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Abstract 

Corrosion of reinforcement in concrete, associated with consequent cracking, delamination, and 

spalling, is the greatest threat to the durability of reinforced concrete (RC). Timely detection of 

corrosion could be achieved using non-destructive testing (NDT) methods, which in turn could 

minimise, prolong, or avoid the serious consequences of corrosion. Ground penetrating radar 

(GPR) is proving to be one of the most beneficial NDT methods, especially due to its efficiency 

and versatility. Research activities in this field have increased, but uncertainties remain 

regarding the response of GPR in corrosive environments. In particular, the extent and even the 

sign of the amplitude change due to corrosion products is unresolved. This work addresses the 

observation and characterisation of GPR signal changes due to chloride-induced corrosion 

performed in the laboratory and with numerical simulations. It is expected that the findings of 

this work will contribute to a more accurate and detailed corrosion assessment procedure for 

RC structures. 

 

Keywords: concrete, chloride-induced corrosion, non-destructive testing (NDT), ground 

penetrating radar (GPR), signal analysis. 
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Prošireni sažetak 

Uzimajući u obzir potrebu čovječanstva za održivijim razvojem u odnosu na prethodni, 

racionalnije održavanje armiranobetonskih konstrukcija nameće se neophodnim. Najzahtjevniji 

problem u održavanju ovih konstrukcija je korozija armature koja uzrokuje pojavu pukotina, 

raslojavanja i odvajanja zaštitnog sloja betona, što dalje dovodi do narušavanja cjelovitosti 

konstrukcije i problema sa njezinom nosivošću. Održiviji način kontrole ovog procesa može 

biti njegovo rano otkrivanje, čime bi popravci bili manje složeni, a ujedno znatno isplativiji. U 

konačnici, time bi se mogao produžiti uporabni vijek, što je u skladu sa strategijama održivog 

razvoja. 

Georadar je nerazorna metoda ispitivanja koja se temelji na emisiji elektromagnetskih valova u 

materijal. Informacije o položaju i geometriji objekta dobivaju se na osnovu refleksije valova o 

objekte koji se promatraju. U ovom radu karakteristike reflektiranog vala od armaturne šipke u 

betonu korištene su za analizu korozijskog stanja armature. Pregledom literature utvrđeno je da 

postoje nepoznanice o utjecaju produkata korozije na jačinu, ali i na predznak promjene 

amplitude vala. Međusobno neslaganje zaključaka pojedinih laboratorijskih istraživanja, 

zaključeno je, može potjecati od neadekvatnosti postavki eksperimentalnog sustava. Najveći 

broj provedenih laboratorijskih istraživanja o utjecaju procesa korozije na promjenu signala 

georadara proveden je na način da je korozija izazvana izlaganjem armaturne šipke vanjskom 

izvoru struje. U takvim postavkama korišten je elektrolit kako bi se u potpunosti simulirao 

galvanski članak, a koji je u najvećem broju studija bio takav da su betonski uzorci djelomično 

uronjeni u njega. To za posljedicu može imati potrošnju armature uslijed korozije na strani 

šipke koja je okrenuta prema elektrolitu. Ako je ispitivanje georadarom provedeno sa suprotne 

površine betona u odnosu na onu uronjenu u elektrolit, što je slučaj u većini postojećih radova, 

to može dati irelevantne rezultate s obzirom da tako nastali produkti korozije ne mogu 

uzrokovati promjene u jačini signala georadara. Razumijevanje mehanizama koji uzrokuju 

promjene signala uslijed kompleksnog procesa korozije se može dobiti kroz numeričko 

modeliranje. Ključno u numeričkom modeliranju jest adekvatan odabir svojstava materijala, 

uključujući i beton i korozijske produkte. Iako se mali broj studija bavio analizom amplitude 

signala georadara uslijed korozije armature, niti jedno istraživanje nije uključilo kompleksna 

dielektrična svojstva korozijskih produkata koja potječu od relaksacijskih mehanizama kojima 
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su izloženi željezovi oksidi u prisustvu elektromagnetskog polja. 

Stoga, hipoteze ovog rada su da 1) parametri kloridima prouzročene korozije – vlaga, kloridi i 

korozijski produkti – izazivaju mjerljive promjene u amplitudi elektromagnetskog vala 

reflektiranog od armature u betonu, 2) raspodjela korozijskih produkata u zaštitnom sloju 

betona utječe na promjene materijala, što utječe na amplitudu elektromagnetskog vala 

reflektiranog od armature u betonu. 

U prvom radu ove disertacije napravljen je pregled relevantne literature na temu procjene stanja 

korozije pomoću georadara. U radu su detaljno obrađena postojeća laboratorijskih ispitivanja 

kao i ispitivanja na terenu. Kao takav, rad je poslužio za utvrđivanje glavnih postavki sljedeća 

tri rada. 

Drugi rad ove disertacije bavi se utjecajem različitog položaja elektrolita u ubrzanom procesu 

korozije na promjenu signala georadara. Laboratorijska ispitivanja provedena su na način da je 

kod jednog dijela uzoraka strana betona izložena elektrolitu bila suprotna od strane koja je 

ispitivana georadarom, dok je kod ostatka uzoraka strana izložena elektrolitu ujedno ispitana 

strana. Zaključak studije je da u prvom slučaju promjena amplitude ne prati jasan trend, te da 

amplituda uglavnom oscilira oko početne vrijednosti amplitude. Nasuprot tome, u drugom 

slučaju amplituda se smanjuje sa rastom stupnja korozije. Nakon otvaranja uzoraka po 

završetku ispitivanja, zaključeno je da se potrošnja metala i migracija korozijskih produkata 

odvila sa strane šipke okrenutoj prema elektrolitu. To dovodi do toga da se u prvom slučaju 

korozijski produkti ne mogu detektirati georadarom, dok se u drugom slučaju mogu detektirati 

što je ujedno uzrok pada amplitude. 

U trećem radu promatra se utjecaj tri izolirana parametra korozije uzrokovane kloridima (vlaga, 

kloridi i produkti korozije) na promjenu jačine signala s ciljem kvantificiranja promjene 

amplitude izražene u dB/cm. Zaključeno je da sva tri izolirana faktora uzrokuju pad amplitude. 

Konkretno, zaključeno je da koncentracija klorida od 0.6% u odnosu na masu cementa na nivou 

armature, koja je srednja vrijednost beta raspodjele funkcije "kritične" vrijednosti klorida prema 

fib Model Code, uzrokuje promjenu amplitude od -0.7 dB/cm. 

Numeričko modeliranje armiranobetonskih uzoraka u korozivnoj sredini provedeno je u 

četvrtom radu. Modeliranje je provedeno u softveru gprMax koji se temelji na rješavanju 

Maxwell-ovih diferencijalnih jednadžbi korištenjem principa konačnih razlika u vremenskoj 

domeni. Numeričkim simulacijama promatran je utjecaj vlage, klorida i produkata korozije. 

Dielektrična permitivnost betona modelirana je pomoću tzv. modela CRIM, koji na temelju 
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volumnih udjela heterogenih komponenti materijala i odgovarajućih permitivnosti daje 

jedinstvenu dielektričnu permitivnost betona. S obzirom da je jedna od sastavnih komponenti 

betona voda, koja ima disperzivna svojstva, dielektrična permitivnost betona se u konačnici 

modelira kao kompleksan broj. Također, dielektrična permitivnost proizvoda korozije 

modelirana je kao kompleksan broj, koji uzima u obzir relaksacijske mehanizme željeznih 

oksida. Usporedbe radi, provedeno je modeliranje uzoraka gdje su dielektrična svojstva uzeta 

kao realni brojevi. Nakon usporedbe rezultata numeričkog modeliranja s rezultatima 

laboratorijskih eksperimentalnih ispitivanja, zaključeno je da dielektrična svojstva treba 

modelirati kao kompleksna kako bi se dobili relevantni rezultati. 

Ključne riječi: beton, kloridima prouzročena korozija, nerazorna ispitivanja, georadar, 

analiza signala. 
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Notations 

Lower-case Latin characters 

c average chloride concentration in concrete cover 

ccrit critical chloride concentration 

h height of the concrete at which the pores are filled with corrosion products 

mc mass of cement 

t time 

w saturation level 

w/c water to cement ratio 

wv volumetric water content 

Upper-case Latin characters 

A, A1 normalised amplitude 

A35 specimen stored at 35% r.h 

Ac amplitude in the observed corrosive condition 

ACl amplitude at a given chloride concentration 

ACS amplitude on the control sample 

ADW,air amplitude of the direct wave in air 

ADwi amplitude of the direct wave 

Ai amplitude of the reflected wave 

Am amplitude at a given saturation level 

Aref amplitude before the corrosive environment was created 

As amplitude in a saturated specimen 

B  vector of magnetic flux density 

C label for the group of specimens in which the influence of corrosion products 

was observed 

Cl label for the group of specimens in which the influence of chlorides was 

observed 

D  vector of electric flux density 

E vector of electric field strength 
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H  vector of magnetic field strength 

J  vector of current density 

M label for the group of specimens in which the influence of moisture was observed 

NC number of specimens in the C specimen group 

NCl number of specimens in the Cl specimen group 

NM number of specimens in the M specimen group 

R receiving antenna 

T transmitting antenna 

Q quartile 

Greek characters 

Δm mass loss due to corrosion 

ε dielectric permittivity of material 

ε4(ω) complex dielectric permittivity of corrosion products 

εI(ω) complex dielectric permittivity of concrete in which pores are filled with air and 

pore solution 

εII(ω) complex dielectric permittivity of concrete in which pores are 100% filled with 

corrosion products 

εIII(ω) complex dielectric permittivity of concrete in which pores are 60% filled with 

corrosion products 

εIV(ω) complex dielectric permittivity of concrete in which pores are 30% filled with 

corrosion products 

εr real dielectric permittivity of concrete 

μ magnetic permeability 

ρ charge density 

σ electrical conductivity of material 

Φ porosity of concrete 

ω angular frequency 

Acronyms 

CRIM Complex Refractive Index Model 

EM Electromagnetic 

ER Electrical Resistivity 

FDTD Finite-Difference Time-Domain 
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FHWA Federal Highway Administration 

GPR Ground Penetrating Radar 

H1 Hypothesis 1 

H2 Hypothesis 2 

HCP Half-Cell Potential 

IC Impressed Current 

IE Impact Echo 

JIF Journal Impact Factor 

NDT Non-Destructive Testing 

PEC Perfect Electric Conductor 

PR Polarization Resistance 

Q1 Quartile 1 

Q2 Quartile 2 

Q3  Quartile 3 

RABIT Robotics Assisted Bridge Inspection Tool 

RC Reinforced Concrete 

USW Ultrasonic Surface Waves 
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Chapter 1. Introduction 

The 5th paragraph of the 12th Sustainable Development Goal of the United Nations 2030 Agenda 

[1] states, "By 2030, substantially reduce waste generation through prevention, reduction, 

recycling and reuse." Considering that concrete is the second most consumed material in the 

world after water [2], the waste generated at the end of the service life of concrete structures is 

a direct threat to the destruction of our planet. Therefore, one of the global goals of the research 

community is to extend the service life of concrete structures through certain strategies [3–5] 

in order to contribute to the well-being of the entire planet Earth. Finally, it is ultimately 

important to ensure the safety of concrete structures and reduce hazards during their service 

through maintenance, which is an obligation of the building owners. 

1.1. Background 

Extending service life could be achieved through preventive inspections and preventive repair 

work on concrete structures, rather than through subsequent repairs when deterioration is 

already advanced. Repeatable, comprehensive, and periodic inspection is attainable using non-

destructive testing (NDT) methods. 

The main durability concern that jeopardises the service life of reinforced concrete (RC) is the 

corrosion of the reinforcement [6,7]. Certain environmental conditions can favour the corrosion 

process. However, one of the harshest environments is chloride-rich, where the trigger of 

reinforcement corrosion is chloride ions from seawater or de-icing salts. Once the chloride 

concentration in the reinforcement level reaches a certain value, ccrit, sufficient to depassivate 

the protective steel layer [8,9], the chemical reactions that convert the iron into corrosion 

products begin [10,11]. Considering the reduced cross-section of the reinforcement and the fact 

that the corrosion products have a larger volume than the steel [12,13], the corrosion of the 

reinforcement can significantly affect the load-bearing capacity and lead to deterioration of the 

concrete, which manifests itself in the form of delamination, cracking and spalling. The duration 

of corrosion initiation and propagation depends on environmental conditions, concrete 

durability properties, and design characteristics (e.g., thickness of concrete cover), among other 

factors; however, appropriate inspections should be performed at regular intervals to control 

the corrosion process and minimise the need for repair. 
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The non-destructive testing methods used for corrosion evaluation of reinforcement in RC 

structures are half-cell potential (HCP) [14], electrical resistivity (ER) [15] and polarization 

resistance (PR) methods [6]. The main disadvantages of these methods are that they require a 

connection to the rebar (HCP and PR) or only provide information about the concrete (ER). 

For the above reasons, ground penetrating radar (GPR) attracts the attention of civil engineers 

and researchers for the purpose of structural health assessment [16–25]. It is completely non-

destructive and allows the investigation of very large areas in a short time. The GPR is based 

on the emission of electromagnetic (EM) waves, which fall in the radio wave range, into a 

structural element and the detection of reflected waves from the layers or objects embedded 

into material [26–28]. In the corrosion evaluation of reinforcement in RC structures, the wave 

reflected from the rebar is considered. In particular, the shape and the strength of the reflected 

wave are analysed to interpret the corrosion condition of the reinforcement. 

The shape of the reflected wave changes due to the dispersive properties of the material [29–

33]. Namely, due to certain mechanisms occurring in the material in the presence of an 

electromagnetic field, the frequency spectrum of the original electromagnetic wave changes. 

This means that, depending on the condition of the material, certain frequency components are 

attenuated, resulting in a general change in the waveform. 

The second quantity that is commonly analysed and is the subject of this thesis, is the strength 

of the reflected electromagnetic waves. The strength of the reflected wave depends on 1) the 

reflection coefficient [34] and 2) the condition of the host material [35]. The first reason is 

related to the fact that the ratio between reflected and transmitted energy depends on the 

properties of the host material, i.e., the material through which the wave passes, and the material 

of the reflecting object or layer. The second reason is that electromagnetic waves propagate 

differently in different materials, and therefore different amounts of energy are lost during 

propagation.  

If one examines chloride-induced corrosion of reinforcement in concrete, one should find 

different wave strengths in uncorroded and corroded rebar. This is due to both changes in the 

1) reflection coefficient – the concrete-rebar interface has changed to concrete-corrosion 

products-rebar interfaces and 2) condition of the host material – concrete has changed into 

chloride-contaminated concrete. 

In the last two decades, there has been increasing interest in monitoring the corrosion of 

reinforcing bars using ground penetrating radar, both in laboratory experiments [36–39] and in 

the field, as a stand-alone technique [21,40–42], or as part of integrated condition procedures 

in combination with other NDT methods [22,43–51]. However, after reviewing the studies that 
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investigated corrosion in the laboratory using GPR, it was found that the influence of the 

corrosive environment on the GPR signal was unresolved. This was the motivation for 

conducting a study to observe the influence of the entire corrosion process in reinforced 

concrete on the signal. This was done through both laboratory simulations and numerical 

modelling to uncover and understand the mechanisms that cause a change in the strength of the 

electromagnetic waves during chloride-induced corrosion of the reinforcement in concrete, 

which is also the expected scientific contribution of this work. 

1.2. Objectives and hypothesis of the thesis 

The overall objective of this research was to understand the behaviour of the change in the 

strength of electromagnetic waves during the corrosion of reinforcement in concrete. This 

should be a step towards a method for non-destructive corrosion assessment of RC structures 

using ground penetrating radar, which will help promote sustainable maintenance practices for 

RC structures. 

The following specific objectives will be pursued: 

1) reviewing laboratory and in-situ corrosion assessment studies using GPR and 

identifying knowledge gaps in the research field, 

2) understanding and quantifying the effects of moisture on the change in strength of 

GPR waves reflected from reinforcement in laboratory simulations and numerical 

models, 

3) understanding and quantifying the effects of chlorides on the change in strength of 

GPR waves reflected from reinforcement in laboratory simulations and numerical 

models, 

4) understanding and quantifying the effects of corrosion product formation on the 

change in strength of GPR waves reflected from reinforcement in laboratory 

simulations and numerical models, 

5) and understanding and quantifying the effects of the distribution of corrosion 

products in chloride-induced corrosion on the change in the strength of GPR waves 

reflected from the reinforcement in laboratory simulations. 

The hypotheses of this doctoral dissertation are summarised in the following Table 1. 
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Table 1. The hypotheses of this work. 

Hypotheses 

H1 

The combined effects of corrosion products, moisture, and chlorides in 

the concrete cover affect measurable changes in the GPR wave reflected 

from the reinforcement. 

H2 

The distribution of corrosion products in the concrete cover resulting 

from corrosion affects material changes, which in turn affect amplitude 

changes in the GPR wave reflected from the reinforcement. 

Table 2 gives an overview of the objectives, the journals and the corresponding category, the 

Journal Impact Factor (JIF) from the Web of Science database, the CiteScore from the Scopus 

database, and the quartiles (Q) at the time of publication (or the last available data) and the 

corresponding papers in this thesis. It is also indicated in which paper a particular hypothesis 

was investigated. 

Table 2. An overview of objectives, journal, JIF/CiteScore, hypotheses and corresponding 

papers included within this thesis. 

Paper 
Journal/ 

Category 

JIF (Q)/ 

CiteScore 

(Q) 

Objectives Hypothesis 

Paper I.  

Non-Destructive 

Corrosion Inspection 

of Reinforced 

Concrete Using 

Ground-Penetrating 

Radar: A Review 

Materials/  

Materials 

Science, 

Multidisciplinary 

3.748 (Q3) /  

4.7 (Q2) 

− reviewing laboratory corrosion 

assessment studies using GPR 

− reviewing in-situ corrosion 

assessment studies using GPR 

− identifying knowledge gaps in 

the research field 

/ 

Paper II. 

Characterization of 

Ground Penetrating 

Radar Signal During 

Simulated Corrosion 

of Concrete 

Reinforcement 

Automation in 

Construction/  

Civil 

Engineering 

10.3 (Q1) /  

16.7 (Q1) 

− understanding and quantifying 

the effects of the distribution of 

corrosion products in chloride-

induced corrosion on the 

change in the strength of GPR 

waves reflected from the 

reinforcement in laboratory 

simulations 

H2 
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Paper III. 

Quantifying the 

Impact of Parameters 

of Chloride-Induced 

Reinforcement 

Corrosion on the 

GPR Signal 

Construction and 

Building 

Materials/ Civil 

Engineering 

7.4 (Q1) /  

12.4 (Q1) 

− understanding and quantifying 

the effects of moisture, 

chlorides, and corrosion 

products on the change in 

strength of GPR waves 

reflected from reinforcement in 

laboratory simulations 

H1, H2 

Paper IV. 

Electromagnetic 

property selection for 

GPR modelling in 

corrosive concrete 

environments 

Developments in 

the Built 

Environment/  

Civil 

Engineering 

8.2 (Q1) /  

8.7 (Q1) 

− revealing and understanding 

mechanisms changing the 

strength of GPR waves 

reflected from the 

reinforcement in numerical 

simulations due to moisture, 

chlorides, and corrosion 

products 

H1 

1.3.Outline of thesis 

The thesis is based on the summary of the work and results of four papers, which are appended 

at the end. 

The thesis is divided into several chapters: 

− In Chapter 2, the main aspects of the theory of electromagnetic radiation and the 

fundamentals of ground penetrating radar principles are presented. In addition, Chapter 

2 is mainly devoted to the review of studies on the influence of moisture, chlorides, and 

corrosion on ground penetrating radar. However, a detailed review of studies on the 

evaluation of corrosion in the laboratory and in-situ using GPR is given in Paper I, so 

this part is only summarised in Section 2.2.3. Therefore, an overview of the effects of 

moisture and chlorides on the GPR signal is added in Chapter 2, compared to Paper I. 

Furthermore, a brief overview of numerical modelling of GPR behaviour in a corrosive 

environment is given in Section 2.3. 

− Chapter 3 contains a summary of the attached work. Section 3.1. presents the main 

methods, results, and discussions of each paper. The scientific contribution of this thesis 

is presented in section 3.2. 

− Chapter 4 provides concluding remarks on the research conducted as part of this thesis. 

This chapter provides an overview of the conclusions, recommendations, and future 

work. 
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Chapter 2. Assessment of Chloride-Induced Corrosion of Reinforcement Using 

GPR 

This chapter summarises the studies conducted so far on the influence of the main parameters 

of chloride-induced corrosion of reinforcement on the changes in the strength of the GPR signal. 

These parameters are: 1) moisture, 2) chlorides, and 3) corrosion products. However, prior to 

the review, the underlying theory of electromagnetism and the principles of GPR are introduced 

to understand the features observed in this thesis. At the end of this chapter, a brief overview 

of the numerical modelling of corrosion assessment with GPR is given. 

2.1. Electromagnetic Theory: Essential Aspects for GPR Signal Analysis 

The differential equations describing the behaviour of electromagnetic waves in a 

homogeneous, isotropic medium are known as Maxwell's equations [35] and are presented in 

equations 1–4. The constitutive equations (equations 5–7) introduce the influence of material 

properties into Maxwell’s equations. 

 

 ∇ × E = −∂B
∂t⁄  (1),  

 ∇ × H = −∂D
∂t ⁄ + J (2),

 ∇ ∙ D = ρ (3),

 ∇ ∙ B = 0  (4), 

 D = ε ∙ E (5), 

 J = σ ∙ E (6), 

 B = μ ∙ H (7). 

 

 

In the above equations, E is the vector of electric field strength, H is the vector of magnetic 

field strength, B is the vector of magnetic flux density, D is the vector of electric flux density, 

J is the vector of current density, ρ is the charge density, ε is the dielectric permittivity of 
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material, σ is the electrical conductivity of material, μ is the magnetic permeability and t is time. 

