of the shielding material such that a dense shielding 
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material with a high atomic number is a good attenuator of X-rays [5]. A dense material with a 

high atomic number means there is a large number of electrons present in the material for 

interacting with the incoming photons [2].  

Typically, lead is the common material utilized in shielding X-ray radiation. Due to the high 

toxicity, availability, cost and disposal problems of lead, increasing attention is being given to 

other materials such as high density Portland Cement Concrete (PCC) that could be utilized to 

shield radiation [6]. One such material is high density concrete. Aggregates occupy approximately 

70 % of the volume of concrete and significantly influence the density of the concrete produced. 

As such, the  use of a concrete shield made from high density aggregates instead of normal weight 

aggregates can permit an overall building cost reduction by decreasing the size of the structure 

enclosing the shield [7].The higher the density, the smaller the thickness of concrete required to 

adequately reduce the energy of the radiation.  

However, in recent years, the extraction and availability of natural aggregates for concrete 

production has become a cause of concern due to the depletion of natural quarries and the 

emissions from the extraction processes [8]. The consistent exploitation of natural material for 

concrete production poses a serious challenge to the sustainability of the environment [9]. 

Therefore, the possibility of natural aggregate replacement with recycled material could result in 

energy savings and natural resource conservation. In this study, the recycled material considered 

in concrete production is electric arc furnace slag. 

Even though [10, 11, 12, 13, 14, 15, 16] examined the effect of electric arc furnace slag aggregates 

on the physical and mechanical properties of concrete, the behaviour of the concrete made with 

100 % electric arc furnace slag aggregates when exposed to X-ray radiation was not evaluated. 

In this paper, the behaviour of concrete manufactured with 100 % electric arc furnace slag 

aggregates when exposed to different X-ray energies was analyzed by deducing the absorption and 

the scattering of the X-rays photons as they traverse through the concrete material.  

2. Materials and Methods 

2.1 Materials and Sample Preparation 

The materials used for the production of concrete were: 

1. Cement: Blended cement was utilized in the concrete mixtures and was obtained from a local  

cement factory (Trinidad Cement Limited). 

2. Aggregates: The aggregates used to formulate the concrete mixtures were electric arc furnace 

slag aggregates. Electric arc furnace slag is a by-product from the steel making process and is 

typically left in stockpiles at the production site when it is produced. The electric arc furnace slag 

aggregates were obtained from the stockpile at the Arcelor Mittal Steel Factory. The aggregates 

were utilized using a fine to coarse aggregate ratio of 90 to 10. 

3. Silica Fume: This is a highly effective pozzolan in powdered form of extreme fineness with 

diameter of order (0.1 microns) and consists primarily of amorphous (non-crystalline) silicon 

dioxide [6].These particles are very small (finer than cement particles), smooth and spherical in 

shape. 

 

2.2 Experimental Procedure 

(i). Rotary drum mixer: This was used to mix the concrete components together 
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(ii). X- ray source: X-ray measurements were made at energies of 60 keV and 150 keV respectively 

from the machine. The proportions of the materials used for the concrete mixture are described in 

Table 1. The thicknesses of the concrete samples utilized for the X-ray radiation attenuation test 

were extracted from [18]. Typically, X-ray procedures are conducted within the energy settings of 

the X-ray machines in the range of 60 keV to 150 keV. As such, the lowest and the highest energy 

settings were considered in evaluating the degree of attenuation attained at these values. The 

concrete shielding partitions of thicknesses of 15 cm, 17 cm, 19 cm and 22 cm were constructed 

and exposed to X-ray energies of 60 keV and 150 keV respectively. Using a water to cement ratio 

of 0.35, an aggregate to cement ratio of 3, the volume of the concrete mixture was 0.03 m3; the 

proportions of the materials required for the concrete mixtures were determined. The proportions 

of the materials are illustrated in Table 1.  

 

 

 

 

Table 4: Mix proportions of the materials used in the concrete mixture 

 

 

The materials were placed in a rotary drum mixer in the following sequence:  

 

1. The coarse and fine electric arc furnace slag aggregates, cement and silica fume which were 

allowed to mix for approximately 5 minutes.  

