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Abstract. A simple void detection system for concrete was successfully 
developed using high-penetration gamma rays with Compton scattering. This 
research attempted to identify a void in the subsurface of a concrete volume that 
could not be accessed from any of the sides. Monte Carlo simulation using 
GEANT4 toolkit was performed to investigate the gamma-ray backscattering 
events. An NaI(Tl) detector was used with 60Co and 137Cs as gamma-ray sources. 
The void’s location was successfully detected during material target scanning. 
Density discrepancies conduce variance of the backscattering peak produced due 
to the presence of a void. Compared to 60Co as the gamma-ray source, 137Cs is a 
better choice for application in NDT systems using Compton scattering. 
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1 Introduction 
The quality of concrete depends on the stress levels on the surface and in the 
whole volume. The stress levels are related to the distribution of matter in these 
areas. A homogeneous distribution of the material inside the concrete’s volume 
is the most important criteria in quality control during the concrete 
manufacturing process. The effects of bad characteristics such as cracking, 
defects, etc. increase the probability of building collapse. Besides this, a high 
elasticity modulus shows the ability of the concrete to carry the load with 
minimum strain produced. The elasticity modulus depends on the concrete’s 
compressive strength. 

Non-destructive testing (NDT) is an excellent measurement method that is 
usually applied to investigate and analyze material characteristics without 
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causing damage to the material itself. NDT is generally used for mechanical 
characteristics inspection in quality control of the material produced. 
Investigation of the material’s condition is also necessary for safety reasons. 
The use of high-precision instruments and excellent products in materials 
engineering, production, and industrial fields is essential. Many different NDT 
applications are used in material characteristics measurement using various 
methods, such as visual testing (Bossi and Giurgiutiu [1]), ultrasonic testing 
(Darmon, et al. [2] and Wu, et al. [3]), acoustic emission testing (Holford, et al. 
[4]), electromagnetic testing (Yang, et al. [5]), infrared thermographic testing 
(Angeliki, et al. [6]), liquid penetrant testing (Kalinichenko, et al. [7] and 
Guirong, et al. [8]), optical testing (Liu, et al. [9]), digital shearography testing 
(Hung, et al. [10]), eddy current testing (Almeida, et al. [11]), and magnetic 
particles testing (Lu, et al. [12]). Most techniques are unable to reach the areas 
under the inspected surfaces, are suitable only for specific materials, and have 
high uncertainty. Some of the examination processes have to be repeated to 
obtain acceptably high precision results. To solve this problem, radiography can 
be used. Radiography uses X-rays for penetration of the material. One example 
of an NDT system is using the X-ray backscattering imaging technique for 
plane materials developed by Kolkoori, et al. [13]. Since X-rays have a short 
transmission distance and performance decreases with increasing distance, high 
penetration gamma energy should be used. 

Gamma rays have high energy and a short wavelength in the electromagnetic 
spectrum. The energy of the gamma-rays makes inspection of an object under 
the surface possible. The photoelectric effect, the Compton effects, and pair 
production are physical phenomena that occur when radiation passes through a 
material. In NDT applications, gamma-ray penetration is useful for detection of 
material defects such as voids, inclusions, cracks, inhomogeneous distribution 
and miss-orientation of fibers. Short wavelength radiation is the best option for 
investigating thick objects, as described by Gholizadeh [14]. Radioactive 
sources such as 192Ir, 241Am, 60Co, and 137Cs are commonly used as sources of 
photon energy in NDT applications. 

Several researches on NDT applications using gamma radiation have been 
conducted, such as observation of the differences in energy distribution and 
backscattering intensity of 1.12 MeV gamma photons emerging from Zn, Al, 
Sn, Fe, C as element targets and the compounds as a function of thickness and 
the atomic number (Z) target by Sabharwal, et al. [15]; liquid density iden-
tification in polyethylene pipe using a 137Cs gamma ray source by Wirawan, et 
al. [16]; inspection of steel wire ropes on a suspension bridge using a 192Ir 
gamma-ray source to determine and predict the resistance of steel wire ropes on 
a suspension bridge caused by corrosion and deformation, as presented by Peng 
and Wang [17]; and material inspection using gamma scattering techniques with 
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5 mCi (185 MBq) 137Cs gamma sources and BGO detectors by Chankow, et al. 
[18]. Void inspection in concrete has been performed with various gamma 
sources, detector types, and simulation methods. An HPGe detector and 137Cs 
gamma ray source has been used for Portland concrete inspection using MCNP 
by Priyada, et al. [19]; the same kind of gamma source and detector type were 
used to detect steel embedded in concrete by Margret, et al. [20]; and using 
PENELOPE-2008, gamma-ray exposure in steel and a concrete-lined chamber 
was calculated by Mer,k et al. [21]. Inspection of reinforced concrete using 
Compton backscattering has been performed using CdTe semiconductor 
detectors and 241Am gamma sources by Boldo, et al. [22]. 