The above equations show that the absorption of electromagnetic energy depends on the 

properties of the material through which the wave propagates. The dielectric permittivity ɛ is a 

frequency-dependent complex number [52], that describes the degree of polarisation of material 

particles in the presence of an electromagnetic field. In other words: when electromagnetic 

waves encounter the particles, they are displaced at the atomic level, resulting in the formation 

of dipole moments. When the electromagnetic wave passes, the particles return to their original 

position. In general, the degree of a material's ability to follow the incident electromagnetic 

wave in the form of dipole moments is described by the real part of the complex dielectric 

permittivity. When particles move, some energy is converted to heat because of the interaction 

of the particles, resulting in energy loss. The rate of loss is described by the imaginary part of 

the dielectric permittivity. In chloride-induced corrosion, both the real and imaginary parts of 

the dielectric permittivity depend most strongly on the water content of the concrete. 

The electrical conductivity σ describes the degree of free charges in the material that can pass 

freely under the influence of an electromagnetic field [35]. In chloride-induced corrosion, the 

conductivity of concrete depends primarily on the amount of dissolved chloride ions in the pore 

solution. 

The magnetic permeability µ describes the rate of magnetic polarisation of a material when 

exposed to an electromagnetic field [53]. This property is usually neglected when considering 

the propagation of EM waves in concrete. However, in cases where ferromagnetic materials, 

such as iron oxides, are the constituents of heterogeneous materials, this property can 

significantly affect the strength of the EM field [54]. Thus, if corrosion products migrate into 

concrete pores, this could also affect the strength of the EM field. 

Ground penetrating radar is an electromagnetic technology that uses a transmitting antenna 

(labelled T in Figure 1) to emit waves and a receiving antenna (labelled R in Figure 1) to record 

the waves reflected from objects or layers. The travel time of the waves is on the order of 

nanoseconds (ns). When the wave encounters the reflecting surface, some of the energy is 

reflected and the rest is transmitted further into depth. The amount of reflected energy depends 

on the contrast between the dielectric permittivity of the host material and the material of the 

reflecting surface – the higher the contrast, the higher the reflected energy. This is expressed 

by the reflection coefficient [34]. If the wave encounters metallic objects, such as reinforcement 

in a concrete element, 100% of the energy is reflected. 

The record of the received reflected wave, a so-called A-scan, is shown in Figure 1 on the right. 

When the transmitting antenna emits electromagnetic waves, a portion of them is transmitted 
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directly along the shortest path from the transmitting antenna to the receiving antenna. This is 

called a direct airwave. The second part of the energy is reflected from the air-ground surface 

and is called a direct ground wave. These two superimpose to form a direct wave (Figure 1). 

However, this work relies on the analysis of the amplitude of the reflected wave. In the 

literature, there are many parameters for analysing the reflected wave, such as the amplitude 

from the negative peak to the positive peak, called the peak-to-peak amplitude. In this work, 

only the positive peak of the reflected wave is analysed. 

 

Figure 1. Illustration of ground penetrating radar (left) and the record of received signal 

(right). 

From the above, it could be seen that the strength of the amplitude depends on 1) the reflection 

coefficient and 2) the material conditions. The objective of this thesis is to quantify the 

dependence of the strength of the reflected reinforcement wave on the parameters of chloride-

induced corrosion. However, it is not based on the exact value of the strength, but rather on the 

change between the initial reference condition and the second, corrosive condition. First, this is 

because the excitation source is not uniform among manufacturers and the value of the 

amplitude in data units is not very meaningful when comparing different GPR devices. Second, 

when comparing waves reflected from the same object, many amplitude changes are annulled 

in this way due to normally neglected events, such as geometric imperfections. 

Therefore, in this work, all observed effects are quantified in terms of the normalised amplitude 

A in dB, which is defined as follows: 

 A = 20∙log(
Ac

Aref
) (8), 

where Ac is the amplitude of the wave reflected from the reinforcement in data units in the 

observed corrosive condition, while Aref is the amplitude of the wave reflected from the 

reinforcement in data units in the reference condition measured before the corrosive 

environment was created.  
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The objective of this work is to show the magnitude of the amplitude change from the initial 

condition because of the mechanisms that occur in the concrete and reinforcement due to 

chloride-induced corrosion. 

2.2.Laboratory assessment 

2.2.1. Moisture 

Ground penetrating radar is used to determine various water-related parameters in concrete to 

monitor hydration [55], setting time [56], the effect of curing on the pore system [57], and so 

on. Several parameters of the GPR signal can be observed to assess the moisture condition of 

the concrete, namely: amplitude of the direct wave [58–61], amplitude of the reflected wave 

[58–64], velocity or dielectric permittivity [65–68] in the time domain, or frequency spectra in 

the frequency domain [29–33,37].  

The reason why the direct wave was used for moisture condition analysis is because the 

reflection coefficient at the air-concrete interface changes with the change in moisture content. 

This changes the dielectric permittivity of the concrete and thus the amplitude of the direct 

ground wave. Certain studies [69,70] have recommended the use of the direct wave for analysis 

because it does not require a specific reflector, such as reinforcement, and is therefore 

independent of reflector properties. The disadvantage, however, is that it provides information 

about the concrete moisture near the surface, whereas a more detailed corrosion assessment 

requires information about the moisture content deeper in the concrete element. 

The velocity of the wave propagating from the transmitting antenna to the reflector and then to 

the receiving antenna is calculated based on the wave travel time. During the formation of 

dipole moments, the particles exhibit acceleration that leads to the formation of displacement 

currents [35] that are not in phase with the incident wave. Therefore, the wave is slowed down, 

and this deceleration increases with increasing moisture content. Since this effect is directly 

proportional to the polarisation of the material in an electromagnetic field, the velocity and 

dielectric permittivity are also related. Consequently, the electromagnetic wave velocity and 

the dielectric permittivity are used to evaluate the moisture content in concrete. 

The review of studies on laboratory assessment of moisture using GPR is shown in Table 3. 
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Table 3. Overview of the studies on the influence of moisture on the GPR signal with the 

observations of the reflected waves. 

Paper 
Reflection/

Depth 
w/c 

Saturation 

degree 

Volumetric 

water content 

Attenuation 

formula/Function 
Attenuation 

 [cm]  [%] [%]  [dB or -] 

Laurent et al. 

[58] 

Slab 

bottom/7 
0.6 15 – 83 - 

A = 20 log (Ai/As) / 

- 
8.5 – 3 

Klysz et al. [59] 
Slab 

bottom/12 

0.48 19 – 78 - 
A = Ai/ADW,air /  

A= – 0.0627wv+0.9 
 

0.75 – 0.35 

0.66 20 – 62 - 0.78 – 0.36 

Sbartaï et al. 

[60] 

Slab 

bottom/8 

0.5 0 – 100 

- 

A = Ai/ADW,air / 
A = -0.0442wv + 

0.9589 
 

0.98 – 0.36 

0.6 0 – 100 0.98 – 0.3 

0.7 0 – 100 0.93 – 0.33 

0.78 0 – 100 0.94 – 0.36 

Senin et al. [61] 
Slab 

bottom/7 
0.7 - 0 – 10.1 

A = 20 log (Ai/ACS)/ 
A = -12.695wv - 11.51 

 

0 – -9.13 

Kaplanvural et 

al. [71] 
Rebar/10 0.48 - 3.91 – 7.2 

A = 20 log 

(ADWi/ARWi) / 

A = 1.8587wv
3 - 

34.2589wv
2 

+ 212.3947wv-

405.8361 

9.65 – 45.55 

Hugenschmidt 

et al. [63] 

Slab 

bottom/8 
0.5 35 – 90* - A = Ai/A35 

 
1 – 0.76 

Note: Ai – amplitude of the reflected wave, As – amplitude in a saturated specimen, ADW,air – amplitude of direct wave in air, ACS – 

amplitude on control sample, ADWi – amplitude of direct wave, A35 – specimen stored at 35% r.h, wv – volumetric water content (%). 

* – the relative humidity of the storage chamber instead of saturation degree. 

The increase in moisture content of concrete affects the decrease in amplitude. In most studies, 

a linear trend of the dependence of attenuation on moisture content is observed. 

The conclusion after reviewing the studies on the effect of moisture on the change in the 

strength of the reflected wave is that most of the studies (except [71]), observed the reflection 

from the bottom of the slab, which indicates the lack of studies that investigated the reflection 
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from the reinforcement. The objective of this thesis is to evaluate the moisture content as a 

general method to evaluate corrosion. 

2.2.2. Chlorides 

Table 4 provides an overview of studies quantifying changes in the amplitude of the direct or 

reflected wave due to chlorides. 

Table 4. Overview of the studies on the influence of chlorides on the GPR signal with the 

observations of the direct or reflected waves. 

Paper 
Reflection/

Depth 

Saturation 

degree 

Volumetric 

water content 

Chloride 

content 

Attenuation 

formula 
Attenuation 

 [cm] [%] [%] [g/l] [% of mc]  [dB or -] 

Sbartaï et al. 

[69] 
Direct wave 100 - 

10 

- 
A = –20 log 

(ADW,i/ADW,air) 

10.6 – 11 

20 10.2 – 11.9 

30 11.6 – 12.1 

40 11.7 – 13.4 

50 12.3 – 12.8 

60 12.8 – 14.2 

Hugenschmidt 

et al. [63] 

Slab 

bottom/8 
35 – 90* - - 0.4 and 1 A = Ai/A0 0.68 – 0.86 

Senin et al. 

[61] 

Slab 

bottom/7 

1.7 – 10.1 

- 

10 

- 
A = 20 log 

(Ai/ACS) 

-2.4 – -9.13 

0 – 9.3 20 -6.87 – -10.39 

0 – 12.1 30 0.37 – -20.04 

0 – 9 40 -0.2 – -25.46 

5.5 – 10.2 50 -20.48 – -28 

Note: ADW,i – amplitude of the direct wave, Ai – amplitude of the reflected wave, ADW,air – amplitude of direct wave in the air, ACS – amplitude 

on control sample, A0 – amplitude of reflected wave in the specimen without chlorides. 

* – the relative humidity of the storage chamber instead of saturation degree. 

After reviewing the studies, it was concluded that the only parameter observed was the change 

in the strength of the direct [69] or reflected wave from the bottom of the slab [61,63]. In [72], 
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the authors concluded that the wave velocity was more sensitive to moisture content than to 

chloride content. This was explained by a slight change in the real part of the dielectric 

permittivity due to the presence of chlorides, which does not further change the wave velocity. 

On the other hand, the chlorides affect the increase in conductivity, resulting in a loss of energy, 

which is manifested in a decrease in amplitude. 

The effect of chlorides on electromagnetic properties is more pronounced the higher the 

moisture content, in contrast to dry conditions where this effect is insignificant [72]. Under dry 

conditions, the chlorides in the concrete pores are mainly in crystalline form, in contrast to the 

case where moisture is present in the pores and the chlorides are dissolved and in ionic form. 

Moreover, in [73], the effect of chlorides was compared with the effect of porosity and 

saturation of the specimens. It was shown that the GPR signal amplitude is the most sensitive 

to the chloride content. Similarly, in [61], the authors concluded that the amplitude is more 

attenuated by chlorides than by moisture. 

2.2.3. Corrosion 

Most of the unknowns in corrosion assessment using GPR arise from the influence of the 

corrosion products on the signal change. A clear answer to the question of whether corrosion 

products in concrete increase or decrease the strength of the electromagnetic field cannot yet be 

found in the existing literature. Table 5 gives an overview of the studies in which this 

phenomenon has been investigated in laboratory tests. 

The inconsistency in the available literature could be due to a variety of reasons, the most 

important being inadequate experimental design. The inadequacy of the experimental design is 

evident in the physical conditions of the experiment and in the duration of the experiments. The 

first reason concerns the technique of accelerated corrosion testing. Namely, in most of the 

studies, the impressed current (IC) technique was used [36–38,74–79]. In most of the studies 

[37,38,75,76,78,79], sodium chloride solution was used as the electrolyte, while in the 

remaining studies, the tests were conducted under dry [36] or water-wetted conditions [74]. 

When sodium chloride is used as an electrolyte, it is of great importance to control or monitor 

the water and chloride concentration when the effects of corrosion products on the GPR signal 

are observed. In these cases, the environmental conditions prevent the isolation of the effects 

of corrosion products on the change in wave amplitude. 

On the other hand, if the test is performed under dry conditions with IC, the specimens very 

often show extensive damage due to a sudden accumulation of corrosion products around the 
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rebar [80]. In this case, there is no change in the concrete as a material compared to the real 

scenario of corrosion of the reinforcement in concrete structures. This is more pronounced the 

higher the current used in IC and the shorter the time of the accelerated corrosion process [81]. 

However, the main drawback of the conducted experiments reported in the existing literature is 

the position of the electrolyte during the accelerated corrosion process. Namely, the specimens 

were immersed in a container of an electrolyte so that the exposed surface of the concrete 

specimen was the opposite one that was investigated with GPR. In this case, the onset of 

corrosion and thus the migration of the concrete products into the concrete pores takes place in 

the area where GPR could not detect the corrosion products [10] because the reinforcement 

blocks the penetration of the signal. 

Table 5. Overview of the studies on the influence of corrosion products on the GPR signal 

(Original table was presented in Paper I). 

Paper Reflection Depth [cm] Trend of amplitude change 

Hubbard et al. [74] 

Rebar 

1.9 and 3.8 ↓ 

Lai et al. [38] 2.5 and 7.5 ↑ 

Hong et al. [77] 4.5 and 9 ↑ 

Hong et al. [37] 7 ↑ 

Zaki et al. [76] 7 ↑↓ 

Raju et al. [75] 2.5 and 5 ↑ 

Wong et al. [36] 6 ↑↓ 

Sossa et al. [82] 8 and 7 ↓ 

Liu et al. [78] 3 ↑ 

Zatar et al. [83] 6.4 ↓ 

Fornasari et al. [79] 3 ↑ 

Note: Cells shaded in grey are added compared to the Table in Paper I. 

For the reasons explained in the previous sections, there is a lack of research to quantify the 

effects of corrosion products on the change in amplitude of waves reflected from reinforcement 

in concrete. 

↑↓ 

↑↓ 
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2.3.Numerical modelling 

Numerical simulations of GPR signal propagation are mainly concerned with analysing the 

polarity, shape or velocity of the waves reflected from the modelled targets [84–92]. Thus, few 

studies have modelled concrete to observe the change in electromagnetic field strength due to 

a corrosive environment [93–96]. 

The essential thing in the analysis is the correct analysis of the materials, i.e., in the case of 

chloride-induced corrosion, the concrete containing moisture, chlorides and corrosion products 

in the pores, and the corroded reinforcement. There are numerous theoretical and empirical 

models of the electromagnetic properties of concrete [52,97–102], mainly dedicated to 

describing the frequency-dependent dielectric permittivity of concrete. Those include the 

influence of moisture and chlorides and their respective properties. However, there is 

insufficient research with the inclusion of the dispersive properties in numerical simulation, and 

to the author’s knowledge, there is no research that included the complex, frequency-dependent 

properties of corrosion products in concrete in the analysis of electromagnetic field strength. 

2.4. Identified knowledge gaps 

In this brief overview of the studies, particular gaps in the research have been acknowledged. 

These are summarised in Table 6, together with the reference to the paper containing the study 

on the particular gap. 

Table 6. Identified knowledge gaps from the literature review. 

 Identified knowledge gap Paper that considered 

the knowledge gap 

1) No review article on corrosion assessment with GPR Paper I 

2) Inappropriate experimental design of the electrolyte in IC technique Paper II 

3) 
The ambiguity about the trend of GPR amplitude change due to 

corrosion products 
Papers II and III 

4) 
The lack of quantification of the amplitude change due to corrosion 

products 
Paper III 

5) 
Modelling the properties of concrete and corrosion products as 

complex, frequency-dependent functions 
Paper IV 
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Chapter 3. Selected Results and Discussion 

Section 3.1 summarises the methods and the most important results of the individual papers, 

while section 3.2 presents the contributions of the papers in the context of the thesis as a whole. 

3.1. Discussion 

The existing reviews on the condition assessment of reinforced concrete structures using GPR 

focused either on a general overview of the applications of GPR in construction [103,104] 

with a brief critique of corrosion assessment, or as part of a review of the general use of NDT 

methods [105]. The above studies did not include a comprehensive review of a specific topic – 

corrosion assessment of reinforcement in concrete using GPR (corresponding to knowledge 

gap 1). Therefore, the main objective of Paper I was to review all relevant work on laboratory 

and on-site inspection of reinforced concrete using GPR, with particular emphasis on the 

methods used to create a corrosive environment (laboratory studies), the methods used to 

analyse the results and comparison with other non-destructive techniques (on-site studies). 

The relevant studies were searched in the Web of Science [106] and Scopus [107] databases. 

Studies included in the review were made between 1 January 2000 and 30 October 2020. The 

combination of the following terms was used to identify studies: – [(ground penetrating radar 

OR GPR) AND (corrosion OR deterioration) AND (concrete)]. After removing non-

applicable, inaccessible, non-English, and duplicate papers, a total of 69 studies were finally 

included in the review analysis. 

A summary of the work carried out to assess corrosion by GPR on concrete specimens produced 

and tested under laboratory conditions was summarised in a table similar to Table 4 of the 

present thesis. These were arranged according to the techniques used for the accelerated 

corrosion test, the methods used to acquire the GPR attributes, the current density, the 

dimensions of the specimens and the central frequencies of the GPR. The conclusion was that 

different results were reported on the trend of amplitude change due to corrosion products. In 

the studies where the amplitude was monitored during the accelerated corrosion process, it was 

reported that the amplitude increases with time and then decreases when the crack becomes 

"wide" [36]. 
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The on-site investigations were predominantly carried out on the territory of the United States, 

probably due to the existence of relevant standards [108] that regulate the procedure for the 

inspection of asphaltic concrete bridge decks with GPR. 

According to this standard, on-site inspections are based on the identification of zones of high 

attenuation indicating deterioration of the concrete. Deterioration is understood to be the 

ingress of moisture, chlorides, the formation of corrosion products, cracking, and delamination. 

This means that the on-site investigations do not directly mean the identification of the loss of 

mass of the reinforcement, but rather the identification of the corrosive agents, chlorides and 

moisture, and the consequences of the ongoing corrosion process, corrosion products, cracks, 

and delamination. 

Qualitative or quantitative characterisation of corrosion based on GPR results relied on 

numerical analysis of GPR signal attributes or visual analysis of B-scans. In particular, the 

numerical analyses were based on equation 8 of this paper, where different reference amplitudes 

can be used: constant direct wave [109], varying direct wave [110], and arbitrary constant 

amplitude [111]. Some authors argued that observation and numerical analysis of the whole 

waveform are more appropriate instead of the specific amplitude [20,21]. In the numerical 

analyses, the thresholds indicating corrosion were derived based on the comparison with other 

NDT methods and their already established thresholds [112,113]. 

Visual analyses of B-scans [42,43,114], or combined visual and numerical analyses [25] mean 

that an analyst reviews the GPR B-scans, considering reflections from the reinforcement and 

concrete surfaces, and marks the boundaries of the damaged areas. This has the advantage over 

numerical analyses of detecting areas with disturbed signals due to geometric imperfections – 

different concrete cover thicknesses or reinforcement spacing, surface anomalies – that 

numerical analyses could not recognise. 

Ground penetrating radar was often used in combination with other NDT methods to 

complement the results and compensate for the shortcomings of each other. One such 

achievement is the Robotics Assisted Bridge Inspection Tool (RABIT) [115,116], a robotic 

platform developed under the US Federal Highway Administration (FHWA) Long Term Bridge 

Performance programme. The robot is equipped with a GPR array with a total of 32 antennas. 

The GPR results are combined with electrical resistivity, impact echo (IE) and ultrasonic 

surface waves (USW) to provide a condition assessment of the concrete bridge decks 

throughout their service life. 

In summary, the conclusion of Paper I was that laboratory tests lead to opposite conclusions 

regarding the effects of corrosion products and further research should be conducted to 
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increase knowledge in this field. On the other hand, ground penetrating radar showed promising 

performance in field investigations, especially when the analysis of the results is supported and 

combined with the results of other non-destructive techniques. 

Most studies that investigated corrosion of reinforcement in the laboratory used the IC 

technique to accelerate corrosion and placed the electrolyte to the surface opposite to that 

investigated with GPR [37,38,75,76,78]. According to the [10], this leads to an accumulation 

of corrosion products on the side of the reinforcement that cannot be reached by the GPR signal. 

This is consistent with knowledge gap 2, Table 6. 

The main objective of Paper II was to find out how different corrosion patterns caused by 

different positions of the electrolyte in the IC technique affect the amplitude of the GPR signal. 

For this purpose, two experimental setups were prepared that differ in the position of the 

electrolyte. The methodology is briefly explained in Figure 2. 

 

Figure 2. The research methodology (originally presented in Paper II). 

The concrete specimens had dimensions 700 mm x 300 mm x 250 mm, with two reinforcing 

bars (20 mm diameter and 400 mm length) spaced 200 mm apart, which had a concrete cover 

of 50 mm. In the first experimental setup, the sodium chloride solution, which served as the 

electrolyte, was below the reinforcement level during the accelerated corrosion process. In the 

second experimental setup, however, the electrolyte was in a container above the concrete 
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specimens. In both setups, three specimens with different degrees of corrosion were produced. 

The specimens were exposed to the external current for up to 78 days. 

During the accelerated corrosion process, the moisture and chloride content in the concrete 

cover as well as the half-cell potential, electrical resistivity, input voltage, and crack width were 

monitored. The GPR profiles perpendicular to the reinforcement were recorded every 7 days. 

A GPR device with a 2.7 GHz centre frequency antenna was used for this purpose. The 

normalised amplitude A in dB was calculated according to equation 8. 

The obtained normalised amplitude A in two different experimental setups is shown in Figure 

3. 

 

Figure 3. The normalised amplitude A in experimental setups 1 and 2 (originally presented in 

Paper II). 

The normalised amplitude in the 1st experimental setup showed neither a consistent trend of 

change nor a significant deviation from its initial value. The value of A was between –1.2 dB 

and 1.6 dB. In contrast, the amplitude in the 2nd experimental arrangement decreased steadily. 