2. The water was added after the mixer was started and all the materials were allowed to mix 

thoroughly for 7 minutes.  

3. The concrete mixture was then placed in the molds designed to accommodate the concrete 

specimens.  

4. Each layer of the molds was consolidated using a vibrating table. The concrete samples were 

left in the laboratory at room temperature for twenty four hours before they were placed in a water 

basin and kept for a twenty eight day period.  

5. After a twenty eight day period, the concrete specimens were removed from the water and left 

in the sun until completely dried.  

6. The hardened concrete specimens were cut into thicknesses of 15 cm, 17 cm, 19 cm and 22 cm. 

 

2.3 Radiation Attenuation Test 

 

The behaviour of the concrete made with electric arc furnace slag aggregates when exposed to the 

X-rays was conducted using the arrangement as shown in Fig.1.The radiation source which was 

utilized comprised of X-ray radiation using selected energy values of 60 keV and 150 keV. The 

Thickness  
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of water 
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cement 

(kg) 

Mass of  

silica 

fume 

(kg) 

15 274 170 19 22 57 6 

17 311 193 21 25 64 7 

19 348 216 24 28 72 8 

22 402 250 28 32 89 3 



             The International Conference on Emerging Trends in Engineering and Technology (IConETech-2020) 

Faculty of Engineering, The UWI, St. Augustine | June 1st – 5th, 2020 

212 

concrete test samples of thicknesses 15 cm, 17 cm, 19 cm and 22 cm were arranged in front of a 

collimated beam generated from an X-ray source. The measurements were conducted using a 20 

minute counting time for each sample. An illustration of the experimental arrangement is displayed 

in Fig. 1. 

 

 

Figure 1: Arrangement of the concrete partition for the X-ray radiation test 

According to [17], the mean free path is the average distance travelled by the photon between 

successive interactions with the electrons of the atoms and is described using Eq. (1):  

 

                                                                Mean free path = 


1
                                                                  

(1)                                                                                 

                                                                                                                 

where µ is the linear attenuation coefficient.  

Eq. (1) shows that at higher linear attenuation coefficient values, the mean free path distance is 

small as compared to lower linear attenuation coefficient values in which the mean free path 

distance is higher. As such, the value of the mean free path  primarily depends on the energy of 

the photon such that a photon having at a higher energy and a lower linear attenuation coefficient 

will move a greater distance before interacting with the electrons of the atoms present in the 

shielding material.  

 

3. Results and Discussion 

According to [17], each of X-ray energy has a characteristic spectrum associated with it and 

depends on the voltage at which the X-ray tube is set. These values are the equivalent to energy 
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values in electron-volts (eV) because when the tube is set at these voltage values, the electrons in 

the X-ray tube are accelerated through these voltage values within the X-ray tube. The energy 

spectrum generated from a typical X-ray tube is illustrated in Fig. 2. 

 

Figure 2:  X-ray spectrum from an X-ray tube showing the number of  photons against energy of 

60 keV and 150 keV for a typical X-ray machine 

 

Fig. 2 describes the work done by [17], who formulated the spectrum by considering that each tube 

voltage generates photons at a range of different energies and a specific number of photons is 

produced at each energy value. This explains that at each X- ray tube voltage value, photons are 

released with a range of different energies. It is also estimated that the highest energy of the 

photons leaving the X-ray tube is called the effective energy and is represented by the peak of each 

graph  [17].Therefore, at each of these energy values, a specific number of photons is produced 

from the X-ray tube. The effective energy is approximated at 30 % of each energy value which is 

equivalent to the voltage at which the tube is set [24]. As shown in Fig. 2; for all energies used, at 

10 kV, the number of photons is zero. Using the peak energy values shown in Fig. 4, the number 

of photons at the effective energy values are stated in Table 2. 