The focus of this study was the rigorous usage of GEANT4 simulation to 
investigate a void in a concrete volume and comparison of 60Co with 137Cs 
gamma source. For these purposes, Monte Carlo simulation was performed. For 
detector resolution calibration, the simulation data and the experimental data 
were compared. 

2 Method 

When gamma rays penetrate a material, Compton scattering is one of the 
physical processes that may occur. Compton scattering is the interaction of 
photons and free electrons in the material. When photons and the material 
collide, some of the energy is transferred to material electrons. In this 
interaction, a photon with energy Eγ (MeV) is deflected from its original 
direction with scattering angle θ. Another energy, Ee (MeV), is transferred to 
the scattered electron or recoil electron. This interaction results in photon 
scattering and electron scattering. The energy of the scattered photons and the 
scattered electrons can be seen from Eqs. (1) and (2), respectively [20]. 
Scattered photons can be detected by a detector.  

 𝐸𝑆𝑆 = 𝐸𝛾
1+

𝐸𝛾
0.511(1−𝑐𝑐𝑐𝜃)

 (1) 

 Ee = Eγ - ESC (2) 

Material characteristics such as density and volume have an influence on the 
scattered photons produced. Beside that, the Compton scattering probability of a 
material depends on the electron number of the material target and increases 
linearly to the atomic number (Z) of the material. In the interaction between the 
gamma rays and the material, the probability of interaction is disclosed in two 
cross sections, namely the macroscopic cross section, which is expressed as 
attenuation coefficient µ, and the microscopic cross section. The microscopic 
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cross section (σ) is expressed as the interaction probability of length and 
material density. 

 𝜎 = 𝜇
𝑁

=  𝜇 𝐴
𝜌𝑁𝐴

 (3) 

where N is material density, ρ is absorption material density, A is atomic mass 
and NA is Avogadro’s number. 

Monte Carlo simulation using GEANT4 toolkit was applied in this simulation. 
Monte Carlo is widely used for the purpose of understanding particle tracking. 
The GEANT4 (Geometry and Tracking) simulation toolkit was used for 
constructing the detector system, doing geometry measurements and to predict 
the experimental result characteristics. An NaI(Tl) scintillation detector was 
used and the detector response as well as the backscattering peaks were 
measured. The detector had high detection efficiency and could be operated at 
room temperature. Another research on the development of an NaI(Tl) detector 
has been performed by Tam, et al. using an Al2O3 reflector [23].  

         
Figure 1 (a) Inner parts configuration of the cylindrical NaI(Tl) scintillation 
detector [24], (b) measurement design. 

Measurements of the response function and NaI(Tl) efficiency showed good 
agreement with the experimental data. In this study, the detector model was 
developed using a cylindrical NaI(Tl) with a diameter of 7.62 cm and a 
thickness of 7.62 cm, covered by aluminum shielding. MgO was used as the 
reflector and SiO2 as the absorber. To reduce the background radiation, the 
inner parts of the detector were surrounded by Pb shielding, as shown in Figure 
1(b). This geometry was adapted from Abd-Elzaher, et al. [25]. 
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Photon collection is one of the criteria to determine the efficiency and resolution 
of the detector. Some photons that get into the detector are not directly absorbed 
by the crystal surface. To recapture these photons, the crystal should be 
surrounded by a reflector. This reflector needs high reflection coefficients to 
optimize the light collection. Reflectance may improve photon collection 
efficiency. A diffuse reflector such as MgO is commonly used to obtain good 
results. MgO is physically and chemically stable at high temperature. Photon 
collection is measured by a silicon wafer (SiO2) photon sensor. 

In this simulation, the void was represented by a cylindrical chamber filled with 
1.29 mg/cm3 air density in a volume 60 x 30 x 10 cm3 ordinary concrete. The 
detector placement position was varied at 35 measurement points. The 
measurement process during this simulation aimed to determine the responses 
of the gamma-ray backscattering energy around 0.2 MeV at various detector 
positions and also to observe whether concrete density influences the gamma-
ray backscattering peak. The full width at half maximum (FWHM) value was 
determined by using Eq. (4), where σ is the standard deviation, as described by 
Tam, et al. [23], and the detector resolution was determined by using Eq. (5), as 
described by Kaewkhao, et al. [26]. 

 𝐹𝐹𝐹𝐹 = 2√2𝑙𝑙2𝜎 = 2.335𝜎 (4) 

 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝐹𝐹𝐹𝐹
𝐸

 100 (5) 

3 Results and Discussion 

3.1 Resolution and FWHM of the Detector 
To determine the detector resolution and the FWHM value, the energy 
distribution was measured. The experiment was carried out by exposing 1μCi 
activity of 60Co and 137Cs gamma rays for 10 minutes. A simulation was 
performed to generate 1x108 60Co events and 5x107 137Cs events with the 
mentioned activity. The photopeaks from the simulation and the experimental 
results were compared, as shown in Figure 2.  
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         (a)           (b) 
Figure 2 (a) 137Cs and (b) 60Co energy distribution. 