The strongest decrease was observed up to the 10th day, which is consistent with the higher 

current supplied by the external current source. The highest amplitude loss was –11.5 dB. 

The moisture content was stable in both experimental setups, while the chloride content 

changed as the accelerated corrosion progressed. The change in chloride content in the concrete 

cover was more noticeable in the 2nd setup, which can be explained by the closer proximity of 

the sodium chloride solution than in the 1st setup. Similarly, the half-cell potential showed more 

negative values in the second test arrangement, while the electrical resistivity showed similar 

values in both test arrangements. 
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The corrosion pattern for both setups was analysed and the comparison for the two specimens 

with the same duration of the corrosion process but with different electrolyte positions is shown 

in Figure 4. 

 

Figure 4. Comparison of the corrosion pattern in two experimental setups (originally 

presented in Paper II). 

In the 1st setup, 94.3% of the total corrosion products were below the reinforcement, while 5.7% 

were above. In the 2nd test arrangement, on the other hand, 26.2% were below the reinforcement 

and 73.8% above. From the given, it is obvious that the distribution of the corrosion products 

is towards the electrolyte. When the corrosion products are below the reinforcement, the 

electromagnetic waves emitted with the GPR cannot penetrate deeper than the reinforcement. 

This is because the metal is considered to be a perfect reflector [117]. This explains the lack of 

amplitude change in the 1st experimental setup, which makes it unsuitable for considering the 

corrosion-induced change in the GPR signal. 

On the other hand, the amplitude change in the 2nd test arrangement is because of 1) changes at 

the interface between concrete and reinforcement and 2) changes in the surrounding concrete. 

The former is related to the change from the concrete-reinforcement interface to the concrete-

rust-reinforcement interface. The second change is related to the migration of corrosion 

products and chloride ions into the concrete pores. 

The main contribution of Paper II was to show the mechanisms of change in GPR signal 

amplitude due to different electrolyte positions and thus to clarify whether they are suitable 

for corrosion assessment with GPR. This paper also showed that the distribution of corrosion 

products in the concrete cover influences material changes that alter the GPR signal, 

confirming hypothesis 2. 

The trend of change in GPR amplitude during corrosion of reinforcement in concrete is still 

not clearly understood. Paper III focused on isolating three parameters of chloride-induced 

corrosion of reinforcement – moisture, chlorides, and corrosion products – to observe and 

quantify their effects on the GPR signal. Particular attention was paid to the experimental setup 
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of laboratory-induced corrosion in order to establish appropriate corrosion patterns. These are 

knowledge gaps 3 and 4. 

The specimens were 300 mm x 200 mm x 90 mm, with a reinforcing bar (20 mm diameter and 

300 mm length) and a concrete cover of 50 mm. Forty-two specimens were cast and divided 

into three groups: 1) group to observe the influence of moisture – M group (NM, 9 specimens), 

2) group to observe the influence of chlorides – Cl group (NCl, 27 specimens) and 3) group to 

observe the influence of corrosion products on the GPR signal – C group (NC, 6 specimens). In 

the first group, the specimens were examined at the following saturation levels: 0% (dry), 15–

20%, 45–50%, 75–80% or 100% (saturated). The degree of saturation w was determined by 

weighting. Chlorides were introduced by mixing them into the fresh concrete (internal 

chlorides) or by immersing the hardened specimens in sodium chloride solutions (external 

chlorides). The mixed chlorides were in the range of 0.24–3% of the cement mass, mc, while 

the solutions had concentrations of 2–5%. The average chloride concentration in the concrete 

cover, c, was determined by potentiometric titration after performing the GPR measurements. 

The specimens of the second group were tested at saturation levels of 0% (dry), 15–20%, 45–

50%, 75–80% and 100% (saturated). The six different degrees of corrosion were achieved using 

the IC technique. During the accelerated corrosion process, the container of water was placed 

on top of the specimens to keep the concrete cover partially dry and to ensure the gradual 

spreading of the corrosion products towards the upper concrete surface. After the GPR tests, 

the mass loss Δm due to corrosion was determined by weighing the cleaned reinforcing bars 

and compared with the mass of the non-corroded bars. The GPR profiles were recorded after 

stabilisation of the moisture content in the concrete under laboratory conditions, corresponding 

to a saturation level of 60–65%. 

The GPR profiles were recorded using a GPR device with a 2.7 GHz centre frequency antenna 

perpendicular to the reinforcement. The normalised amplitude (A) was calculated according to 

equation 8, where the reference amplitude for the first group was the amplitude in the dry state, 

for the second group the amplitude of the specimen without chlorides at the same degree of 

saturation (for normalised amplitude A1) or same specimen in a dry state (for normalised 

amplitude A), and for the third group the amplitude before corrosion. 

The results are summarised in Table 7. 

Moisture leads to amplitude loss – the loss is greater at saturation levels below 20% and above 

80% (Table 7). Amplitude loss is the result of interactions between particles due to dipolar 

polarisation mechanisms. The energy is converted into heat and the overall strength of the 

electric field is reduced. 
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Table 7. Figures and normalised amplitudes for the observed parameters (data originally in 

Paper III, in other form). 

 Figure Normalised amplitude [dB/cm] 
 

 

 
Parameter 

Trend of 

change 

Saturation 

level 
Value 

M
o

is
tu

re
 

 

5% increase in 

saturation 

level 

↓ 

20–80% –0.1 

below 20% 

and above 

80% 

–0.2 

C
h

lo
ri

d
es

 

 

0.4% (of mc) 
increase in 

chloride 

content 

↓ 

45–50% –0.21 

75–80% –0.26 

100% –0.37 

C
o
rr

o
si

o
n

 

 

0.1% increase 

in mass 
loss due to 

reinforcement 

corrosion 

↓ 60–65% –0.07 

Amplitude loss increases with chloride concentration and degree of saturation. The loss of 

amplitude is mainly due to the increased conductivity of the concrete as a material, as the pore 

solution is now enriched with negative (chloride) ions dissolved in the water. In general, it has 

been found that the loss is less for internal chlorides than for external chlorides. It is assumed 

that the ratio of free to total chloride ions is higher for external chlorides [118] than for internal 
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chlorides. Since the energy loss for free ions is higher than for bound ions due to unhindered 

movement, the total energy loss for external chlorides is higher than for internal chlorides. 

The corrosion products cause the amplitude loss – the greater the mass loss due to corrosion, 

the greater the loss of signal. After opening the specimens, it was found that the metal 

consumption was from the top half of the cylinder of the rebar facing the container of water. 

The loss of amplitude is due to two mechanisms. The first is related to the loss due to the 

presence of corrosion products in the concrete pores leading to the ferromagnetic relaxation 

mechanisms as the signal propagates through the concrete. The second mechanism is related to 

the change in the interface between the concrete and the reinforcement, between which there is 

now a layer of corrosion products that suddenly creates more reflective surfaces than in the case 

of non-corroded reinforcement. 

The main contribution of Paper III was to show the trend of the change in GPR amplitude 

due to the isolated effect of the corrosion products and to quantify this change. It was shown 

that all three parameters influence the measurable decrease in amplitude (proof for hypothesis 

1), including the distribution of corrosion products in the concrete cover (proof for hypothesis 

2). Furthermore, it was found that a normalised amplitude of –0.7 dB/cm corresponds to the 

case when 0.6% of the mc chloride concentration is at the depth of the reinforcement, which is 

a mean “critical” chloride concentration according to [119]. 

Indispensable for modelling the GPR response in a corrosive concrete environment is an 

adequate description of the material properties. There are a limited number of studies that 

have even analysed the variation of signal strength in corrosive environments [96]. 

Nevertheless, there is no study in which the magnetic properties of corrosion products in 

concrete have been included in numerical simulations. Considering this knowledge gap 5, 

Paper IV dealt with the analysis of the change of GPR signal amplitude due to moisture, 

chlorides, and corrosion products, incorporating the real and imaginary parts of the concrete 

and corrosion product properties in the modelling of the materials. The results were compared 

with the corresponding laboratory specimens analysed in Paper III. 

The numerical simulations were performed using the open-source software gprMax, which is 

based on solving Maxwell’s equations with finite difference algorithms in the time domain 

(finite-difference time-domain (FDTD)). The geometry of the numerical models entirely 

corresponded to the laboratory specimens analysed in the previous Paper III. The normalised 

amplitude was calculated in the same way as in Paper III. The dimensions of the finite elements 

were 0.001 m x 0.001 m and 0.001 m for the M and Cl specimen groups, while they were 0.0001 

m in the x and y plane for the C group. The dielectric permittivity of the concrete was modelled 
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using the Complex Refractive Index Model (CRIM). This model considers the dielectric 

properties of constituents of a heterogeneous material based on their volumetric fractions to 

obtain a unique dielectric permittivity. The dielectric permittivity of concrete is thus represented 

by its real and imaginary parts. The dielectric permittivity of concrete for M and Cl specimen 

group (εI(ω)) included the dielectric permittivity of a solid phase – cement paste and aggregates 

–, a liquid phase – pore solution in the concrete pores – and a gaseous phase – air in the concrete 

pores. The imaginary part comes from the complex permittivity of water, which is described by 

the Debye function [53]. Considering that the Debye function describes the behaviour of free 

water, the parameters of the function were changed to take into account the behaviour of 

capillary water in concrete, which is not a free liquid [120,121]. In the current version of 

gprMax, it is not possible to include the dielectric permittivity formulated by CRIM in the 

calculation. In this study, the algorithm presented in [99] was used to fit εI(ω) to the multi-

Debye model currently available in gprMax. The conductivity of concrete was calculated as the 

reciprocal of the electrical resistivity measured on laboratory specimens with the Wenner probe 

[15]. In addition, the corresponding numerical models in which only the real part of the 

dielectric permittivity of concrete is included were modelled. The dielectric permittivity was 

also calculated with CRIM and the only difference to the previously described models was that 

the water was modelled with a real, frequency-independent dielectric permittivity. 

 

Figure 5. Flowchart of the modelling M and Cl groups (originally presented in Paper IV). 
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The specimens from C group were modelled using two approaches: 1) uniformly and 2) 

nonuniformly distributed corrosion products around the rebar, Figure 6. In the first “uniform” 

corrosion approach, it was assumed that the concrete pores are filled with corrosion products 

up to an experimentally determined height h. In the second approach, referred to as the “non-

uniform” distribution of corrosion products, three different layers of h/3 thickness of concrete 

filled with corrosion products were modelled. The layer closest to the rebar was a concrete 

whose pores were filled with corrosion products, the layer next to it was 60% filled, while the 

layer furthest from the rebar was 30% filled. 

 

Figure 6. Concepts for modelling 1) uniformly (left) and 2) non-uniformly distributed 

corrosion products (right), (originally presented in Paper IV). 

The dielectric permittivity of the concrete was calculated using CRIM, while the complex 

dielectric permittivity of the corrosion products was taken from [54] as a tool that takes into 

account the ferromagnetic relaxation of iron oxides. The layers of concrete and corrosion 

products were modelled only from the side of the rebar facing the concrete cover, as this 

corresponds to the case found in Paper III. The dielectric permittivity of the concrete filled with 

corrosion products was also fitted to the multi-Debye function. 

The specimen with the highest degree of corrosion (Paper III) showed a crack at the end of the 

test. The crack was modelled with a width of 1 mm and was modelled as a crack filled with I) 

corrosion products at height h and with air for the rest of the crack, II) air and III) corrosion 

products. The flow charts for modelling the specimen groups M, Cl, and C are shown in Figures 

5 and 7, respectively. 
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For the comparison, all specimens of group C were modelled with real, frequency-independent 

properties of the corrosion products. The properties of the corrosion products were the same as 

in [96]. The other features related to the modelling concepts (uniform and non-uniform) were 

the same as in Figure 7. The results of the numerical simulations are summarised in Table 8. 

 

Figure 7. Flowchart of the modelling C group of specimens (originally presented in Paper IV). 

The results of the models that only consider the real part of the dielectric permittivity of the 

concrete (M, Cl and C group) and the corrosion products (C group) are marked in grey as 

“numerical models (real)”. The models that take into account the complex dielectric 

permittivity are marked in magenta as “numerical models (complex)”. The experimental data 

are shaded grey, with the upper and lower limits corresponding to the added/subtracted two 

standard deviations of the residuals from the linear regression of the experimental results. while 

linear regression of results is shown in black. 
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Table 8. Summary of results obtained in Paper IV (data originally in Paper IV, in other form). 

 Moisture Chlorides 

 

 

− large deviation between laboratory results and 

numerical models (real), 

− agreement between laboratory and numerical results 

(complex), underestimated attenuation in the 

saturation range up to 80 %; a possible reason for this 

could be lower conductivity values measured with 

the Wenner probe in the concrete cover, 

− the governing mechanism is the dipolar polarisation 

of water molecules in concrete pores. 

 
− approximate agreement between laboratory and numerical results (complex) at higher 

saturation levels (above 75 %), while attenuation is underestimated at lower ranges 

(same reason as for the M models), 

− mechanisms that change the strength of the electromagnetic field are the dipolar 

polarisation of the water molecules and the conduction of the dissolved chloride ions. 
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Corrosion 

Uniform distribution of corrosion products Non-uniform distribution of corrosion products 

 

 

− opposite trend of change between laboratory results and numerical models (real), 

− decreasing trend of amplitude change with increasing degree of corrosion in specimens without cracks (numerical models (complex)), which is in agreement 

with laboratory results 

− generally, very little variation between results for uniform and non-uniform models; most likely due to the small volumetric contribution of corrosion 

products to the total volume of concrete, 

− cracks filled with corrosion products and air lead to a loss of amplitude, 

− the mechanism causing the amplitude loss is mainly related to the magnetic properties of iron oxides, deviations between laboratory and numerical results 

could be due to inappropriate modelling of the distribution of the corrosion products in the concrete or to the complex magnetic properties of the specific 

composition of the corrosion products. 
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The conclusion from Paper IV was that not taking into account the complex dielectric 

properties of water and corrosion products, i.e., the properties of the concrete, leads to an 

underestimation of the attenuation. When considering the strength of the GPR signal in a 

corrosive environment, the imaginary part of the dielectric permittivity and magnetic 

permeability was a crucial factor in the magnitude of the losses. The deeper understanding 

of the change in GPR amplitude due to chloride-induced parameters gained through numerical 

simulations provided an explanation for hypotheses 1 and 2 

3.2. Scientific contribution 

The main scientific contributions of this thesis are: 

1. Clarification of the influence of the corrosion process on the data recorded with ground 

penetrating radar, 

− In Papers II, III and IV the influence of the corrosion process on the data recorded 

with ground penetrating radar was analysed. In Papers II and III, the tendency of 

the amplitude change of the ground penetrating radar wave and the magnitude of 

the change were determined based on the results of experimental investigations. 

In Paper IV, based on the results of numerical modelling and comparison with the 

results of experimental investigations, it was clarified what mechanisms cause the 

changes in the amplitude of the GPR wave reflected from the reinforcement. 

2. Determination of the influence of the distribution of corrosion products in the concrete 

cover on the amplitude of the GPR wave reflected from the reinforcement, 

− Papers II, III and IV show, among other things, the influence of the distribution of 

corrosion products in the concrete cover on the amplitude of the GPR wave 

reflected by the reinforcement, which is considered a special contribution, as it 

was shown in Paper I that contradictory results regarding the trend of the 

amplitude change were reported in the literature. 

3. Quantification of corrosion-related parameters on the change of GPR amplitude and 

identifying the dominant causes as a basis for developing the corrosion assessment 

procedure using ground penetrating radar, 

− The result of Paper III are the functions of the amplitude change of the GPR signal 

depending on moisture, chloride, and corrosion product content. Three main 

parameters of chloride-induced corrosion were isolated and analysed. Based on 
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the results, recommendations were given for the assessment of corrosion of 

reinforced concrete structures both in the initiation phase and in the corrosion 

propagation phase. 
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Chapter 4. Concluding Remarks 

In this thesis, the feasibility of ground penetrating radar to detect parameters of chloride-

induced corrosion is analysed. This chapter summarises the conclusions in Section 4.1, while 

recommendations for future work are given in Section 4.2. 

4.1. Conclusions 

The characterisation of the ground penetrating radar signal in an environment favourable to 

corrosion initiation and during corrosion propagation is presented in this thesis. For this 

purpose, an overview of studies on this topic was given following the laboratory experiments 

and numerical modelling. Laboratory experiments were first conducted to investigate the 

suitability of the IC technique in terms of the location of the electrolyte for the GPR studies. 

Based on the conclusions, the experimental laboratory study was designed to observe and 

quantify the effects of isolated parameters, moisture, chlorides, and corrosion products on the 

changes in amplitude strength. The specimens were replicated in the gprMax software to 

analyse the mechanisms that change the signal, regarding the inclusion of dispersive and non-

dispersive material properties. The specific conclusions on each topic can be found in Papers I 

– IV. The main conclusions from the research are: 

• From the review of the existing literature, it is concluded that there is lack of studies 

comprehensively observing and quantifying the effect of corrosion-related 

parameters, moisture, and chlorides, on the GPR signal based on the observation of 

waves reflected from reinforcement as part of the integrated corrosion assessment of 

RC structures. It was also noted that it is not clear whether corrosion products cause 

an increase or decrease in amplitude. Furthermore, no study takes into account the 

complex, frequency-dependent properties of concrete due to the migration of 

corrosion products into concrete pores. 

• The migration of the corrosion products during the simulated corrosion process with 

the impressed current technique develops towards the electrolyte (if used). Since the 

emitted electromagnetic waves cannot penetrate metal objects and are therefore 

completely reflected by them, the examination of concrete elements from the surface 
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not exposed to the electrolyte is unreliable. The corrosion products hidden by the 

reinforcement could not be detected with the GPR. It was found that the amplitude 

in this case does not show a clear trend of change and fluctuates around the initial 

amplitude before corrosion. When the surface exposed to the electrolyte solution is 

examined with GPR, the amplitude shows a decreasing trend during the corrosion 

progress. 

• For all isolated parameters – moisture, chlorides, and corrosion products – the 

amplitude decreased with increasing observed impact (increase in the degree of 

saturation, chloride concentration or mass loss due to corrosion). Increasing the 

degree of saturation by 5% affects the attenuation by –0.1 dB/cm in the 20–80% 

saturation range, increasing the chloride content by 0.4% mc affects the attenuation 

by –0.26 dB/cm (at 75–80% saturation), and increasing the mass loss due to corrosion 

by 0.1% affects the attenuation by –0.07 dB/cm. 

• An increase in the degree of saturation in the range of 0–20% and 80–100% causes 

twice as much attenuation as in the range of 20–80% with the same degree of 

increase.  

• The same chloride concentration for chlorides mixed into the fresh concrete 

compared to chlorides diffused into the hardened specimen has a slightly lower effect 

on attenuation. The lower ratio of free to total chlorides in the specimens where 

chlorides were mixed into the fresh concrete is believed to be responsible for this. 

• The attenuation value of −0.7 dB/cm of normalised amplitude is obtained for the case 

where 0.6% of the chloride concentration is reached in the depth of the reinforcement, 

which corresponds to the mean value of the beta distribution of the “critical” chloride 

content according to the fib Model Code. This value was determined at an ambient 

relative humidity of 60%. 

• The comparison of the results of numerical simulations, in which the dielectric 

permittivity of concrete and corrosion products is modelled firstly as a complex 

frequency-dependent and secondly as a real frequency-independent number, with the 

laboratory results led to the following conclusion: The exclusion of the imaginary 

part of the dielectric permittivity results in several times less attenuation compared 

to the case in which it is included. If the magnetic properties for corrosion products 

are not included, even the trend of the change could be wrong. 
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• Through numerical modelling and comparison of the results from the laboratory 

experiments and the numerical simulation, it was found that the presence of moisture, 

chloride and corrosion products leads to a loss of amplitude, i.e., signal attenuation. 

The attenuation of the electromagnetic wave at these three parameters of chloride-

induced corrosion is due to three different processes. The dipolar polarisation of 

water molecules in the presence of an electromagnetic field is mainly responsible for 

the attenuation when moisture is present in the concrete pores. In the case of 

chlorides, this is the conduction of charged ions. Finally, the ferromagnetic relaxation 

of iron oxides, which occurs when corrosion products are exposed to the 

electromagnetic field, is the most influential mechanism that changes the strength of 

the signal when corrosion products migrate into the concrete pores. 

• No significant differences were found between the results of modelling a uniform 

and a non-uniform distribution of corrosion products in the concrete cover. It is 

assumed that this is due to the generally low volumetric proportion of corrosion 

products in the total volume of concrete. 

The scientific contribution of this thesis lies in the clarification of the influence of the 

parameters of chloride-induced corrosion on the change in GPR amplitude. This was done 

through laboratory tests, in which the extent and the sign of the change were determined, and 

through numerical simulations, which provided a deeper understanding of the material 

mechanisms that cause the amplitude change. 

4.2. Further research 

This research has raised some questions for further investigation of corrosion assessment using 

ground penetrating radar. In the following text, recommendations for further research are given, 

one relating to laboratory investigation and the other to numerical modelling. 

The following recommendations refer to the laboratory investigations: 

• Even though the conclusion from this study is that the signal changes due to moisture, 

chlorides, and corrosion products with three different mechanisms, quantification of 

the combined effect of the three parameters should be investigated. 

• The data should be enlarged regarding the isolated effect of corrosion products for 

higher corrosion degrees than in this study. 
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• The data should be extended to samples with different properties, such as water-

cement ratio, to test the applicability of the results regardless of the concrete type. 

• As the investigation was carried out with a GPR device at 2.7 GHz, the deviation of 

the results should be investigated as a function of the centre device frequency. 

However, this frequency range should be 2–3 GHz as it is not expected that the results 

of this study can be used for GPR devices that are not intended for the investigation 

of reinforced concrete structures. 

• The limitation in corrosion assessment with GPR is that normally only one parameter 

is observed, namely the amplitude of the signal, whereas in chloride-induced 

corrosion more than one parameter varies – moisture, chlorides, temperature, or 

reinforcement loss. Considering the recommendation from Paper III, which suggests 

that the investigations can be carried out when the temperature and moisture content 

are close to the values measured during the baseline measurement, the remaining 

parameters that could be related to the signal are chlorides and reinforcement loss. 