Table 5: Number of photons at the effective energy values [17] 

 

The X-ray spectrum illustrated in Fig. 3 and the values stated in Table 2 show the variation of the 

number of the number of photons with the energy from a typical X-ray tube. This spectrum 

describes the range of energies of the photons incident on the concrete block before they are 

attenuated. Due to the attenuation of the energy of the photons as they traverse through the block, 

the photons will lose energy. This will cause the spectrum to change such that the effective energy 

will be lower in the concrete block. According to [1], if the energy of the X-ray photon before it is 
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scattered is E0 and the energy of the X-ray photon after scattering is Ef.; then E0 and Ef are related 

by Eq. (2): 

                                       

                                                                         

(2)                                                                                                                                                                                          

• Ef is the energy of the photon after it interacts with the electron of the atom 

• E0 is the energy of the photon before it interacts with the electron of the atom 

• mc2   is the rest mass energy of the electron of the atom and has a value 511MeV 

• θ is the scattered or deviated angle of the photon after interacting with an electron of an 

atom 

 

3.1 Determination of the Attenuated Energy of the Photons after Moving Through the Mean 

Free Path Distance 

 

Photons travel a certain distance known as the mean free path distance before interacting with the 

electrons of atoms which causes their respective energies to be reduced [1]. At the average values 

of the distance travelled by the photons for each thickness given; the attenuated energy of the 

photons after moving through this distance was estimated using the following steps: 

1. The values of the linear attenuation coefficient at the energies of 60 keV and 150 keV were 

extracted from the mass attenuation coefficients using the data provided by [20]. 

2. The determination of the mean free path distance at each energy value of 60 keV and 150 keV 

using equation (1). 

3. The estimation of the energy value at each mean free path distance was determined using Eq. 

(2) 

4. The corresponding number of scattered photons at the energy value of each mean free path 

distance was calculated by reading off the values of the number of photons at the respective 

energies from the initial X-ray spectrum illustrated in Fig. 3. 

Using the average thickness of the concrete for the energies of 60 keV and 150 keV, the calculation 

of each mean free path at the respective energies was determined. The number of scattered photons 

at the respective attenuated energy values is illustrated in Fig. 3 and Fig. 4 respectively. 
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Figure 3: Attenuated energy spectrum of 60 keV

 

Figure 4: Attenuated energy spectrum of 150 keV 

Table 3: Number of Photons at the effective energy value of 24 keV 

 

 

 

0

2000

4000

6000

8000

10000

12000

0 5 10 15 20 25 30 35 40

N
u

m
b

er
 o

f 
P

h
o

to
n

s

Energy (kV)

Number of Scattered X-ray photons at energy 60 keV

15cm

17cm

19cm

22 cm

0

20000

40000

60000

80000

100000

0 10 20 30 40 50 60 70 80 90

N
u

m
b

er
 o

f 
P

h
o

to
n

s

Energy (kV)

Number of Scattered X-ray photons at energy 150 keV

15 cm

17 cm

19 cm

22 cm

Thickness of Concrete 

Partition (cm) 

Number of Scattered X -ray 

Photons 

Factor by which the number 

of 

X-ray photons decreased 

15 60,000 0.20 

17 60.000 0.20 

19 50.000 0.33 

22 10,000 0.87 



             The International Conference on Emerging Trends in Engineering and Technology (IConETech-2020) 

Faculty of Engineering, The UWI, St. Augustine | June 1st – 5th, 2020 

216 

 

Table 4: Number of Photons at the effective energy value of 50 keV. 

 

Table 3 and Table 4 illustrate the number of the scattered X-ray photons which corresponds to the 

effective number of photons which are generated at the energy of 60 keV. From Table 3 and Table 

4, it is evident that as the thickness of the concrete samples increased, the number of photons also 

decreased. 

4. Conclusion 

The findings from the experiment provide a quantitative measure of the reduction of the radiation 

as it   traverses through the concrete. Having observed the initial X-ray spectrum incident on the 

concrete block at the energy values of 60 keV and 150 keV, the initial spectrum has a higher 

number of photons than the absorption and scattering spectrums respectively. As such, it can be 

deduced that the energies were attenuated through the concrete block. Based on the degree of 

attenuation achieved due to the absorption and scattering of the photons; it can be inferred that 

concrete made with electric arc furnace slag aggregates significantly contributes to the reduction 

of the number of photons passing through it. As such, it is evident that concrete formulated using 

electric arc furnace slag aggregates is an effective material to minimize the energy of the photons 

as they pass through it.  
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