The FWHM of the 137Cs from the experimental results was found to be 0.0433 
and the detector resolution calculated was 6.53%. The FWHM and the detector 
resolution obtained from the simulation results were 0.0441 and 6.66% 
respectively. These results have good agreement between the experimental data 
and the simulated data. 

For the 60Co gamma source, the FWHM of 1.17 MeV energy from the 
experiment was 0.0698 and the detector resolution obtained was 5.96%, 
whereas from the simulation, the FWHM obtained was 0.0752 and the detector 
resolution was about 6.43%. For 60Co photoelectric energy at 1.33 MeV, the 
FWHM from the experiment result was 0.0714 and the detector resolution was 
5.37%. From the simulation, the FWHM obtained was 0.08 with a detector 
resolution of 6.04%. 

3.2 Void Identification in Concrete 
The inhomogeneousness of material density can be examined by investigating 
the intensity of the scattered radiation [19]. In this simulation, the void was 
represented by a cylindrical chamber with an air density of about 1.29 gr/cm3. 
Because the density of the main concrete was 2.3 gr/cm3, the intensity of the 
scattered radiation produced by the main concrete and the void should be 
different. The simulation was conducted for void detection in a concrete volume 
of 60 x 30 x 10 cm3. The measurement setup is shown in Figure 3. 
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Figure 3 (a) Void position, (b) main concrete and void location, (c) 
measurement setup in GEANT4. 

The void was located at the center of the main concrete and the detector 
positions for scanning were varied at 35 points. Their 2D plots are shown in 
Figure 4 in different shades. In Figure 4, the backscattering peaks obtained for 
each detector position are distinguished by different colors. The backscattering 
peaks obtained for each point were different from each other according to the 
number of scattered photons recorded by the detector. When the radiation 
perceives the concrete as material target and then interacts, the number of 
photons scattered after this interaction will be detected by the detector as 
number of counts. This count will increase when the electron density in the 
material is higher. The count of scattered photons will decrease when the 
electron density is lower, which indicates the existence of a void. The position 
of the void is at the (0,0,0) coordinate and is marked with a dark blue color. The 
void at the center of the concrete, filled with 1.29 gr/cm3 air, was successfully 
identified. From Figure 4(a) and (b) it can be seen that 137Cs as the gamma 
source performed better than 60Co.  

  
(a) (b) 

Figure 4 Backscattering peak distribution for void detection at the (0,0,0) 
coordinate: (a) 60Co, (b) 137Cs. 
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To see the influence of material density, ordinary concrete was simulated with 
varying density, i.e. 2.3 gr/cm3, 2.07 gr/cm3, 1.61 gr/cm3, 1.15 gr/cm3, and 0.69 
gr/cm3 and a cylindrical void. A backscattering peak around the region of 
interest was found at 0.23 MeV. The number of electrons in a volume element 
induces backscattering and the density is proportional to the backscattering peak 
produced, as shown in Figure 5. The R2 values obtained from exponential fitting 
for 60Co and 137Cs were 0.97677 and 0.97828, respectively. 

The probability of gamma ray interaction with a material is inversely 
proportional with its density (see Eq. (3)). Increasing the material density will 
reduce the interaction between photons and the material. As a result, there will 
be many scattered photons. If a volume element in the material is passed by the 
photon beam, the reduction of element density conduces photon attenuation and 
the photon scattering will be reduced (Figure 5). This is similar to the 
description in Wirawan, et al. [24] of the Compton scattering approach in the 
case of inhomogeneous density. A similar conclusion was also drawn by 
Priyada, et al. [19], namely that the reduction of density by a void causes a 
subdued backscattering peak. The increase of the Gaussian peak using 60Co as 
the source is not too significant compared to using 137Cs. This is due to the high 
energy of 60Co. The decrease of the Gaussian peak in the last point of the 137Cs 

measurement results was due to the attenuation factor 𝑒−�
𝜇�𝐸𝑖�
𝜌 �𝜌𝑟𝑖  in the 

medium, as described by Wirawan, et al. [24]. 

      
     (a)     (b)  

Figure 5 Correlation of Gaussian peak and concrete density in inhomogeneous 
density detection: (a) 60Co, (b) 137Cs. 
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4 Conclusion 
Simulation of an NaI(Tl) detector for detecting voids in concrete was 
successfully performed. The detector and measurement setup were designed 
using GEANT4 toolkit. The simulation result had good agreement with the 
experimental data. Detector position placement and void existence influenced 
the backscattering peaks produced and the position of the void was well 
identified. Compared to 60Co, 137Cs is more effective as gamma-ray source for 
application in NDT systems using Compton scattering. 
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