During corrosion propagation, the combined application could be performed with 

another NDT method, such as electrical resistivity, to obtain a more accurate 

corrosion assessment. It is suggested to consider a combined two-parameter two-

method assessment procedure. 

Regarding the numerical modelling, the following suggestions are given: 

• The models for observing the influence of corrosion products on the GPR signal 

should be improved concerning geometric changes as corrosion propagates (e.g., 

including the influence of microcracks). 

• The dielectric properties of corrosion products should be determined experimentally, 

which are then used as input parameters for more accurate modelling. 
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Abstract: Reduced maintenance costs of concrete structures can be ensured by efficient and com-
prehensive condition assessment. Ground-penetrating radar (GPR) has been widely used in the
condition assessment of reinforced concrete structures and it provides completely non-destructive
results in real-time. It is mainly used for locating reinforcement and determining concrete cover
thickness. More recently, research has focused on the possibility of using GPR for reinforcement
corrosion assessment. In this paper, an overview of the application of GPR in corrosion assessment of
concrete is presented. A literature search and study selection methodology were used to identify the
relevant studies. First, the laboratory studies are shown. After that, the studies for the application
on real structures are presented. The results have shown that the laboratory studies have not fully
illuminated the influence of the corrosion process on the GPR signal. Also, no clear relationship was
reported between the results of the laboratory studies and the on-site inspection. Although the GPR
has a long history in the condition assessment of structures, it needs more laboratory investigations
to clarify the influence of the corrosion process on the GPR signal.

Keywords: ground-penetrating radar (GPR); non-destructive techniques (NDT); corrosion of rein-
forcement

1. Introduction

Every structure, depending on its intended purpose, must be designed and con-
structed so that during its lifecycle it fulfils the basic requirements for structures and other
requirements, namely, the conditions prescribed by the Building Act [1]. Unfortunately,
experience has shown that a large number of concrete structures show significant signs of
degradation after only 20 to 30 years due to the joint action of mechanical and environmen-
tal effects [2]. The causes of degradation are mainly the consequence of corrosion, which
on a global scale increases the annual maintenance costs to more than 3% of the world’s
Gross Domestic Product (GDP) [3]. The maintenance and strengthening of bridges in
Europe alone require ₤215 million, not including the costs of redirection and organization
of traffic [4]. The unsystematic approach to maintenance, especially of infrastructure, con-
tributes to its premature deterioration and has a negative impact on safety and reliability.
Particularly worrying is the fact that today, the resources invested in maintenance and
repair are higher than the cost of construction [5]. The question therefore arises: how to
stop or delay the degradation of global infrastructure?

The concern resulting from the problems outlined led to the development of strategies
to mitigate the consequences of the corrosion process. At the design level, strategies are
mainly aimed at improving the durability properties of the concrete cover in terms of its
thickness and quality [6]. Other strategies aim at the preventive use of corrosion inhibitors,
corrosion-resistant steel or other surface treatments [7–9]. However, these have limited
ability to solve the corrosion problem of existing structures.

One of the most promising approaches to delay the degradation of existing structures
is the extensive use of non-destructive techniques (NDT). Increased inspection frequency
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and coverage of larger inspection areas could lead to timely detection of deterioration and,
in sum, better decisions in the maintenance of the structure. In this regard, the progress in
the development of NDT methods towards visualization of results leads to the increased
use of advanced NDT methods in the future [10]. Many NDT methods are currently
available; however, this paper focuses on the application of ground-penetrating radar
(GPR) for corrosion inspection of reinforced concrete structures.

Originally, the radar was designed for military use [11]. Today, its application has
expanded to various disciplines, such as civil engineering, hydrogeology, archaeology,
etc. [12,13]. When combined with other non-destructive methods, it is feasible for evaluat-
ing the condition assessment of the concrete structures [14,15] with increased effectiveness
and speed of inspection. The laboratory investigations have shown that the corrosion
process could be monitored based on observing the changes in the GPR signal [16–20].
Moreover, GPR has a history in the assessment of corrosion and corrosion-related patholo-
gies for on-site inspection [21–25]. The main difference between these two approaches is
that the laboratory investigation was mainly focused on discrete corrosion characterization.
The on-site investigation is based on the observation of several simultaneous effects, namely
the variation of moisture, chlorides, and the formation of corrosion products and cracks.

Previous studies have focused on reviewing the general application of GPR in civil
engineering [26,27] or have focused on on-site inspection for a specific type of construc-
tion [28]. To date, there is no comprehensive critical study that evaluates the use of GPR
for corrosion assessment of reinforced concrete. The main objective of this review paper is
to identify all relevant publications on corrosion assessment of reinforced concrete using
ground-penetrating radar. The authors have attempted to gain more understanding of the
relationship between laboratory testing and the application of GPR on-site. This prompted
the authors to organize the paper into the following sections. Section 2 presents the details
of the literature search in terms of the databases used, the search terms and the rationale
for the publication screening. Section 3 deals with the main topic. It is introduced with
the corrosion process and the main principles of GPR, presenting the characteristics for
corrosion monitoring. Furthermore, it is divided into sections dealing with laboratory
and on-site inspections, with each section ending with conclusions. Finally, Section 4
summarizes the work with recommendations for future studies.

2. Methodology

As a first step, a systematic literature search was conducted. Relevant studies were
searched in the databases of Web of Science [29] and Scopus [30] over a period between 1
January 2000 and 30 October 2020. Initially, the authors began the search with the terms
[(ground penetrating radar OR GPR) AND (corrosion) AND (concrete)]. The authors found
that a number of studies for on-site assessment of concrete structures using GPR were
excluded. They suggest that this is because some of the studies looked at the causes and
consequences of corrosion (e.g., delamination), and it appears that the term corrosion was
not appropriate in this case. For this reason, the term deterioration was included in the
database search. The authors found that the terms [(ground penetrating radar OR GPR)
AND (corrosion OR deterioration) AND (concrete)] expanded the number of studies so
that a better overview of GPR application could be created. Duplicates were then removed,
and the authors briefly reviewed titles and abstracts and excluded studies that did not
meet the following criteria: (a) the study is published in English, (b) the full version of the
study is available to the authors and (c) GPR was used to evaluate reinforcement corrosion
and corrosion consequences (e.g., studies in which GPR was used only to determine cover
thickness were excluded). Full-text articles were obtained, and further selection excluded
studies that were not relevant or were beyond the scope. The final selection included
69 studies. Figure 1 shows the steps described.
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3. Corrosion Monitoring Using Ground-Penetrating Radar

As mentioned earlier, the main causes of degradation are mainly the result of corrosion
of reinforcement [31]. The corrosion of steel in concrete is a balanced electrochemical
mechanism [32] between anodic and cathodic reactions that occur on the surface of the
reinforcing steel. The anodic reaction, the oxidation of iron, occurs in an environment
where the protective passive film of steel is not stable. The instability of the protective layer
is related to the changes in the surrounding concrete and the main cause of these changes
are processes such as chloride penetration or carbonation [32,33]. The time required for
the breakdown of the passive film is called the initiation period in Tuutti’s corrosion
model [34]. The further development of corrosion is called the propagation period and
involves crack initiation, as a result of expansive stresses around the bar induced by rust
formation. The progressive corrosion leads to spalling of the concrete and reduction of the
cross-section of the reinforcement, which may compromise the load-bearing capacity of the
structure [35]. Most corrosion assessment techniques are electrochemical-based [36,37]. In
the field assessment of corrosion probability, the half-cell potential (HCP) and electrical
resistivity (ER) are most used.

The description of the half-cell method and interpretation of the results are given
in ASTM C876 [38] and RILEM recommendations [37]. The Wenner probe is commonly
used to determine the electrical resistivity [39,40]. The resistivity values can be used to
estimate the corrosion risk [41]. Although these methods have long been used successfully
in the condition assessment of concrete structures, they have some drawbacks. The half-cell
potential is a semi-destructive technique, so it requires a connection to the reinforcement.
This is a limitation when a large area is to be inspected. Measuring electrical resistivity does
not provide information about the reinforcement, only about the corrosive environment.
Also, large areas require a lot of time for inspection. These issues can be overcome by
using GPR.

Ground-penetrating radar is a non-destructive technique that emits electromagnetic
waves into the material, with the main objective of locating the buried objects underneath
the surface [12]. Nowadays, its scope broadens to a wide range of materials, and among
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others is concrete [26]. The emitted electromagnetic wave propagates through the host
material, as far as it encounters an interface between different materials, whereupon it
is reflected back. The predominant types of GPR antennas used for civil engineering
investigations are air-coupled and ground-coupled. The second type implies contact of
the antenna with the ground and has a better penetration depth. The reflected wave is
recorded with the receiving antenna and the recording is called an A-scan (Figure 2, right).
When a wave is transmitted, the receiver first records a direct wave propagating through
the air from the transmitter to the receiver. Then, a portion of the electromagnetic wave is
reflected off the surface of the material. In a ground-coupled system, these two components
superimpose to form the wave, called direct coupling, Figure 2. The rest of the wave energy
passes through the material until it reaches the material with different dielectric properties.
The electromagnetic wave is then reflected, and the receiver records it as a reflected wave.
Therefore, the attributes of the A-scan that provide information about the target are the
amplitude of the reflected wave and the travel time from the transmitter to the receiver. In
addition, the most common representation of the results obtained with GPR is a B-scan, the
two-dimensional slice that represents the area under investigation along the line.
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The strength of the reflected wave depends on the properties of the host material.
The properties that determine the behavior of electromagnetic waves in the material
are its dielectric properties—dielectric permittivity (ε) and electrical conductivity (σ) [42].
Signal losses are mainly due to electrical conduction and dielectric relaxation [43]. Electrical
conduction arises from the motion of free charges, while dielectric relaxation arises from the
rotation of polar molecules. At the microscopic scale, friction occurs between particles due
to these motions, resulting in energy dissipation. In summary, the propagation behavior of
electromagnetic waves strongly depends on the composition of the pore solution. Changes
in dielectric properties can be expected in the presence of moisture and/or chlorides in the
concrete. The presence of water molecules and chlorides in pores results in an overall loss
of energy and signal [43–45]. However, this attenuation is primarily caused by the presence
of chlorides in the pore solution [46] as a result of the increased electrical conductivity of
concrete. Changes in the concrete microstructure caused by carbonation can also affect
the GPR response. The most noticeable ones are due to a reduction in porosity and ion
exchange in the pore solution. It has been reported that carbonation causes a decrease in
the dielectric permittivity, resulting in reduced attenuation [47].

3.1. Laboratory Simulated Corrosion Inspection

Corrosion assessment using ground-penetrating radar is still a novel approach, there-
fore only a limited number of studies have been conducted under laboratory conditions
(Table 1). There are many challenges to ensure a suitable experimental setup for such a
study, starting with the criteria for corrosion initiation, corrosion monitoring and corrosion
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probability assessment. In order to simulate natural corrosion under laboratory conditions,
various techniques are often used to accelerate the process, such as impressed current
technique, artificial climatic environment, accelerated migration tests, etc. [48]. The most
commonly used method for corrosion acceleration is the impressed current technique,
which is based on exposing the embedded reinforcement to the electric current provided by
an external power supply. The current density and exposure time are controlled to achieve
different degrees of corrosion [49,50]. Besides, corrosion can be enhanced by creating favor-
able conditions such as high temperature, high humidity and cycles of wetting–drying [51].
Even if these methods tend to simulate corrosion well, it is inevitable that the artificial
conditions for corrosion to occur will differ from natural conditions. Recognition of these
limitations is important to ensure adequate correlation between accelerated corrosion inves-
tigations and on-site corrosion assessments using GPR. Therefore, Table 1 summarizes the
corrosion probability studies conducted to date that consider both corrosion acceleration
methods and GPR signal attributes analysis. Two experimental setups were found: (a) GPR
attributes acquired before and after the corrosion process, and (b) GPR attributes monitored
during the corrosion acceleration process. The second setup is more significant as it ensures
information about the different stages of corrosion, starting from the depassivation of the
steel to the appearance of cracks.

Table 1. Previous laboratory investigations on the influence of corrosion on the ground-penetrating radar (GPR) attributes.

Study Year
Technique for
Accelerated

Corrosion Test

Method of
Acquiring

GPR
Attributes

Current
Density, i
(µA/cm2)

Dimension of
Specimens (m)

GPR
(GHz) 1

Hubbard et al. [16] 2003

Impressed
current

technique

Before and after
corrosion

acceleration

- 1.25 × 1 × 0.25 1.2

Raju et al. [53] 2018 - 0.76 × 0.38 ×
0.203 2.6

Zaki et al. [54] 2018 - 1 × 0.5 × 0.2 2

Lai et al. [56] 2010

Monitoring
during

corrosion
acceleration

- 1.5 × 0.5 × 0.5 1.5 and 2.6

Zhan et al. [57] 2011 165,000 0.45 × 0.14 ×
0.135 1

Lai et al. [58] 2011 340 - 1.5 and 2.6

Lai et al. [17] 2013 260 and 760 1.5 × 0.5 × 0.5 1.5 and 2.6

Hong et al. [18] 2014 424 1.5 × 1.5 × 0.3 2.6

Hong et al. [19] 2015 125 0.8 × 0.8 × 0.24 2.6

Wong et al. [20] 2019 650 2 0.548 × 0.4 ×
0.15 2

Hasan et al. [55] 2016

Corroded
rebars

immersed in
emulsion Before and after

corrosion
acceleration

- Water oil
emulsions 2.6

Sossa et al. [52] 2019

Corroded
rebars cast in

concrete
- 0.3 × 0.08 ×

0.08 1.6

Curing
chamber - 0.3 × 0.2 × 0.07

1. All of the antennas are ground-coupled. 2. Level of current density was lowered in the latter stage of experiment.

One of the first studies to have acknowledged the GPR potential for corrosion detection
was published in 2003 by Hubbard et al. [16]. The rebar was subjected to an accelerated
corrosion process for 10 days. The results showed that corrosion causes a reduction in
amplitude, which they attributed to the scattering and attenuation of waves due to the
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roughness at the corroded interface between concrete and rebar. This was also confirmed
in Reference [52], where the amplitude of the signal was also reduced in specimens where
the previously corroded bar was cast in concrete. To extend these observations, additional
specimens were subjected to an accelerated corrosion process in an environmental chamber
at different corrosion levels. It was found that corrosion causes a decrease in amplitude for
each corrosion level. This is explained by the signal scattering in the concrete cover zone
caused by the presence of cracks, corrosion products and the roughness of the corroded bar.
In Reference [53], the influence of the diameter of the anode bar on the signal reflection
was also observed. The increase in amplitude was associated with corrosion development
but was also increased with the increase in diameter. In contrast, Reference [54] attributed
lower amplitudes to the presence of corrosion products, but also indicated that the decrease
could be influenced by the accumulation of chlorides in the concrete cover zone.

In Reference [55], concrete properties were simulated by oil emulsions with different
dielectric permittivity, where corroded bars were immersed in the emulsions. However,
in such an experimental setup, all results are based on the theories and therefore cannot
faithfully represent real structures.

3.1.1. Long-Term Corrosion Monitoring

Long-term monitoring of corrosion may ensure a better understanding of its effect on
GPR signal attributes. Several studies [17–20,56–58] have been conducted to distinguish
and correlate significant attributes of corrosion development and GPR signal. The conclu-
sions from these studies are divided into: (1) initiation phase, (2) formation of cracks and
(3) spalling of concrete cover.

Initiation Phase

The application of electrical current in the accelerated corrosion process induces the
faster motion of chloride ions due to the electrical potential gradient, and this mechanism
is called migration [32]. As this process thrives, a decrease in GPR amplitude is reported
by Lai et al. [17]. According to the authors’ assertation, the accumulation of chloride ions
around the anode absorbs the energy of the electromagnetic wave, which also causes the
delay of the wave.

Formation of Cracks

After the initiation phase, the researchers had noticed a steady trend of change in
the signal’s attributes until the wide crack is visible on the concrete surface. This phase is
characterized by the formation of corrosion products that migrate into the surrounding
concrete. The increased amplitude of the reflected wave was reported in Reference [57].
The rebars were subjected to external power supply until a longitudinal crack was visible
on the concrete surface. The authors claimed that the migration of corrosion products
into the shallower concrete cover zone enlarges the intersection points of the signal with
different interfaces—concrete, microcracks, corrosion products—and leads to the increased
amplitude. This was also confirmed in References [17,56,58]. In Reference [18], the experi-
ment was set up to exclude the effects of moisture and chlorides on the GPR signal. The
specimens were stored for two months to achieve stable moisture and chloride content
before accelerated corrosion. Here, the increased amplitude of the GPR signal was then
attributed to the effect of corrosion only. This was also outlined in Reference [20].

Spalling

In addition to the effect of corrosion development on the GPR amplitude, the effect of
crack propagation and the occurrence of wide cracks on the amplitude of the GPR signal
was also noted by Lai et al. [56]. A decrease in amplitude was observed after the occurrence
of a wide longitudinal crack. This was explained by the scattering of signal energy caused
by additional irregularities when a wide crack propagates through the concrete cover. The
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extension of the experimental setup was presented in Reference [20] to obtain a better
representation of the crack influence on the signal amplitude.

3.1.2. Conclusions from Laboratory Simulated Corrosion Inspection

The corrosion process can be divided into the initiation and propagation phases,
with each phase having specific effects on concrete microstructures. From the long-term
corrosion monitoring experiments, the influence of corrosion promotion on GPR attributes
was summarized, as in Figure 3.

Materials 2021, 14, x FOR PEER REVIEW 7 of 19 
 

 

The corrosion process can be divided into the initiation and propagation phases, with 
each phase having specific effects on concrete microstructures. From the long-term corro-
sion monitoring experiments, the influence of corrosion promotion on GPR attributes was 
summarized, as in Figure 3. 

 
Figure 3. Changes in the GPR signal during corrosion process. 

The effects shown in Figure 3 are determined by the accelerated corrosion processes, 
in particular the formation of corrosion products on the surface of the reinforcing bar, 
their diffusion into the concrete cover and thus, crack propagation. These effects modify 
the amplitude in terms of different reflection coefficient and different dielectric properties 
of the concrete cover. The ability of corrosion products to migrate depends on the mois-
ture content in the concrete cover since their movement is favored in the presence of mois-
ture [59]. Similarly, the ability of their migration depends on the duration of the accelera-
tion process. When accelerated corrosion with high current density is established in a 
short timeframe, it leads to increased crack width due to the sudden accumulation of cor-
rosion products and increased pressure around the reinforcement [50,60]. Therefore, an 
appropriate current density should be selected to ensure the best possible simulation of 
natural conditions still within a reasonable timeframe [50,61]. 

The results of these studies also indicate that laboratory simulated corrosion studies 
mentioned above do not provide relevant results unless the level of corrosion is properly 
described. In these studies, results were recorded before and after corrosion acceleration 
and conflicting results were reported. Some authors reported higher amplitudes at the 
end of the experiments, while others reported lower amplitudes. Since these studies differ 
in terms of experiments setup, corrosion level and induced damage, it is possible that the 
observed changes in the GPR signal were recorded during different stages of the corrosion 
processes. 

3.2. On-Site Corrosion Inspection 
Most of the published research focuses on the application of GPR to the assessment 

of bridge decks, while other structures are represented to a lesser extent (tunnels, build-
ings, wharves, etc.). In terms of geographic location, most studies using GPR are con-
ducted in the United States of America. The authors are sure that this is also a consequence 
of the existence of relevant standards [62]. 

The use of ground-penetrating radar data for condition assessment of concrete 
bridges dates back to the early 1980s [63]. The amplitude of the ground-penetrating radar 
signal during an inspection is affected by the presence of structural elements, variations 

Figure 3. Changes in the GPR signal during corrosion process.

The effects shown in Figure 3 are determined by the accelerated corrosion processes,
in particular the formation of corrosion products on the surface of the reinforcing bar,
their diffusion into the concrete cover and thus, crack propagation. These effects modify
the amplitude in terms of different reflection coefficient and different dielectric proper-
ties of the concrete cover. The ability of corrosion products to migrate depends on the
moisture content in the concrete cover since their movement is favored in the presence
of moisture [59]. Similarly, the ability of their migration depends on the duration of the
acceleration process. When accelerated corrosion with high current density is established
in a short timeframe, it leads to increased crack width due to the sudden accumulation of
corrosion products and increased pressure around the reinforcement [50,60]. Therefore, an
appropriate current density should be selected to ensure the best possible simulation of
natural conditions still within a reasonable timeframe [50,61].

The results of these studies also indicate that laboratory simulated corrosion studies
mentioned above do not provide relevant results unless the level of corrosion is properly
described. In these studies, results were recorded before and after corrosion acceleration
and conflicting results were reported. Some authors reported higher amplitudes at the
end of the experiments, while others reported lower amplitudes. Since these studies
differ in terms of experiments setup, corrosion level and induced damage, it is possible
that the observed changes in the GPR signal were recorded during different stages of the
corrosion processes.

3.2. On-Site Corrosion Inspection

Most of the published research focuses on the application of GPR to the assessment of
bridge decks, while other structures are represented to a lesser extent (tunnels, buildings,
wharves, etc.). In terms of geographic location, most studies using GPR are conducted in



Materials 2021, 14, 975 8 of 20

the United States of America. The authors are sure that this is also a consequence of the
existence of relevant standards [62].

The use of ground-penetrating radar data for condition assessment of concrete bridges
dates back to the early 1980s [63]. The amplitude of the ground-penetrating radar signal
during an inspection is affected by the presence of structural elements, variations in cover
depth, moisture, chlorides [22,64,65] and other variables. Therefore, a simple approach
to evaluating changes in the GPR signal is not practical. Coexisting influences with other
phenomena, such as variations in moisture and chlorides, are unavoidable and prevent the
development of methods for direct location of corroded rebar. Therefore, indirect methods
are used in which the localization of corroded areas is correlated with the areas of high
signal attenuation. Attenuation has been found to be strongly related to the increased
conductivity around the rebar [22] caused by the accumulated chloride ions and corrosion
products [25].

The inspection of concrete piers and wharves is very similar to the inspection of
bridge decks where moisture and chlorides are the main causes of deterioration. The use of
ground-penetrating radar has also been reported in the inspection of tunnels. It was noted
that the complicated design and compound deterioration mechanisms of these structures
made a simple corrosion assessment impossible. Instead, the data was used to assess the
overall condition.

Quantification of attenuation can be determined by numerical analysis of the signal or
by visual analysis of B-scans. These are discussed in more detail in the following sections.

3.2.1. Numerical Analysis of GPR Attributes

The ASTM standard [62] for the evaluation of concrete bridge decks using ground-
penetrating radar proposes two procedures for numerical analysis using GPR data. The first
procedure is based on considering the reflection amplitude from the bridge deck bottom
and the bridge deck surface. The second procedure considers the reflection amplitudes
from the top reinforcement layer. In most cases, the reflection amplitudes from the top
reinforcement are considered for corrosion evaluation. The amplitude is derived from
the A-scan.

Numerical analysis is usually performed by normalizing the amplitude, which repre-
sents the deterioration rate, and is calculated as follows [66]:

Normalized amplitude[dB] = −20 log
signal amplitude

reference signal amplitude
(1)

The signal amplitudes are compared to the reference signal amplitude which is usually
the amplitude with the lowest degree of attenuation and represents sound concrete [66]. The
GSSI [67] suggests 32,767 for 16-bit data and 2,147,483,648 for 32-bit data as the reference
signal amplitude. This approach may be inconvenient when a concrete structure is in an
advanced stage of deterioration and high attenuation is primarily detected. The differences
between amplitudes are then smaller and the deterioration could be underestimated [68,69].
On the other hand, if the structure is in a relatively good condition, the attenuation may be
misinterpreted. In this case, the attenuation could come from a different source, namely
the variation of the concrete cover thickness. In such cases, it is recommended to consider
the whole amplitude and not only the attenuation zones [70]. Other approaches have also
been used, with Dinh et al. [25] using the average direct coupling wave as the reference
amplitude. According to Pashoutani et al. [71], the use of a constant value of a reference
amplitude does not take into account the contribution of concrete surface quality to the
signal amplitude, even to the normalized amplitude. Therefore, a normalization procedure
was proposed in which each signal amplitude is normalized to its own direct coupling
amplitude. In order to eliminate the influence of the cover depth variation on the signal
amplitude, Barnes et al. [21] demonstrated an amplitude correction method. It was shown
that subtracting the depth-dependent amplitude loss gives a better correlation of ground-
penetrating radar amplitude maps with ground truth results than maps without correction.
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The method is based on determining the linear-dependent function of signal loss from
the two-way travel time (TWTT) for the 90th percentile value of normalized amplitude.
The 90th percentile value of the normalized amplitude is supposed to represent the sound
concrete where the attenuation is mainly caused by the propagation of the signal through
the dielectric material, i.e., the dielectric loss [25]. After correction of the amplitude,
the attenuation should represent the signal loss due to chloride and moisture, i.e., the
conductive loss. The method was improved after it was found that the conductive loss was
also depth-dependent, so that an additional correction was necessary [25]. Two automated
methods for depth correction have also been proposed [72]. In these studies, the correction
was performed at the two-way travel time level. A more accurate correction could be
performed if the linear function is determined using the real reinforcement depth instead
of the two-way travel time [71]. This procedure requires the determination of the real
velocities of the signal.

Obviously, it is of interest to establish a threshold for attenuation that is suitable for
identifying the area of deterioration. However, a universally applicable threshold has not
been established. It is usually based on the experience of the analyst and is related to a
specific case [21]. There have been several attempts to relate the attenuation, mostly in
comparison with thresholds of other methods. In References [73–76], ground-penetrating
radar data were correlated with half-cell potential data, with the aim of determining the
threshold value of attenuation. In Reference [75], the ROC (Receiver Operating Charac-
teristic) curve was used, and in Reference [76], the author used statistical parameters to
obtain the threshold value. In the second paper, the relationship between the percentage of
corroded area, based on the results obtained with the half-cell potential at several bridges,
and the product of the mean and skewness of the amplitude of the ground-penetrating
radar, was established. The relationship can be used to predict the corroded area based
on the analysis of the statistical parameters of the amplitudes. In some studies [77,78], the
k-means clustering method was used to determine thresholds values.

Numerical analysis is generally used to obtain the deterioration map, which in most
cases is the spatial distribution of normalized amplitudes. The main steps of the numerical
approach in the condition assessment of concrete bridge decks are shown in Figure 4. The
ability of the numerical approach to provide autonomous assessment of concrete structures
using GPR is one of the reasons for its predominant use, while the algorithms for automatic
reinforcement selection can be found in References [79,80].
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The results obtained by periodical inspections can be collected in databases, so that the
correlation of successive data allows continuous monitoring of the progress of deterioration.
Dinh et al. [65] also proposed a method based on comparing the complete waveform
(amplitudes and shapes of the electromagnetic wave) at a point with baseline data. The
advantage of this method is that it excludes non-corrosion attenuation causes. However,
baseline data is required for proper detection of deterioration, which is often not available.
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The method was improved in Reference [81] and the waveform was compared with
the simulated waveform. The simulated waveform has the original direct wave, but
it has no reflected wave, so it simulates full attenuation. The higher similarity with the
simulated wave correlates with a higher degree of deterioration. Hong et al. [82] proposed
a method to monitor the corrosion process by comparing different GPR data using the
image registration technique.

Despite the deterioration maps, the statistical distribution of amplitudes had shown
the relationship with the condition of the structure. In Reference [83], where several bridges
with different environmental conditions were observed, it was found that after correcting
the amplitude depth, the distribution of the amplitude of the sound deck was symmetrical
with high kurtosis. In contrast, severely damaged concrete exhibited higher dispersion of
amplitude distribution with lower value of kurtosis. This statistical dependence has been
previously confirmed [74]. An automated crack tracking method based on the analysis of
the processed amplitude of the ground-penetrating radar was presented in Reference [84].
The model considers the amplitude compared with the threshold value. The final result
of the model is a three-dimensional (3D) visualization of the cracks, which provides the
possibility to evaluate their geometry. However, the reliability of the model depends on
the threshold value, which is difficult to determine accurately.

3.2.2. Visual-Based or Combined Analysis of GPR Attributes

In addition to the numerical approach, a visual or combined visual and numerical ap-
proach has been supported by a number of authors [22,77,85]. The visual approach implies
the visual analysis of B-scans. This method is highly dependent on the expertise of the
analyst, especially in the case of severely damaged structures [86], so the final conclusion
is prone to error. As noted by some authors [22], numerical analysis of amplitudes misin-
terprets most anomalies that alter the signal and are not causes of deterioration (surface
anomalies, reinforcement spacing, reinforcement depth, structural variations). Due to of
these drawbacks, a method is proposed in which an analyst reviews the ground-penetrating
radar profiles (B-scans), considers the reflections of the reinforcement and concrete surfaces
and marks the boundaries of deteriorated areas. The profiles are processed, and the final
output is the corrosion map. The detailed procedure is described in Reference [87]. This
method was improved to overcome the subjective opinion of analysts in visual-based inter-
pretation [85]. A set of if/then rules was created to locate anomalies that alter the signal but
do not indicate deterioration. Dinh et al. [77] used visual analysis of ground-penetrating
radar profiles as a tool to determine the number of condition categories as input to the
k-means clustering method. It is a combined method: after determining the number of
condition categories, the amplitudes of the signal are grouped and thresholds between
the groups are determined. The corrosion map obtained in this way was used for the
deterioration modelling of concrete bridge decks presented in Reference [88]. Dawood
et al. [89] presented an improved visual-based analysis of ground-penetrating radar data
for the detection of air and water voids in tunnels. Moreover, an evaluation flowchart based
on inspection of pier structure considering B-scans and GPR signal energy was proposed
in Reference [90].

3.2.3. Condition Assessment by Combination of Multiple NDT

Ground-penetrating radar has a number of advantages over other non-destructive
techniques (NDT), and it is not surprising that it has shown much interest in replacing
other techniques. It is completely non-destructive, and it is rational to give it precedence
over other techniques that make surveying slow and less efficient. In the next sections, a
brief overview is shown on current research results obtained by comparing GPR data with
other test methods, such as electrical resistivity (ER), half-cell potential (HCP), chain drag
(CD), hammer sounding (HS), infrared thermography (IRT), acoustic emission (AE) and
impact-echo (IE). These studies are summarized in Table 2.
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Electrical resistivity and half-cell potential are fundamental tools for determining
the probability of corrosion in the condition assessment of concrete structures. A good
correlation has been found in the analysis of electrical resistivity and GPR data [81,91–93].
However, such behavior is to be expected as both techniques are affected by the conductivity
of the concrete [91].

The comparison between HCP and GPR data can be found in Ref-
erences [21,24,69,73,74,81,92,93]. All observations were obtained by superimposing the
signal attenuation and potential maps. In most studies, a good correlation was found since
the attenuation is indicative of a corrosive environment and coincides with the areas of
extremely negative half-cell potentials [92]. However, when the degree of deterioration is
low, the ground-penetrating radar could overestimate corroded areas [69].

Other techniques can also serve for condition assessment and correctly predict po-
tential deterioration due to corrosion propagation. These techniques include chain drag
(CD), hammer sounding (HS), infrared thermography (IRT), acoustic emission (AE) and
impact-echo (IE). Compared to the chain-drag method, the ground-penetrating radar is
effective while the deterioration level ranged between 10% and 50% [69]. However, the
divergence between the result of the ground-penetrating radar and the acoustic scanning
system was observed in Reference [94], where the authors investigated the suitability of
these techniques for delamination detection. The area of high attenuation was larger than
the delaminated area detected by the acoustic system because the ground-penetrating
radar generally detects the deterioration earlier than the acoustic system. The GPR can
detect deterioration before delamination occurs. Also, the comparative feasibility study
on delamination detection using ground-penetrating radar (GPR) and infrared thermog-
raphy (IRT) based on ROC (Receiver Operating Characteristic) analysis showed that IRT
is more reliable than GPR in detecting delamination [95]. However, the contribution of
IRT is limited to a shallow cover depth, while GPR can provide a deeper insight. Also, the
usefulness of GPR in predicting repair quantities was presented in Reference [96], where
the results of ground-penetrating radar matched the depth of removal measured by LiDAR
(Light Detection and Ranging) method after hydro-demolition.

Table 2. Review of studies that combined GPR with other techniques.

Study Year Other Techniques
GPR (GHz)

Main Findings
Air-Coupled Ground-

Coupled

Comparison with other NDT

Barnes et al. [24] 2000 HCP, CD 1 -

Agreement on spatial
distribution of deteriorated

areas; 65.1% and 66.2%
correctly predicted

deteriorated areas compared
to HCP and CD, respectively.

Scott et al. [97] 2003 IE, CD 2.4 1.5 GPR systems could not detect
whole delaminated areas.

Barnes et al. [69] 2004 HCP, CD 1 -

GPR was effective in
predicting damaged areas

when the degree of
deterioration is between 10%

and 50%.

Rhazi et al. [73] 2007 HCP - 1.5

The values for the degree of
attenuation were proposed

based on the correlation with
HCP.
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Table 2. Cont.

Study Year Other
Techniques

GPR (GHz)
Main Findings

Air-Coupled Ground-
Coupled

Barnes et al. [21] 2008 HCP, CD - 1.5

The correlation between GPR
and HCP and CD was

improved after the depth
correction.

Maser et al. [74] 2012 HCP, IE, HS 1 and 2 1.5 and 2.6

The agreement between GPR
and HCP was 90.2%, and
between GPR and IE was

79.3%.

Simi et al. [98] 2012 IE, CD - 2

Moisture and corrosion maps
produced with commercial

software showed good spatial
agreement with IE and CD.

Gucunski et al. [91] 2013 ER - 1.5

The good agreement between
GPR and ER; 95% of the

locations where ER ≤
40 kΩcm agreed with the

location where GPR
amplitude was <15 dB.

Pailes et al. [93] 2015 ER, HCP, IE, CD,
HS - 1.5

The best spatial agreement
compared to different NDT
was between GPR and ER,

and GPR and sounding
techniques (CD and HS).

Dinh et al. [81] 2017 ER, HCP, IE - 1.5

Correlation between GPR and
other NDT was determined
by a traditional numerical

analysis and a method based
on comparison with a

simulated waveform; better
agreement was found using

ER and HCP than IE.

Sun et al. [94] 2018 AE, CD - 1.5

GPR showed a larger
deteriorated area than AE.
GPR detected deteriorated
areas near joints, while AE

did not.

Sultan et al. [95] 2018 HS, IRT - 1.6
Compared to the IRT, GPR

was less accurate in detecting
delamination.

Dinh et al. [92] 2019 ER, HCP - 1.5

GPR maps produced by the
method based on SAFT

showed good correlation with
HCP and ER. In one case, the
correlation with ER was better

than with HCP.

Combination with other NDT

Maser [99] 2009 GPR, IRT - -

The combination of GPR and
IRT was effective in condition
assessment. The GPR assisted

the IRT in detecting deeper
delamination.
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Table 2. Cont.

Study Year Other
Techniques

GPR (GHz)
Main Findings

Air-Coupled Ground-
Coupled

Gucunski et al. [23] 2010 GPR, ER, HCP,
IE, USW - 1.5

This combination of NDT can
characterize different levels of

deterioration. GPR brought
effectiveness in the speed of

inspection as the fastest
technology from these five.

Gucunski et al. [100] 2013 GPR, ER, IE,
USW - 2

GPR deterioration maps were
effectively implemented in a

robotic system for bridge deck
evaluation.

Alani et al. [101] 2014
GPR, deflection
and vibration

system
- 2

GPR results were combined
with the deflection and

vibration system to create a
FEM model; GPR was used to
locate rebar and detect cracks
and potential moisture areas.

Kim et al. [102] 2016 GPR, ER, IE - 2

GPR results were combined
with ER and IE to calculate

the condition index for
estimation of service life.

Abu Dabous [103] 2017 GPR, IRT - 1.6

Maps obtained with GPR and
IRT were overlapped to form

areas of possible
delamination; the detected
area was used to determine

the condition rating.

Omar et al. [104] 2018 GPR, IRT 1 1.6

A method based on the
integrated results obtained

with GPR and IRT was
proposed.

Ahmed et al. [105] 2018 GPR, ER, HCP, IE - -

Data fusion model from GPR,
ER, HCP and IE maps was
developed; fusion was on

pixel and feature level.

Solla et al. [106] 2019 GPR, IRT - 2.3

The paper proposes a
procedure for anomaly
detection based on joint

observation of GPR signal and
IRT temperature.

Kilic et al. [107] 2020
GPR, IRT, laser
distance sensor,

camera
- 2

The effectiveness of the
integrated techniques was
demonstrated on a bridge;

GPR was used to detect water
leakage, large cracks and

corrosion.

Rashidi et al. [108] 2020 GPR, ER, HCP,
IE, USW - 1.5

The results from NDT were
used to determine condition

indices calculated using
divergence from the ideal

distribution using the
Jensen–Shannon method.
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In a very detailed study, Omar et al. [109] presented the weaknesses and advantages
of the most commonly used methods for condition assessment of concrete bridges. The
conclusion was that none of the commonly used techniques are able to detect active
corrosion, delamination and vertical cracking simultaneously, so that the most reliable
condition assessment lies in a combination of multiple techniques. Such an approach
ensures accurate condition assessment as deterioration can be detected from its onset to an
advanced stage [23].

The simultaneously used non-destructive techniques usually consider methods such
as ground-penetrating radar, electrical resistivity, half-cell potential, ultrasonic surface
waves, impact-echo, etc. In References [14,100,110], an example of integration of different
non-destructive testing methods in robotic systems, RABIT (Robotics Assisted Bridge
Inspection Tool), was presented, which ensures real-time visualization of the concrete deck
condition. Here, the evaluation is supported by a Jensen–Shannon probability method
that focuses on the determination of the condition index [108]. Additional support in the
interpretation of GPR data for delamination detection can be provided by infrared ther-
mography (IRT) [99,103,104,107]. Solla et al. [106] demonstrated the technique to inspect a
military base in an advanced stage of corrosion with visible signs of damage such as crack-
ing and spalling. The results obtained with GPR were combined with the IRT technique.
The corrosion assessment was based on the observation of GPR signal attenuation, changes
in signal velocity and amplitude polarity. Overall, high signal attenuation was declared to
indicate the presence of mineral salts and moisture, while reverse reflection polarity could
be a sign of voids. The same parameters have been used in the assessment of wastewater
plants [111], although the corrosion process is different in this case.

Deterioration modelling was part of the study in Reference [102], in which deterio-
ration curves were developed based on the condition assessment of 10 bridges. Similar
assessments were carried out by Alani et al. [101], where finite element models were con-
structed based on inputs from ground-penetrating radar and the deflection and vibration
sensor system. In Reference [105], a data fusion model for bridge deck evaluation was
developed based on the combination of the results from the ground-penetrating radar,
half-cell potential method, electrical resistivity method and impact-echo method. In Ref-
erence [112], the ground-penetrating radar data combined with the capacitive technique
and the impact-echo method were correlated with durability indicators for the overall
assessment of the wharf.

3.2.4. Conclusions from the On-Site Corrosion Inspection

The previous section has shown that corrosion assessment in on-site corrosion testing
is mostly based on the assessment of the attenuated areas identified by signal amplitude
analysis. Most of the studies are carried out on the bridge decks. In terms of comparison
with other NDT, GPR has been compared with various techniques used for the service life
condition assessment of the structures, Figure 5.

The high correlation between the electrical resistivity and the attenuation maps ob-
tained with ground-penetrating radar is to be expected, as the signal depends on the mate-
rial properties, so the conductive medium generated by moisture and chlorides changes
its properties. In general, the GPR has shown good agreement with the HCP. However,
there are certain situations where the GPR does not agree very well with the HCP. In cases
where moisture and chlorides provide a favorable environment for corrosion, but their
concentration is not sufficient to start corrosion, the GPR and HCP maps may differ. The
applicability of ground-penetrating radar in detecting delamination is also uncertain [113].
In many cases, it does not detect delamination directly, and the assessment is based on the
localization of deteriorated areas [114]. Moreover, the visual signs of delamination are not
always visible on B-scans [87]. If the delamination is too thin to be detected by the antenna,
it will not show any detectable change on the scan.

In summary, additional information, such as the age of the structure or the environ-
mental conditions, may be helpful in analyzing GPR results. Moreover, this additional
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information can be obtained with other NDT, so a suitable combination of NDT can be a
very powerful tool for the condition assessment of concrete structures.
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4. Conclusions

This paper investigated the evaluation of corrosion probability in concrete using
ground-penetrating radar. The study analyzed laboratory and on-site investigations and
the results were related to the evolution of the corrosion process. Advantages and recom-
mendations for future research are presented below.

GPR is a completely non-destructive method, which gives it an advantage over other
techniques for corrosion assessment of reinforced concrete. Its ability to examine large
areas in a short time, together with providing information on the depth and spacing of
reinforcement, makes it a multifunctional NDT. The literature review identified certain chal-
lenges in the use of GPR for corrosion assessment, one of the main being the understanding
of the influence of concrete conditions on GPR parameters. In fact, in most laboratory
studies, moisture and chloride content were controlled after depassivation of the reinforce-
ment. On-site in real conditions, variations of moisture and chloride content are inevitable,
which makes the detection of corroded areas based only on the observation of amplitude
potentially ambiguous. Since opposing data have been reported in the literature, further
laboratory studies are needed to show the influence of the change in dielectric properties
of the concrete cover on the GPR amplitude and the change in reflection coefficient due to
the formation of corrosion products and their migration. Since an absolute comparison of
studies is difficult due to the variance in experimental design and the degree of damage
induced by the accelerated corrosion process, further studies should correlate the degree
of damage with the change in GPR amplitude. Obtaining concluding results from the
proposed research topics could enable the use of GPR as a stand-alone tool for detecting
corroded areas, moving from its use for the detection of corrosive environment towards
detection of corrosion itself.

In conclusion, as the knowledge of the effect of corrosion on the GPR signal increases,
GPR will be a very valuable tool for condition assessment of reinforced concrete structures.
This method will certainly be improved, leading to an upgrade of the construction manage-
ment system and making the assessment more reliable with reduced maintenance costs.
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A B S T R A C T   

In this paper, the adequacy of the experimental design in the accelerated corrosion process with the impressed 
current technique (IC) for ground penetrating radar (GPR) inspection was investigated. The aim of the study is to 
observe how the GPR signal amplitude behaves under different distributions of corrosion products generated by 
different exposure conditions in the IC technique. To investigate this, two different experimental setups were 
prepared. The results are summarized, discussed, and supported by visual evidence, other non-destructive 
techniques, and electromagnetic theory. The main finding is that the position of the sodium chloride solution 
required to ensure accelerated corrosion of the reinforcement determines the behaviour of the GPR signal, as it 
affects the position of the corrosion product layer and its distribution in the concrete cover.   

1. Introduction 

The designed and expected service life of reinforced concrete (RC) 
structures could be seriously compromised if adequate maintenance is 
not performed during their service. One of the main problems leading to 
disturbed service life of RC structures is corrosion of reinforcement 
[1–4]. Corrosion involves symbiotic processes in the concrete and on the 
surface of the reinforcement. In the case of chloride-induced corrosion, it 
starts with the penetration of chlorides into the concrete, which triggers 
the depassivation of the reinforcement once the chloride concentration 
reaches a critical level [5]. The inability to sustain the passive layer leads 
to a series of chemical reactions at the reinforcement, resulting in the 
formation of corrosion products, which in turn can cause cracking or 
even spalling of the concrete cover [6–8]. The optimal maintenance 
strategy should include the detection of corrosion during the initiation 
period to minimize the repair effort and the overall maintenance cost. 
However, complexity, duration of inspection, and ultimately costs, are 
often the main drivers for choosing a maintenance strategy. Infrastruc
ture owners are often guided by cost alone and choose visual inspection 
as the only means of decision making, omitting that it is impossible to 
detect corrosion in the initial stages by visual inspection alone. There
fore, the use of appropriate non-destructive techniques (NDT) is a viable 
solution. 

The attractiveness of non-destructive testing stems primarily from 

the type of inspection and secondarily from the time required to perform 
it [9–11]. Nevertheless, in addition to the great accessibility, there 
should be a research community that ensures the reliability of the results 
and the continuous improvement of the techniques. One of the tech
niques that is constantly growing in the field of structural assessment is 
ground penetrating radar (GPR) [12–15]. The main role of GPR in civil 
engineering is to locate reinforcement and tendon ducts and to estimate 
the thickness of concrete cover. It is based on radiation of electromag
netic (EM) waves into the concrete and the detection of the echoes from 
an object or defect [16]. However, special efforts are made for corrosion 
characterization of reinforcement in RC structures using GPR 
[13,17–24]. The technique, which can simultaneously collect data on 
the location of reinforcement and corrosion condition, undoubtedly 
contribute to an effective maintenance strategy. 

The principle of corrosion assessment with GPR is to observe the 
perturbation of reflected energy strength when comparing sound and 
corroded reinforcing bars. The reflected energy changes due to changes:  

i) at the interface between concrete and steel,  
ii) in the material. 

The changes at the concrete-steel interface due to the corrosion of the 
rebars contribute to the changes in the reflection coefficient [25], so that 
the total reflection of the signal is different compared to sound rebars. In 
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addition, the changes in the condition of the surrounding concrete due 
to the causes and consequences of the corrosion process (e.g., water and 
chloride penetration, migration of corrosion products into the concrete 
cover, cracks, etc.) lead to changes in the registered amplitude of the 
echo. In particular, this leads to changes in the permittivity and con
ductivity of the concrete, which cause a change in the attenuation co
efficient [26], further changing the strength of the echoes. The influence 
of water and chlorides in concrete on the strength of reflected energy has 
been proven by laboratory tests [27–32]. Furthermore, special efforts 
have been made to observe the effects of the formation of corrosion 
products around the rebars and their propagation in the concrete cover 
and to observe how they affect the change in the GPR signal 
[19,20,33–36]. Numerous studies have reported conflicting results on 
the effect of corrosion products on GPR signal amplitude, Table 1, and 
this has been discussed in detail in [18]. The corrosion process was 
usually accelerated in the laboratory using the impressed current tech
nique (IC), Table 1, where the corrosion trigger is the applied potential 
difference between the observed rebar and another metal. Two main 
methods for acquiring the GPR attributes found in the literature are: a) 
monitoring during corrosion acceleration and b) data collection before 
and after corrosion acceleration. The experimental setup during corro
sion acceleration also varied. In some of these studies, the rebars were 
exposed to current under dry conditions [20,34], while in most of these 
studies, the specimens were partially immersed in a sodium chloride 
solution below the rebar during the corrosion acceleration 
[19,20,36–38]. In the same studies, the GPR investigation was per
formed from the surface that was on the opposite side of the reinforce
ment from the solution level. It is in the nature of the impressed current 
technique that the experimental setup, e.g., the position of the elec
trodes and the solution level, affect the pattern of distribution of the 
corrosion products [39,40]. In the study [40] it was shown that the rust 
accumulation was more intense on the side facing the solution level. This 
means that the solution level below the reinforcement level produces a 
corrosion pattern that is different from natural corrosion [2]. Consid
ering the principle of GPR, this could lead to misleading conclusions 
during GPR inspection if the current density and/or exposure time are 
not sufficient, especially when monitoring the corrosion process. 

2. Research objective 

Motivated by the above discussion, the main objective is formulated, 
Fig. 1. The main objective of this work is to investigate how different 
corrosion patterns due to different solution positions affect the GPR 
signal during an accelerated corrosion process with impressed current 
technique. 

In the present study, two experimental setups were designed. The 
difference between the experimental setups was the position of the so
dium chloride solution during the corrosion process. In the 1st experi
mental setup, the solution was below the reinforcement level as in most 
studies reported in the literature [19,20,36–38], while in the 2nd 
experimental setup it was above the reinforcement, considering the ef
fect of solution on distribution of corrosion products [40]. In both 
experimental setups, parameters of the concrete that affect the GPR 
signal, such as the chloride content, moisture content, and crack width, 
were monitored while the corrosion parameters and the GPR signal were 
observed simultaneously. 

3. Experimental program 

3.1. Production of specimens 

The specimens were prepared using cement CEM I 42.5 R, river 
aggregate (0/4 mm, 4/8 mm and 8/16 mm), potable water and chemical 
admixtures (superplasticizer and air-entraining admixture). The mix 
design and properties of fresh and hardened concrete are summarized in 
Table 2. Slump was determined after mixing, and compressive strength 

Table 1 
Review of laboratory studies on the influence of corrosion of reinforcement on 
GPR attributes, taken and adapted from [18].  

Study Technique 
for 
accelerated 
corrosion test 

Method of 
acquiring the 
GPR 
attributes 

Change in the GPR attributes 

Trend of 
amplitude 
change 

Main findings 

Hubbard 
et al. 
[41] 

Impressed 
current 
technique 

Before and 
after 
corrosion 
acceleration 

↓ Decrease in 
amplitude and 
increase in 
reflection travel 
time; the authors 
pointed out a 
possible influence 
of the wetting of 
the concrete cover 
during the 
experiment on the 
results. 

Raju et al. 
[37] 

↑ Increase in 
amplitude with a 
higher degree of 
corrosion and 
larger diameter of 
rebars. Established 
relationship 
between GPR 
amplitude and 
mass loss. 

Zaki et al. 
[38] 

↑↓ Different influence 
of corrosion 
process on GPR 
amplitude in rebars 
with different 
degrees of 
corrosion; the 
authors reported 
that the results 
could be influenced 
by the different 
moisture and 
chloride content in 
concrete. 

Lai et al. 
[19] 

Monitoring 
during 
corrosion 
acceleration 

↑ Increase in 
amplitude and 
decrease in 
reflection travel 
time due to higher 
number of 
reflection points 
between concrete, 
steel, corrosion 
products, and 
cracks. 

Zhan 
et al. 
[42] 

↑ Increase in 
amplitude and 
decrease in 
reflection travel 
time. Established 
relationship 
between GPR 
amplitude and 
mass loss. 

Hong 
et al. 
[20] 

↑ Increase in 
amplitude and no 
change in peak 
frequency of the 
signal when 
corrosion products 
are formed. 

Hong 
et al. 
[33] 

↑ Increase in 
amplitude; more 
pronounced effect 
with increasing 
diameter of 
reinforcement. No 
effect of corrosion 

(continued on next page) 
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after 28 days on 150 mm cube samples according to European standards 
[43,44]. 

The design of the specimens is shown in Fig. 2. The specimens were 
700 mm × 300 mm × 250 mm, with two reinforcing bars (Φ/l = 20 / 
400 mm) and a concrete cover of 50 mm. The sides of the specimens 
were coated with epoxy, as was the part of the rebar that was outside the 
specimens, Fig. 3a. The rebars had wires for electrical connection for the 
accelerated corrosion test, which were prepared before casting. The 
connection between the rebar and the wire was protected with an 
impermeable mastic, Fig. 3b. 

3.2. Experimental setup for corrosion acceleration 

The main objective of the experimental study was to characterize the 
changes in the GPR signal during accelerated corrosion of reinforcement 
in concrete using two different experimental designs. The main differ
ence between the two experimental designs was the position of the 
aggressive sodium chloride solution during the accelerated corrosion 
process. The first experimental setup was selected as representative of 
the tests performed chosen to date replicate previously published 
research results [19,20,36–38], while the second experimental setup 
aimed to ensure distribution of the corrosion products in the concrete 
cover [40]. 

3.2.1. 1st experimental setup – chloride solution below corroding rebar 
In the 1st experimental setup, specimens were first immersed in a 

container filled with 3.5% sodium chloride solution for 11 days. The 
immersion was intended to force the accumulation of chlorides on the 
surface, thus forcing the initiation of the corrosion process from above as 
soon as the rebar was exposed to the external current. After immersion, 

the level of the solution was lowered below the level of the rebars. The 
specimens were left for 19 days to stabilize the moisture content 
throughout the concrete cover of the specimen. Then they were con
nected to an external power supply to accelerate the corrosion of the 
reinforcement. The total applied current was 0.038 A, which corre
sponds to a current density of 200 μA/cm2. Three specimens were sub
jected to the accelerated corrosion process, which differed in the 
duration of the process. The duration was determined as a function of 
the targeted mass loss according to Faraday’s law [45]. The targeted 
mass losses were 5%, 7.5% and 10%, corresponding to durations of the 
accelerated corrosion process of 39, 59 and 78 days, respectively. 

3.2.2. 2nd experimental setup – chloride solution above corroding rebar 
In the 2nd experimental setup, the 3.5% sodium chloride solution 

was placed in a container made of polystyrene sheets that occupied the 
entire top surface of the specimens. Initially, the solution was stored 
without a power supply for 5 days to stabilize the potential corre
sponding to the required current. By day 10, a total current of 0.114 A 
was applied, corresponding to a current density of 600 μA/cm2. The 
higher current density, than in the 1st experimental setup, was intended 
to ensure a greater amount of corrosion products in the concrete cover. 
On the 10th day, the hairline crack appeared on the surface of the 
specimens. It was concluded that maintaining the higher current density 
(600 μA/cm2) would probably lead to a sudden accumulation of corro
sion products around the rebar without gradual migration into the 
concrete cover, which is not the case in reality. For this reason, the 
current was reduced to a value of 0.038 A, which corresponds to a 
current density of 200 μA/cm2. In this experimental setup, three speci
mens were also subjected to the corrosion process for 39, 59, and 78 
days. The arrangement of the 1st and 2nd experimental setups is shown 
in Table 3. 

3.3. Assessment methods 

The moisture and chloride content in the concrete cover were 
monitored along with the crack width during the corrosion acceleration 
process, as they have a great influence on all the corrosion attributes 
presented in this paper. 

In the 1st experimental setup, relative humidity was monitored using 
the PosiTector CMM IS concrete moisture meter, with probes embedded 
at a depth of 50 mm. In the 2nd experimental setup, moisture content 
was determined by taking samples from the exposed surface. The sam
ples were cylinders with a diameter of 18 mm and a height of 50 mm. 
The cylinders were cut to a height of 10 mm and then the mass of each 
piece was calculated (m1), to obtain a gradual distribution of moisture in 
the concrete cover. The final moisture content w, where m2 is the mass of 
each piece after drying to a constant weight, was determined as follows: 

w =
m1 − m2

m2
⋅100% (1) 

Two different physical properties were measured in the two experi
mental setups. The sensors used to measure relative humidity in the 1st 
experimental setup were not applicable in the 2nd setup due to the 
submerged surface of the specimens. However, the relationship between 
these two properties is established [46,47]. 

The total chloride content was determined by potentiometric titra
tion. First, the concrete powder was taken every 10 mm to a depth of 50 
mm. A known amount of the concrete powder was placed in a beaker 
and mixed with 100 ml of deionized water and 10 ml of a 5 mol/l nitric 
acid (HNO3) solution. The solution was then heated to boiling with 
constant stirring and stirred for another 3 min. The solution was then 
titrated with 0.1 M silver nitrate (AgNO3). 

Each moisture and chloride monitoring measurement was performed 
on one specimen from a series, assuming that the other specimens were 
exposed to the same conditions. During the corrosion process, the cyl
inders for moisture characterization were taken from the top of the 

Table 1 (continued ) 

Study Technique 
for 
accelerated 
corrosion test 

Method of 
acquiring the 
GPR 
attributes 

Change in the GPR attributes 

Trend of 
amplitude 
change 

Main findings 

product formation 
on peak frequency. 

Wong 
et al. 
[34] 

↑↓ 

Increase in 
amplitude and then 
decrease as the 
crack widened. 

Liu et al. 
[36] 

↑ 

Increase in 
amplitude; the H- 
Alpha scattering 
classification was 
used to 
characterize the 
changes in signal 
with corrosion 
process. 

Sossa 
et al. 
[35] 

Corroded 
rebars cast in 
concrete 

Before and 
after 
corrosion 
acceleration 

↓ 

Decrease in 
amplitude and 
blurred hyperbola 
in the B-scan as a 
result of changes at 
the interface 
between concrete 
and steel. 

Curing 
chamber 

↓ 

Decrease in 
amplitude and 
blurred hyperbola 
in the B-scan as a 
result of changes at 
the interface 
between concrete 
and steel and 
changes in the 
concrete due to 
rust, cracks and 
delamination.  
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concrete near the edges of the specimen on the cathode rebar side. The 
concrete powder was taken near the anode. The sampling locations were 
chosen to be far enough to avoid the influence of the resulting holes on 
the GPR measurements. 

Relative humidity and moisture content were determined on days 7, 
10, 14, 28, 42, 56, and 70 of the corrosion process. Chloride content was 
determined on days 14, 28, 42, 56, and 70. In addition, chloride content 
was determined before the start of the accelerated corrosion process 
(day 0) for the 1st experimental setup and on days 7 and 10 for the 2nd 
experimental setup. Chlorides were also determined at the end of the 
corrosion process (days 39, 59, 78) for each specimen above the anode 
for both experimental setups. 

Crack width was measured every 7 days, on day 10, and at the end of 
the testing period for each specimen using a crack width ruler at 5 points 
along the crack. The final value was determined as the average of 5 data 
points. 

During the experiments, the current density and thus the applied 
current was kept constant, while the applied voltage varied according to 
the changes in the resistance of the specimens. For this reason, the 
change in voltage was also monitored. The data acquisition system was 

set to record the voltage value every hour throughout the experiments. 

3.3.1. Monitoring of corrosion attributes 
GPR examination was performed every 7 days. In addition, it was 

performed on day 10 and at the end of the test period for each specimen. 
The GPR used in this study was Geophysical Survey Systems Inc. (GSSI) 
2.7 GHz device. The scan interval of the instrument was 8 scans/cm, 
with the scan sampled in 512 data points. The scan range was 5 ns. The 
scans were processed using RADAN 7 software. The raw GPR data was 
processed with a bandpass filter and background removal. A constant 
one-point gain was also used. 

In both experiments, data were collected from above. In the 2nd 
experimental setup, the solution was removed each time data were 
collected. The surface was cleaned with a cloth so that no excess water 
was visible on the surface. The GPR profiles were recorded perpendic
ular to the rebars. A total of 10 profiles were recorded each time, of 
which 5 were type A and 5 were type B (Fig. 4). Monitoring of reflected 
signal strength was based on observation of peak amplitudes derived 
from the scan over the anode rebar. The amplitudes were extracted and 
the final amplitude was determined as the average of 10 profiles. The 
amplitude is reported as normalized amplitude A in dB, expressed as 

A = 20log10
At

A0
[dB]

At − amplitudeat time,

A0 − amplitude before corrosion.

(2) 

Monitoring of half-cell potential (HCP) as well as electrical resistivity 
(ER) was performed on the same days as GPR, except for the 2nd 
experimental setup before corrosion, where HCP and ER could not be 
measured due to extremely dry conditions. The half-cell potential is a 
semi-destructive technique for evaluating corrosion probability [48]. It 
is based on measuring of the potential difference between the reference 
electrode and the rebar. In this study, the Proceq Profometer Corrosion 
was used, and the reference electrode was the CSE (copper/copper 

Fig. 1. Research methodology.  

Table 2 
Concrete mix design and properties of fresh and hardened concrete.  

Concrete mix design 

Cement 
[kg/ 
m3] 

Potable 
water 
[kg/m3] 

River aggregate 
[kg/m3] 

Chemical admixtures 
[kg/m3] 

0/4 
mm 

4/8 
mm 

8/ 
16 
mm 

superplasticizer 
air- 
entraining 
admixture 

401 121 843 501 579 2 1.6 
Properties of fresh and hardened concrete 

Slump 
[mm] 

Air-content 
[%] 

Compressive strength with 
standard deviation 
[MPa] 

180 5 51.5 ± 3.4  
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sulphate electrode). During the measurement, the reference electrode 
was placed over the anode rebar. The potential values above − 200 mV 
CSE indicate that the corrosion probability is <10%, while it is >90% for 
values below − 350 mV CSE [48]. 

Measuring the electrical resistivity of concrete is another method for 
assessing the corrosion risk [49]. Proceq Canin + Corrosion Analyzing 
Instrument with Wenner probe was used to measure the electrical re
sistivity of concrete. The resistivity was measured beyond the anode 
region with the probe oriented at a 45◦ to the direction of the rebar. If 
resistivity is 50–100 k�cm the corrosion risk is low, 10–50 k�cm - 
corrosion risk is moderate, and < 10 k�cm - corrosion risk is high [49]. 

In the 1st experimental setup, the surface was moistened 20 min 
before the measurements of HCP and ER. Both measurements were 
taken after GPR data collection was completed. During the GPR, HCP, 
and ER measurements, the anode and cathode were temporarily 
disconnected from the power supply. 

4. Results 

Relative humidity for 1st and moisture content for 2nd experimental 
setup during testing period are shown in Table 4. 

In the 1st experimental setup, a high relative humidity of the con
crete was maintained at the depth of the reinforcement, although the 
level of the sodium chloride solution was below the level of the 

reinforcement. In the 2nd experimental setup, a stable moisture content 
in the concrete pores was observed only after seven days of the accel
erated process and remained stable throughout the process. This is 
evident from the low value of the standard deviation around the average 
value of 4.8% for all depths. The distribution of moisture was such that 
there was no moisture gradient, but the moisture was evenly distributed 
over the concrete cover. 

Fig. 5 shows the change in normalized amplitude (a), chloride con
tent (b), crack width (c), resulting applied voltage (d), half-cell potential 
(e) and electrical resistivity (f) during the corrosion process for both 
setups. In general, the normalized GPR amplitude in the case of the 1st 
experimental setup did not show a significant change in value nor a clear 
trend of change during the evolution of the corrosion process. The 
changes were very subtle and ranged from − 1.2 dB to 1.6 dB. From the 
chloride profiles, it can be concluded that the chloride content in the 
concrete cover showed the greatest change between days 0 and 14. 
While the specimens were immersed in the solution before the potential 
was applied, the chlorides accumulated in a shallow zone on the con
crete surface. Once the potential was applied, it affected the migration of 
the chloride ions [2] so that the chloride content was uniformly 
distributed over all depths during the corrosion process. In addition, the 
chlorides from the solution that was under the rebars were able to 
migrate around the rebars. The formation of corrosion products, which 
have a larger volume than steel [50], leads to higher stresses around the 

Fig. 2. Design of the specimen.  

Fig. 3. a) Epoxy coated sides of the specimen, b) connection between rebar and wire.  
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Table 3 
Specimens subjected to the accelerated corrosion process in 1st and 2nd experimental setup.   

1st experimental setup 2nd experimental setup  

Stabilization period 
without a power 
supply 

11 days immersion in 3.5% sodium chloride solution 5 days exposure to 3.5% sodium chloride solution 

Current density [μA/ 
cm2] 200 600, then 200 after 10 days 

Duration [days] 39 59 78 39 59 78 
Specimen K1_5 K1_7.5 K1_10 K2_5 K2_7.5 K2_10  
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rebars, which in turn leads to cracks in the concrete cover. The speci
mens were designed so that the crack was initiated from the top surface. 
Two out of three specimens from the 1st experimental setup showed 
longitudinal cracks above the anode bars. In addition, the specimens 
with cracks exhibited different behaviour, with the crack on K1_5 
occurring 14 days before K1_7.5. Looking at the distribution of corrosion 
products shown in Table 5, it is clear that there was an initial distur
bance in specimen K1_5. It appears that there was an initial defect at the 
interface between the reinforcement and the concrete that caused an 
accelerated accumulation of corrosion products on the left side of the 
specimen where the connection to the power supply was located. This 
caused the appearance of a wider crack on the top surface and was also 
noted by the faster decrease in the applied voltage for specimen K1_5 
compared to specimen K1_7.5, while the current density remained 
constant (Fig. 5d). The applied voltage curves for the specimens with 
cracks were lower than the curve for the specimen without cracks, and 
this is more pronounced for the specimens where the crack occurred 
earlier. However, none of the effects described above had a significant 
effect on the GPR amplitude. 

In contrast, different results were reported for the 2nd experimental 
setup. The GPR amplitudes for all three specimens followed a decreasing 
trend during the accelerated corrosion process. The largest decrease in 
amplitude was observed by day 10, where the curve showed a steep 
slope (see Fig. 5a). This is consistent with the higher current density 
applied by day 10 (Table 3). The decrease in amplitude continued after 
day 10, but at a slower rate. The specimen exposed to the accelerated 
corrosion process for the longest time exhibited the greatest signal loss, 
which was − 11.5 dB on day 78 (corresponding to an amplitude loss of 

73%). During the process, the chloride content in the concrete cover also 
changed, Fig. 5b. The chloride profiles taken near the anode showed a 
gradient in chloride content, while the profiles taken above the anode 
(at the end of each testing period; at 39, 59 & 78 day) at the end of the 
process showed a more uniform distribution. In addition, the chloride 
content values were higher above the anode. This is to be expected since 
there were cracks above the anode that allowed greater chloride pene
tration. In addition, the closer proximity of the anode affected the higher 
attraction of chloride ions. As for the development of cracks, the spec
imens of the 2nd experimental setup showed almost the same behaviour 
during the process. The cracks appeared on the 10th day and expanded 
at the same rate for all specimens. The resulting applied voltage (Fig. 5d) 
initially showed higher values corresponding to the higher current 
density (Table 3). The voltage corresponding to the specimen K2 _5 was 
slightly lower than that of the other two specimens, Fig. 5d. 

The value of the half-cell potential is an indicator of the ease of 
electron release [51], with more negative values indicating that the 
release is facilitated, suggesting a corrosion process. Considering the 
ASTM recommendation [48], the measured potential in both experi
ments was almost always below the of − 350 mV value (Fig. 5e), indi
cating a corrosion process. The values for concrete resistivity show a 
similar behaviour (Fig. 5f). However, in this case, the different design of 
the experimental setups was reflected in slight differences in the re
sistivity values. The shift to a lower value for the 2nd experimental setup 
was most likely due to a higher chloride content [49], Fig. 5b, caused by 
the presence of sodium chloride solution at the top of the specimen. 
Nevertheless, the resistivity values were rather constant during the 
accelerated corrosion process and were around the value of 10 k�cm. 

5. Discussion 

In this study, two different experimental setups were designed in 
which an accelerated corrosion process was carried out to monitor the 
effects of the process on the changes in GPR signal amplitude. In addi
tion, several other methods were performed in parallel with GPR 
monitoring to substantiate the results. The results are discussed further 
with respect to two experimental setups. 

For the 1st experimental setup, the GPR signal amplitude did not 
change significantly during the corrosion acceleration, while half-cell 
potential, electrical resistivity, and cracks occurrence result indicated 
an active corrosion process. At the end of the testing period, all speci
mens were opened at the location of the anode rebar to confirm corro
sion activity. The specimen sections and the corrosion pattern through 
the anode are shown in Table 5. The corrosion pattern was considered 
for 2/3 of the bar in the centre of the specimen. On each side of the 
specimen, 5 cm is disregarded because the corrosion products present 
there are mainly the result of the pronounced corrosion at the contact 
between the rebar and the wires for electrical connection, as well as the 
leakage of the rebar on the outside of the contact with the concrete. 

From the table above, it can be seen that the steel consumption due to 
corrosion, the formation of corrosion products and their migration in the 
1st experimental setup occurred mainly below the rebar (84.5% for K1_5 
and 94.3% for K1_7.5). Especially, when the orientation and position of 
GPR profiles is taken into account, Fig. 4. The position of the electrolyte 
in the 1st experimental arrangement forced the movement of chlorides 
from the electrolyte to the underside of the rebar and resulted in the 
reactions occurring mainly in this area. Furthermore, the location of 
corrosion reaction had an influence on the results obtained with the 
GPR. In fact, the propagation of the corrosion products from the bottom 
of the rebar affected the changes on the surface of the rebar and the 
surrounding concrete, which had a minor effect on the reflected GPR 
signal. This is because the metal, in this case the rebar, is considered a 
perfect reflector [52]. This means that when the electromagnetic waves 
encounter the reinforcement, they are completely reflected back to the 
receiving antenna. Thus, throughout the accelerated process, the scan 
above the anode represents the wave that has propagated only through 

Fig. 4. GPR profiles orientation.  

Table 4 
Relative humidity and moisture content.  

Day of 
accelerated 
corrosion 
process 
[days] 

1st experimental 
setup 

2nd experimental setup 

Relative 
humidity RH [%] 

Moisture content w [%] 

0–10 10–20 20–30 30–40 40–50 

7 95.1 5.7 5.8 5.1 3.8 4.8 
10 94.3 5.8 5.2 3.8 4.4 4.9 
14 92 6.0 4.8 3.3 4.3 4.3 
28 79.4 5.2 4.7 5.0 4.0 5.2 
42 86.6 5.8 4.0 4.5 5.3 4.3 
56 79.4 4.9 4.9 4.2 4.7 3.2 
70 77.9 5.7 3.8 4.3 6.0 5.0  

RH mean value 
with standard 
deviation w mean value with standard deviation 
86.4 ± 7.5 4.8 ± 0.7 
Corresponding w 
calculated from 
RH, according to 
[47] 

Corresponding RH calculated from w, 
according to [47] 

5.1 82.7  
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Fig. 5. a) Normalized GPR amplitude, b) chloride profiles, c) crack width, d) resulting applied voltage, e) half-cell potential and f) electrical resistivity during the 
corrosion process for samples designed according to the 1st experimental setup (diagrams on the left) and the 2nd experimental setup (diagrams on the right). 
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the concrete cover. In the case of the 1st experimental setup, the con
dition of the concrete cover was stable throughout the testing period, 
therefore the amplitude was also stable. First, the moisture content in 

the concrete cover had stabilized after the drying period, which had no 
further effect on the change of amplitude. Second, and more impor
tantly, the propagation of corrosion products from the bottom of the 

Fig. 5. (continued). 
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rebar could not affect the GPR signal since the signal did not reach this 
layer, because of the experimental arrangement with a perfect reflector, 
reinforcement, placed between the GPR and the corrosion layer. 

In specimen K1_10, there was no significant corrosion of the rein
forcement for reasons unknown to the authors, as shown in Table 5. The 
absence of cracks on the concrete surface proves this fact. This is an 
explanation for the slight amplitude divergence on day 35 between 
specimens K1_7.5 and K1_10. Comparing these two specimens, it is 
suspected that the widening of the cracks in specimen K1_7.5 after day 
35 (Fig. 5c) began to affect the dispersion of the waves [34], resulting in 
a slight decrease in amplitude in this specimen. However, this deviation 

is no longer observed in specimen K1_5 after the day 14, when a crack 
occurred. In summary, the results show that cracks up to 0.9 mm do not 
lead to a significant change in GPR response. 

Considering the results and the discussion about this experimental 
setup, it can be concluded that this experimental arrangement cannot 
accurately represent corrosion-induced changes that would be relevant 
for monitoring with ground penetrating radar. Moreover, this corrosion 
case does not correspond to the actual corrosion state of reinforced 
concrete structures, where corrosion mainly occurs on the side of the 
rebar facing the concrete cover [2]. 

The results obtained with the GPR in the 2nd experimental 

Table 5 
Characterization of corrosion activity based on the sections through the anode bar.  

Specimen Section through the anode bar Area under corrosion products 

Figure of the cross section Corrosion pattern in observed area above the rebar below the rebar 

1st experimental setup 

K1_5 15.5% 84.5% 

K1_7.5 5.7% 94.3% 

K1_10 no corrosion detected 

2nd experimental setup 

K2_5 67.2% 32.8% 

K2_7.5 73.8% 26.2% 

K2_10 60% 40%  
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arrangement differed from those of the 1st experimental arrangement. 
Although the values of half-cell potential and concrete resistivity indi
cated that the corrosion process developed at the same rate as in the case 
of the 1st experimental setup, the gradual changes in the GPR signal 
were observed here. At the end of the testing period, all specimens were 
opened at the location of the anode rebar to confirm corrosion activity. 
The sections through the anode rebars are shown in Table 5. 

The first and the most important thing noted after opening the 
specimens was the distribution of the corrosion products. In this setup, 
the distribution of the corrosion products resembled more the natural 
corrosion of the reinforcement than the distribution in the first experi
ment, as the area under the corrosion products over the reinforcement 
was 67.2%, 73.8% and 60% for K2_5, K2_7.5 and K2_10, respectively. 
The products formed mainly at the top of the rebar and migrated 
through the concrete cover to the top of the specimen. The corrosion 
products had accumulated mostly in the narrow area around the rebar 
and gradually filled the pores of the concrete cover. The layer of 
corrosion products was most pronounced on the specimen with the 
highest degree of corrosion (K2_10). 

The significant decrease in GPR amplitude strength that occurred in 
the 2nd experimental setup (Fig. 5a) was caused by several factors – 
water, chlorides dissolved in water, and corrosion products. This phe
nomenon can be explained by the reduction in amplitude due to: i) the 
change in the reflection coefficient of the steel and, ii) signal attenuation 
caused by changes in the properties of the surrounding concrete. The 
former is related to the change at the interface between concrete and 
steel, which is associated with the formation of corrosion products on 
the side of the reinforcement facing the concrete cover. Indeed, the 
amount of reflected energy at this surface is approximately equal to the 
contrast of the dielectric constants of these two materials [25]. The iron 
oxides have a lower dielectric constant than steel [52,53], so the energy 
reflected from the corrosion products in the narrow region of accumu
lation around the rebars is less than that of the noncorroding steel. As the 
signal propagates through the thin layer of accumulated corrosion 
products, it suffers additional signal loss as a result of additional prop
agation through the material [26]. Since the thickness of the corrosion 
product layer around the rebar is small, these reflections most likely 
overlap and result in an overall decrease in reflected energy. 

The second cause of the significant reduction in amplitude is the 
combined action of water, chlorides dissolved in water, and corrosion 
products that have penetrated the concrete cover. These three affect the 
properties of the concrete in which the electromagnetic waves propa
gate. The electromagnetic properties of concrete, which is a mixture of 
different constituents, could be represented by the combined properties 
of solid particles, air, and water in the concrete pores [54]. After the 
specimen was treated with a sodium chloride solution from above, the 
ingress of the solution increased the amount of water in the concrete 
pores compared to the concrete before corrosion. It is known that this 
leads to a decrease in signal amplitude [30]. This effect is most pro
nounced in the first seven days and is associated with the amplitude 
decrease in Fig. 5a. The moisture content stabilized after the seventh day 
(Table 4), so it can be assumed that changes in moisture content do not 
further affect the amplitude change. However, under the influence of the 
current applied to the rebars, the chlorides migrated from the solution 
into the concrete pores (Fig. 5b) and further increased the salinity of the 
water in the pores, resulting in additional attenuation due to the 
increased conductivity [26]. The migration of corrosion products into 
the pores of the concrete caused the air component in the mix being 
partially replaced by the corrosion product component, which further 
changed the dielectric properties of the mix. Comparing the dielectric 
properties of air and iron oxides, the iron oxides exhibit higher 
permittivity and conductivity [26,53,55], resulting in additional signal 
loss. Even though concrete is considered a non-magnetic material in 
most cases, the presence of iron oxides in materials such as magnetite 
can cause non-negligible attenuation [26]. These changes are most 
pronounced in the first 10 days and are related to the higher corrosion 

rate of the reinforcement caused by the higher applied current density. 
The last influencing factor is a crack, which appeared after the 10th 

day in all specimens above the anode. However, from the 1st experi
mental setup, it was concluded that a crack of up to 0.9 mm has a 
negligible effect on the dissipation of EM energy, so it is considered that 
it did not contribute significantly to the attenuation of the signal. The 
observed effect is in agreement with the numerical simulations on the 
influence of corrosion induced cracks on the GPR signal reported in 
[56]. There it was found that cracks up to 1 mm have a small effect on 
the GPR amplitude. 

Based on the results obtained and the above discussion, it can be 
concluded that the solution facing the surface where the GPR inspection 
is performed is more suitable for observing the corrosion induced by the 
impressed current in the laboratory. The limitation of this study is the 
inevitable change in the salinity of the water in the concrete pores, 
which prevented the isolated effect of the spread of corrosion products 
on the GPR amplitude from being observed. Further studies will focus on 
isolating these two effects. 

The ability of non-destructive methods to detect the corrosion pro
cess is highly dependent on the technique used. Half-cell potential and 
electrical resistivity detect corrosion regardless of the location of the 
corrosion layer with respect to the rebar and the concrete surface, while 
ground penetrating radar requires a change on the side of the rebar 
facing the concrete surface being tested. Therefore, in the second 
experimental setup, all non-destructive methods were able to detect the 
corrosion, while the GPR had sufficient resolution and stability in testing 
to detect the progression of the process over time, enabling quantitative 
analysis of the kinetics of the corrosion process over time. 

Considering the real structures, the second experimental setup is 
closer to the natural evolution of the corrosion process, so the present 
study confirms that the GPR can be used to evaluate the corrosion of 
reinforcement in RC structures. However, certain limitations must be 
emphasised. It will be difficult to use the GPR as a stand-alone test 
method when evaluating structures for which historical data are not 
available and which are to be evaluated only once. In this case, the 
electrochemical methods, especially HCP, are more appropriate, even 
though they are destructive. If the testing of the structures extends over a 
longer period of time and is planned as a continuous monitoring of the 
structure, the GPR might be a better solution, as it provides a unique 
opportunity for non-destructive characterization of the corrosion ki
netics. In addition, the GPR method could allow automation of the 
assessment of reinforced concrete structures. Currently, the limitations 
of GPR applications are the time-consuming data analysis and the 
insufficiently developed techniques for quantifying the reinforcement 
diameter. 

6. Conclusion 

In the present experimental study, the aim was to determine the 
influence of the different distributions of corrosion products caused by 
different experimental setups on the GPR signal amplitude in laboratory 
simulations. Due to the contradictory results on the influence of corro
sion on the GPR signal reported in the literature, two experimental 
setups were designed: the first one replicates the setup of previous re
ported studies, and the second produces distribution closer to the nat
ural corrosion process. 

The results presented clearly show that the position of the sodium 
chloride solution during the accelerated corrosion process determines 
the location of corrosion products layer and their distribution in the 
concrete cover, which in turn determines the behaviour of the GPR 
signal. If the solution is below the rebar level, the formation of corrosion 
products occurs mainly from the bottom of the rebars. The migration of 
corrosion products also occurs mainly in the direction of the solution 
and deeper into the concrete. In that case, although all corrosion pa
rameters clearly indicated corrosion propagation, the GPR amplitude 
did not change significantly. This can be attributed to the stable 
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condition of the concrete cover during the experiment and the inability 
of the signal to surpass fully reflective reinforcement to reach corrosion 
product layer. On the other hand, when the solution was at the top of the 
specimens, the formation of corrosion products and their migration is 
directed towards the upper surface of the concrete. In that case, the GPR 
amplitude had a decreasing trend throughout the corrosion propagation. 
The changes in GPR signal were influenced by the combined effect of 
changes at the interface between concrete and steel and changes in the 
material. Therefore, the second case better represents the corrosion of 
the reinforcement in real structures, as well as the changes that would be 
relevant for monitoring with ground penetrating radar. This experi
mental setup is more suitable for inspection with GPR in cases where 
corrosion is induced by impressed current technique. When comparing 
GPR with other electrochemical methods (HCP and ER), GPR was able to 
detect the progression of the corrosion process, while HCP and ER 
showed only minor changes in the progress of corrosion. 

Further research is needed to isolate the effects of each material 
parameter (e.g. the moisture content, chlorides) independently to 
determine their contribution to the overall change in the GPR signal, and 
to observe the effects of the combined parameters to create different 
environmental conditions. 
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A B S T R A C T   

The sensitivity of the high-frequency ground penetrating radar (GPR) signal to changes within the reinforced 
concrete (RC) makes it a valuable tool for corrosion assessment of RC structures. The most important parameters 
in chloride-induced corrosion are moisture content, chloride content, and reinforcement diameter loss. The 
objective of this laboratory study was to investigate and quantify the influence of these parameters on the GPR 
signal. Of particular interest was to determine which of the observed parameters the GPR is most sensitive to. 
Furthermore, particular emphasis was placed on understanding the influence of corrosion products, which has 
not met the consensus in the existing literature. The parameters were studied on a total of forty-two specimens 
where the reflector of the GPR waves was the reinforcement embedded in the concrete specimen. Based on the 
experimental data, values of normalized amplitude related to the evaluation of corrosion by GPR were proposed.   

1. Introduction 

During the initiation phase of chloride-induced corrosion, the main 
parameters to consider in the inspection of reinforced concrete (RC) 
structures are moisture and chloride content within the concrete, while 
in the propagation phase it is a loss of reinforcement cross-section. 
Unfortunately, in most cases, the parameter that triggers the need for 
a detailed assessment of RC structures is a visible sign of corrosion on the 
surface of the structure, e.g., cracks, rust stains, concrete spalling etc. 
The main reasons for reluctance to perform a detailed assessment in the 
early stages of corrosion are the duration of the inspection, its 
complexity and finally the cost. However, the consequences of corrosion 
[1–5] remind us forcefully on the need of detailed assessment of rein
forced concrete structures as part of proactive, rather than reactive 
infrastructure asset management. 

The step towards more efficient maintenance of the RC structures 
could be the repeated inspection using non-destructive testing (NDT) 
[6–9]. The main advantages of NDT are more frequent inspection of 
large areas and shorter inspection time while being completely non- 
invasive. In recent decades, ground penetrating radar (GPR) has 
gained importance as a valuable non-destructive testing method in the 
inspection of structures [10–16]. The analysis of characteristics of 
electromagnetic waves emitted by the GPR and reflected due to changes 

in the interior structure of an element under inspection is of core interest 
[17,18]. In addition to the wide application of GPR in civil engineering 
to reconstruct the invisible interior of structural elements [12,19–21], 
the evaluation of reinforcement corrosion by GPR is of particular in
terest, but also presents a significant challenge [11,22–27]. Most pa
rameters affecting corrosion of reinforcement in concrete have been 
previously studied with GPR: moisture content [28–31], chloride con
tent [31–35] and reinforcement corrosion [23,36–40]. While it would be 
remarkable that one technique could detect all the important parameters 
affecting the corrosion process, the analysis is more complicated because 
more than one influential parameter is involved and usually only one 
outcome parameter is measured, namely the strength of the reflected 
signal [41–43]. Table 1 gives an overview of laboratory studies on the 
influence of moisture, chlorides, and corrosion on the GPR signal. 

Regarding the reflector, it can be seen from Table 1 that the studies 
that focused on the moisture/chloride content aimed to show the rela
tionship between the parameters of the concrete and the parameter of 
the GPR, independently of the corrosion of the rebar. For the corrosion 
initiation phase, the concrete parameters can be considered independent 
of the rebar corrosion, but for the corrosion propagation phase, the in
fluence of the corrosion products must be considered. In addition, the 
effect of corrosion products on the amplitude change is ambiguous and 
no consensus has yet been reached on whether the corrosion products 
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attenuate or amplify the GPR signal [24,37,38,45,46]. Some of the 
possible reasons for this ambiguity could be that the laboratory exper
iments unintentionally created an environment in which the amplitude 
change was additionally altered by other factors such as moisture and 
chloride fluctuations [11,48], or that the amplitude change did not 
depend on the corrosion products because the spread of the corrosion 
products was not appropriate [22]. 

The main objective of this study is to investigate and quantify the 
influence of all the main parameters involved in chloride-induced 
corrosion of reinforcement in concrete: moisture, chlorides, and corro
sion products, on the amplitude of GPR signal. The parameters were 
investigated on a total of forty-two reinforced concrete specimens, 
where the GPR signal reflector was the reinforcement. The experimental 
setup for laboratory-induced corrosion was carefully selected to ensure 
that the corrosion pattern was suitable for investigation by GPR. The 
comparison of the influence of the observed parameters has been sum
marised, and recommendations are given for the amplitude values 
stemming from the corrosion evaluation of RC structures by GPR. 

2. Materials and methods 

2.1. Materials and specimen preparation 

The concrete specimens were prepared using cement CEM I 42.5 R 
cement, river aggregate (0/4 mm, 4/8 mm, and 8/16 mm), and potable 
water. The cement content was 300 kg/m3, and the water-to-cement 
ratio was 0.6. 

The investigations were performed on concrete specimens 300 mm 
× 200 mm × 90 mm with a reinforcing bar (20 mm diameter and 300 
mm length) and a concrete cover of 50 mm, Fig. 1. The part of the 
reinforcing bar that was outside the specimen was coated with epoxy 
resin. The geometry of the specimens was designed to simulate the cut- 

outs of the reinforced concrete elements, but at the same time to be 
suitable for testing with GPR. All dimensions were chosen to eliminate 
the overlapping of signals from two adjacent reflectors, considering the 
performance of the device and the principles of signal propagation. 

A total of forty-two specimens were cast. They were divided into 
three groups of specimens: 1) group to observe the influence of moisture, 
2) group to observe the influence of chlorides, and 3) group to observe 
the influence of corrosion products on the GPR signal. 

Table 1 
Review of laboratory studies on the effects of moisture content, chloride content and reinforcement corrosion on GPR signal.  

Property Trend of amplitude 
change 

Equation Function Reflector Depth 
[cm] 

Reference 

Moisture content ↓ n/a n/a Slab 
bottom 

7 Laurens et al. [28] 

↓ A = Ai/Aair A = –0.044 w + 0.959 Slab 
bottom 

8 Sbartaï et al. [30] 

↓ A = Ai/Aair A = –0.063 w + 0.9 Slab 
bottom 

12 Klysz et al. [29] 

↓ n/a n/a Slab 
bottom 

8 Hugenschmidt et al.  
[32] 

↓ A= (20/D) log (Ai/ 
AC) 

A = –12.695 w – 11.51 Slab 
bottom 

7 Senin et al. [31] 

↓ A = 20 log (ADW/Ai) A = 1.859 w3 – 34.259 w2 + 212.395 w – 
405.836 

Rebar 8 Kaplanvural et al. [44]  

Chloride content ↓ n/a n/a Slab 
bottom 

8 Sbartaï et al. [33] 

↓ n/a n/a Slab 
bottom 

8 Hugenschmidt et al.  
[32] 

↓ A= (20/D) log (Ai/ 
AC) 

A = –6.867 × – 123.91 Slab 
bottom 

7 Senin et al. [31]  

Reinforcement 
corrosion 

↓ n/a n/a Rebar 1.9 and 
3.8 

Hubbard et al. [45] 

↑↓ n/a n/a Rebar 7 Zaki et al. [46] 
↑ n/a n/a Rebar 2.5 and 

7.5 
Lai et al. [24] 

↑ n/a n/a Rebar 7 Hong et al. [23] 
↑↓ n/a n/a Rebar 6 Wong et al [38] 
↓ n/a n/a Rebar 8 and 7 Sossa et al. [37] 
↑ n/a n/a Rebar 3 Liu et al. [47] 
↓ n/a n/a Rebar 5 Tesic et al. [22] 

Note: Ai – amplitude of reflected wave, Aair – amplitude of wave recorded in air, AC – amplitude on control specimen, D – specimen height, ADW – amplitude of direct 
wave, w – volumetric water content (%), x – free chloride content, n/a – not available. 

Fig. 1. Specimen design (dimensions in millimetres).  
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2.1.1. Reaching different moisture conditions 
Specimens prepared for observation of the effect of moisture on the 

GPR signal were brought to a saturation level of 15–20%, 45–50%, or 
75–80%. A total of nine specimens were prepared for this purpose, three 
for each saturation range. The specimens were first dried to a constant 
mass, then saturated to 100%, and finally dried in an oven at 50 ◦C to the 
desired degree of saturation. The desired saturation level w was deter
mined according to the following equation, 

w = (m3 − m1)/(m2 − m1)⋅100 [%] (1)  

where m1 is the mass after drying to constant mass, m2 is the mass after 
saturation, and m3 is the mass up to the desired saturation level. 

2.1.2. Reaching different chloride-rich conditions 
Chlorides were introduced into concrete specimens in two ways, first 

by adding sodium chloride (NaCl) into the concrete mix (referred to 
herein as internal chlorides), and second by subjecting the specimens to 
wet-dry cycles by immersion in sodium chloride solutions, (external 
chlorides). 

A total of 1.19 kg/m3, 1.98 kg/m3, 2.97 kg/m3, 4.95 kg/m3, 9 kg/m3, 
and 14.94 kg/m3 of sodium chloride were dissolved into potable water 
and added to the concrete during mixing in the first procedure. The 
amounts of chlorides correspond to the following chloride concentra
tions: 0.24%, 0.4%, 0.6%, 1%, 1.8% and 3% of the cement mass, mc. 
Eighteen specimens were prepared according to the procedure described 
above, three for each concentration. All specimens were tested at 0% 
(dry), 15–20%, 45–50%, 75–80%, and 100% (fully saturated) saturation 
levels. 

The second procedure involved immersing the specimens in a 2%, 
3.5%, or 5% sodium chloride solution. The procedure consisted of four 
cycles of wetting (five days immersion in the solution) and drying (two 
days drying in the air). Specimens were then immersed until saturation 
in the same solutions and dried to a saturation level of 0% (dry), 
15–20%, 45–50%, and 75–80% and tested with GPR. Three specimens 
were immersed in each solution, making a total of nine specimens pre
pared for the described procedure. 

2.1.3. Reaching different stages of corrosion 
The intended stages of corrosion of the reinforcement in the concrete 

specimens were achieved by exposing the reinforcement to external 
current from the laboratory power supply. The specimens had wires for 
electrical connection that were prepared before casting. The connection 
between the reinforcement and the wire was protected with an imper
meable mastic. On top of the specimens was a container made of poly
styrene sheets in which water was placed during the accelerated 
corrosion process (Fig. 2). The objective was to keep the concrete cover 
partially wet to force the gradual spread of the corrosion products into 
the concrete cover. The power supply was set to a voltage of 32 V, but 

with an upper current limit of 0.025 A, corresponding to a current 
density of 200 µA/cm2. A total of six specimens were subjected to the 
accelerated corrosion process, which differed in the duration of expo
sure to the external current. The specimens were exposed to the accel
erated process for 90, 120, 150, 180, 210, and 240 days. After the 
accelerated process, the specimens were left under laboratory conditions 
without a water container for 3 months to stabilize the concrete cover 
condition, and then the GPR test was performed. The saturation level 
under laboratory conditions was in the range of 60–65%. This was done 
to exclude the influence of water content variations in the concrete cover 
and to ensure that the signal change was only due to the influence of 
corrosion products. 

2.2. GPR measurements 

The GPR used in this study was Geophysical Survey Systems Inc. 
(GSSI) 2.7 GHz device. The scan interval of the instrument was 8 scans/ 
cm, with the scan sampled in 512 data points. The scan range was 5 ns. 
The scans were processed using RADAN 7 software. The raw GPR data 
was processed with a bandpass filter and background removal. A con
stant one-point gain was also used. 

GPR profiles were taken from the top of the specimens as shown in 
Fig. 3. One GPR profile corresponded to the three specimens in a series 
that came from the same mixture and had the same condition. Two 
control samples were placed on the sides of the specimens. In addition, a 
metal plate was placed at the bottom of the series of specimens. The 
exception was the specimens made for the observation of the influence 
of the corrosion process, where the profile contained three specimens 
with different degrees of corrosion between two control specimens. The 
GPR profiles were taken perpendicular to the reinforcing bars. A total of 
ten profiles were taken, five forward and five reverse profiles, Fig. 3. 

The analysis of the influence of the observed effects on the GPR 
signal was based on the observation of the peak amplitudes of the signal 
reflected from the rebar, derived from the scan over the rebar. The 
amplitudes were extracted, and the final amplitude was determined as 
the average of ten profiles. The amplitude reported herein is the 
normalized amplitude A in dB, expressed as:  

1) Moisture assessment 

A = 20log10(Am/A0) [dB] (2)  

where Am is amplitude at a given saturation level and A0 is amplitude of 
the same specimen in dry condition,  

2) Chloride assessment 

A1 = 20log10(ACl/A0) [dB] (3)  

where ACl is amplitude at a given chloride concentration and A0 is 
amplitude of the specimen without chlorides at the same degree of 
saturation. 

In addition, the influence of chlorides on the GPR signal is expressed 
by the amplitude A, 

A = 20log10(ACl/A0) [dB] (4)  

where ACl is amplitude at a given chloride concentration and A0 is 
amplitude of the same specimen in dry condition*.1  

3) Corrosion assessment 

A = 20log10(AC/A0) [dB] (5) 

Fig. 2. The setup for the accelerated corrosion process.  

1 For the specimens immersed in the solution, the dry condition was reached 
before the wet-dry cycles. 
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where AC is amplitude at a given stage of corrosion and A0 is amplitude 
of the same specimen before corrosion. 

It should be mentioned that the values of the amplitudes Am, ACl, AC, 
and A0 depend on the particular GPR device and its construction. Also, 
the values of the amplitudes recorded after propagation through the 
material depend on the centre frequency of the device. The higher the 
centre frequency, the greater the attenuation of the signal as it propa
gates through the same material compared to a device with a lower 
centre frequency [17]. However, given the normalization procedures 
(Eqs. (2)–(5) and the fact that commercially available GPR devices for 
concrete inspection operate in a similar frequency range, it can be 
assumed that the results obtained in this work should also apply to in
vestigations other than this particular GPR. 

2.3. Chloride profiles 

For the specimens prepared for the observation of the influence of 
chlorides on the GPR signal, the total chloride content was determined 
by potentiometric titration. The concrete powder was taken every 10 
mm to a depth of 50 mm, i.e., to the depth of reinforcement. A known 
amount of the concrete powder was placed in a beaker and mixed with 
100 ml of deionized water and 10 ml of a 5 mol/l nitric acid (HNO3) 
solution. The solution was then heated to boiling with constant stirring 
and stirred for an additional 3 min, according to [49]. The solution was 
then titrated with 0.1 M silver nitrate (AgNO3). The amount of chlorides 
is expressed as percentage of the mass of the cement, mc. 

2.4. Reinforcement mass loss 

Reinforcement mass loss was measured in the specimens where the 
effect of corrosion products was observed. All bars were weighed and 
labelled before mixing the concrete. After the GPR measurements, all 

specimens were opened at the section where the reinforcement had been 
placed. After pulling out the reinforcement, the corrosion products were 
removed mechanically. An angle grinder with a cup brush was used for 
this purpose. The reinforcement was not additionally cleaned, as it was 
brought to a metallic gloss by mechanical cleaning. After the corrosion 
products were removed, the mass of the cleaned rebar was measured. 
The final mass loss Δm was determined as follows, 

Δm = (m1 − m2)/m1⋅100 [%] (6)  

where m1 is the mass of the rebar before concrete mixing and m2 is the 
mass of the cleaned rebar after the corrosion process. 

3. Results 

3.1. Effect of moisture 

The normalized amplitude A according to Eq. (2), obtained on a 
group of specimens where the effect of moisture on the GPR signal was 
observed is shown in Fig. 4. 

The amplitude loss increases with the degree of saturation – the 
maximum amplitude loss occurs for fully saturated specimens, and ac
cording to the normalization to the dry specimen, amplitude A reaches 
− 13.62 dB at a propagation depth of 50 mm. Accordingly, 2.72 dB is lost 
on each centimetre of concrete when the concrete pores are filled with 
water. When the pores are half-filled, the loss is one half. This means that 
the relationship between the normalized amplitude and the degree of 
saturation can be well expressed in linear terms. However, it was found 
that larger changes occur at the ends of the saturation range, i.e., below 
20% and above 80%. The amplitude loss is related to the mechanisms 
resulting from the presence of water molecules in the pores of the con
crete, i.e., the pore water [50]. When the concrete specimens are 
exposed to an electromagnetic field, the dipolar molecules tend to 

Fig. 3. GPR profiles.  

Fig. 4. The normalized amplitude A as a function of the saturation level.  
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realign according to the applied current and form dipole moments. This 
effect is called dipolar polarization. As a result of the realignment and 
the interaction of the particles, some of the energy is converted into 
heat, leading to an overall decrease in amplitude. The rate of molecular 
polarization depends on the frequency of the incident pulse [51,52], 
which means that both the dielectric properties and the amplitude loss 
are frequency dependent. The behaviour of free water in the presence of 
an electromagnetic field is described by the Debye model [53]. The 
Debye diagram shows that there is a relaxation frequency at which the 
amplitude loss is highest, and this frequency is around 19 GHz for free 
water molecules. At this frequency, the energy is not transferred for the 
formation of the organized orientation moments but is consumed in the 
disordered motion of the molecules. If the water in the material is not 
completely free to move, as in concrete pores [54,55], the relaxation 
frequency may fall within the operating range of the GPR, resulting in 
additional amplitude loss. 

3.2. Effect of chlorides 

The chloride content, expressed as a percentage of the cement mass, 
calculated as explained in Section 2.3, is shown in Table 2. Each value in 
a row in Table 2 is the average chloride content of three specimens. 

If the chlorides were added to the concrete during mixing, the 
chloride profiles in the concrete cover (Table 2) are quite homoge
neously distributed for the specimens mentioned. Exceptions are speci
mens with higher chloride concentration, where the total chloride 
content is higher near the surface than in the depth of the reinforcement. 
The reason for this could be the higher water-cement ratio in the first 
centimetre of the specimens, which is mainly characterised by a higher 
porosity, thus attracting the higher chloride content [56]. In contrast to 
the chloride profiles for internal chlorides, the profiles for external 
profiles tend to show the gradient of the chlorides at the concrete cover. 
The first centimetre facing the surface that was directly exposed to the 
sodium chloride solution has the highest concentration, and the con
centration decreases with depth. 

Fig. 5 shows the normalized amplitude functions according to Eq. (3) 
as a function of chloride concentration c (mean value in concrete cover). 
The internal chlorides are marked in black, and the external ones are in 
magenta. If the amplitude of the reflected wave at a given saturation 
level for a mixture containing chlorides is normalized to the amplitude 
of a specimen with the same saturation level but without chlorides (Eq. 
(3)), the loss can be attributed only to the effect of the chlorides. The 
positive numbers of A1 are not included in Fig. 5. The reason for the 
positive numbers could be slight geometry differences between the two 
specimens used for normalization, or the position of the rebar in the 
specimen could influence the described occurrence. This is most pro
nounced in the examinations at the 15–20% saturation level. This means 

that the influence of chlorides is lowest at low saturation levels. 
The effect of the chlorides is apparent; it causes amplitude loss. This 

is mainly the consequence of the increased conductivity of the hetero
geneous material [13,50], where the charged ions dissolved in the pore 
water consume energy in random collisions due to the presence of an 
electromagnetic field. According to this normalization procedure, the 
loss for the mixtures with an average chloride content of 0.7% of mc is 
–1.6 dB, 1.2% of mc is –5 dB and 3.1% of mc is –13.7 dB, all at full 
saturation. At half saturation, the loss for the mixture with chlorides 
3.1% of mc is –3 dB, while for the mixtures with 0.7% and 1.2% the 
normalized amplitude has a positive sign according to Eq. (3). 

The normalization procedure according to Eq. (4) is intended to 
show the effect of the amplitude change due to the joint effect of water 
saturation and chlorides. Fig. 6. shows the behaviour of the amplitude of 
the GPR signal in accordance with Eq. (4). As for the internal chlorides, 
the loss is greatest for the mixture with the highest chloride content (3.1 
% wt. of cement) and the highest saturation level (100%). The slope of 
the curves increases with increasing chloride content. At higher satu
ration levels, the combined effect of water and chlorides is greater 
because the conduction effects are enhanced by the presence of water 
due to the facilitated movement of charges in the liquid. In the low 
saturation range (below 20%), the losses are fairly independent of 
chloride content. This is probably because the movement of charged ions 
is restricted in the absence of water. For the mix with an average chlo
ride content of 0.7% of the mc (internal chlorides group), the signal loss 
is − 14.8 dB for fully saturated specimens. For the concrete with an 
average chloride content of 1.2% of mc, the loss is − 18.3 dB and for the 
severe chloride environment with a chloride content of 3.1% of mc, this 
loss is − 25.6 dB, both at full saturation. For the same mixes, the losses at 
half-filled pores are − 5.6 dB, − 7.3 dB and − 9.4 dB, respectively. For the 
specimens with external chlorides, the losses are as follows: − 18.2 dB for 
chloride content of 1.1% of mc, − 22.3 dB for chloride content of 1.6% of 
mc and − 25.1 dB for chloride content of 2% of mc, at full saturation, and 
− 11.5 dB, − 14.3 dB and − 18.3 dB at half saturation. 

For the comparison, the specimens to which 1% of chlorides to the mc 
was added during mixing (mean chloride content is 1.2% of mc) and the 
specimens exposed to a 2% sodium chloride solution (mean chloride 
content is 1.1% of mc) have similar average chloride content in the 
concrete cover. According to Eq. (4), the loss for the first and second 
groups of specimens is − 18.3 dB and − 18.2 dB at full saturation and 
− 7.3 dB and − 11.5 dB at half saturation. The specimens to which 1.8% 
of chlorides to the mc was added and the specimens exposed to a 5% 
sodium chloride solution have an average chloride content of 1.8% and 
2% of mc, respectively. The losses are as follows: − 20.3 dB and − 25.1 dB 
at full saturation and − 10.8 dB and − 18.3 dB at half saturation. The loss 
was found to be lower for the internal chlorides than for the external 
chlorides. This could be explained by the higher ratio of free to total 

Table 2 
The chloride content in the concrete cover.  

Internal chlorides Chlorides added in mixture [% of mc] Chloride concentration [% of mc] 
Depth [mm] Mean value Standard deviation 
0–10 10–20 20–30 30–40 40–50 

0.24 0.5 0.4 0.4 0.3 0.4 0.4 0.1 
0.4 0.9 0.7 0.4 0.7 0.5 0.7 0.2 
0.6 0.7 0.6 0.8 0.8 0.6 0.7* 0.1 
1 1.9 1.1 1.1 1.1 0.8 1.2 0.4 
1.8 2.9 1.8 1.4 1.5 1.5 1.8 0.6 
3 5.2 3.1 2.5 2.3 2.6 3.1 1.2  

External chlorides Concentration of solution [%] Chloride concentration [% of mc] 
Depth [mm] Mean value Standard deviation 
0–10 10–20 20–30 30–40 40–50 

2 2.8 1.0 0.6 0.6 0.6 1.1 1.0 
3.5 4.2 1.4 0.9 0.8 0.6 1.6 1.5 
5 4.7 1.7 1.2 1.2 1.1 2.0 1.5  

* The value that is marked with “*” in Figs. 5 and 6. 
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chlorides in the case of the external chlorides [57], which have less 
restricted motions in the cement matrix compared to the bound chlo
rides, resulting in higher energy dissipation during particle collision. 

3.3. Effect of corrosion products 

The signal change due to the corrosion of the reinforcement in the 
concrete specimen as a function of the mass loss Δm is shown in Fig. 7. 
The mass loss of the specimens subjected to accelerated corrosion ranges 
from 0.17% to 2.1%. The main finding of this study is that the increase in 
corrosion degree affects the amplitude loss. The normalized amplitude 
according to Eq. (5) ranged from –0.4 dB to –10.8 dB. 

For the majority of specimens, the degree of corrosion corresponded 
to a mass loss between 0.1% and 0.8%. The cross-sections through the 
corroded reinforcing bars of the specimens opened after completion of 
the accelerated corrosion process are shown in Fig. 8. It was explained in 
Section 2.1.3. that the container of water was present during the 
corrosion process to maintain the concrete cover in a partially wet 

condition. In this setup, the ongoing corrosion process and the propa
gation of the corrosion products develop from the top of the rebar facing 
the side where the investigation with GPR is performed. This phenom
enon was discussed in detail in reference [22]. From Fig. 8, it can be seen 
that the metal consumption was as explained in the previous sentence. 
Starting with the lowest corrosion level, the specimens that corroded for 
90 days had the smallest corroded area at the top of the rebar. The 
specimens that corroded for 120, 150, and 180 days had the same but 
more pronounced corrosion pattern. Finally, the specimens with 210 
and 240 days of corrosion, which exhibited the highest degree of 
corrosion, also had corrosion products on the bottom side of the rebar. 

The lowest mass loss is 0.17% and corresponds to an amplitude loss 
of − 0.39 dB. The rebar that corroded for 120 days had a mass loss of 
0.46%. The normalized amplitude according to Eq. (5) had a minor 
value, but with a positive sign. The cross-section of this specimen, shown 
in Fig. 8, indicates that most of the corrosion products accumulate near 
the ends of the rebar. On the other hand, most of the radiated GPR en
ergy is reflected from the central part of the rebar, since the profiles 

Fig. 5. The normalized amplitude A1 as a function of chloride content.  

Fig. 6. The normalized amplitude A depending on the average chloride content.  
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shown in Fig. 3 correspond to the centreline connecting the specimens. 
Simplifying the radiated energy as a cone with an ellipse base, as pro
posed in [58], the central part affected by the electromagnetic waves is 
the middle 1.5 cm long region of the rebar. The explanation for the lack 
of amplitude change in this specimen is therefore that the corrosion 
change did not occur in the central part of the rebar, but on the outer 
sides of the rebar. The two following specimens, subjected to a corrosion 
process for 150 and 180 days, had the same degree of corrosion corre
sponding to a mass loss of 0.6%, so the normalized amplitude had very 
similar values, –3.6 dB and –3.4 dB, respectively. The specimen with the 
highest degree of corrosion, i.e., 2.1 % mass loss, had an amplitude loss 
of –10.8 dB. This specimen had a crack at the end of the corrosion 
process. However, this crack was less than 1 mm thick, which did not 
contribute to the overall amplitude change [22,59]. 

The previously described amplitude loss is probably the result of two 

mechanisms occurring simultaneously during the propagation of the 
electromagnetic wave, as described in [22]. The first is the change in the 
concrete medium in which the wave propagates because the concrete 
pores are now filled with corrosion products, the iron oxides. Iron oxides 
have magnetic properties that can affect the amplitude loss [60]. 
However, this mechanism is not crucial in this study because visible 
migration of corrosion products toward the concrete cover is not 
observed (Fig. 8). Instead, the change in amplitude is the result of the 
change in the reflector surface. The corrosion layer over the rebar 
changes the reflection coefficient and thus the amplitude of the reflected 
wave. In addition, the wave is attenuated by the thin corrosion layer 
during propagation, so the total energy reflected from the steel is lower 
compared to the uncorroded rebar. 

Fig. 7. The normalized amplitude A as a function of corrosion degree.  

Fig. 8. The cross-section of the corroded specimens after a) 90 days, b) 120 days, c) 150 days), d) 180 days, e) 210 days and f) 240 days of accelerated corrosion.  
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4. Discussion 

In Section 3, the loss of GPR signal amplitude was expressed in dB 
and observed during the propagation of the signal in five centimetres of 
concrete. In the following discussion, these values are normalised to one 
centimetre of concrete so that the amplitude is expressed in dB/cm. 
Table 3 provides an overview of the influence of the corrosion-related 
effects on the GPR signal. The values of the normalized amplitudes 
shown in Figs. 4, 5 and 7 are further normalized to the following in
crease in the observed values: a 5% increase in the saturation level, a 
0.4% (of mc) increase in the total chloride content in concrete cover 
(mean value for internal and external chlorides) at saturation levels of 
45–50%, 75–80%, and 100%, and a 0.1% increase in mass loss due to 
reinforcement corrosion. It should be mentioned that some of the 
specimens where the influence of chlorides was observed showed signs 
of corrosion on the surface of the reinforcing bars (which were detected 
after opening the specimens), and these were excluded from the analysis 
of the amplitude in Table 3. 

As explained earlier, the changes in signal amplitude due to chlorides 
are not significant at low saturation ranges, so they are not listed. 

It is not easy to select the increment of effects listed in Table 3 to 
compare their contribution to the overall change in the GPR signal 
because it is difficult to determine the possible range of effects under real 
conditions. Even though moisture has a significant effect on the GPR 
signal, the analysis can be facilitated if the measurement is chosen to 
avoid variations in the moisture condition. In this case, during the 
corrosion initiation, chloride contamination has the greatest effect on 
the signal change for chloride-induced corrosion. Once corrosion pro
gresses, the chlorides and rust simultaneously contribute to the change 
in signal. 

In this work, a dried specimen, or a specimen without chlorides with 
the same saturation level was used as a reference point for normaliza
tion, Eqs. (2) to (4). The normalization provided was used to express the 
full possible range of amplitude change as a function of specimen 
moisture conditions, from complete dryness to complete saturation. 
However, this scenario of extreme conditions is not realistic for most 
existing reinforced concrete structures. In the maintenance of reinforced 
concrete structures, the first measurement could be performed on 
“sound” concrete without deterioration, made after the construction of 
the structure, as a reference point to which the change in the GPR signal 
is measured, which indicates changes related to concrete corrosion. If 
measurements are made under similar environmental conditions, for 
example, if there has been no rain for several days and average tem
peratures are similar, extreme variations in the degree of saturation can 
be avoided. 

To determine the value of the amplitude corresponding to the end of 

the corrosion initiation period, the specimens with a “critical” chloride 
content of 0.6% of mc are used [61]. It can be seen from Table 2 that the 
specimens subjected to wet-dry cycles in 2% and 3.5% sodium chloride 
solutions have these chloride contents at the reinforcement level. The 
mean values of the amplitudes are further normalized to the amplitude 
of a specimen with a moisture content of 3.85% (saturation level 65%), 
expressed in terms of the mass of the dried specimen. According to [62], 
this corresponds to an ambient relative humidity of 60%. Finally, the 
proposed normalized amplitude value that correspond to the critical 
chloride content of 0.6% of mc is shown in Table 4. 

5. Conclusions 

In this experimental study, the influence of moisture, chlorides, and 
corrosion products on the change of the GPR signal was investigated. 
The conclusions of this study are: 

- Moisture, expressed in this work as saturation level, has strong in
fluence on the GPR signal. However, if the inspection of the structure 
RC is performed under similar environmental conditions in terms of 
relative humidity and temperature, this parameter could be excluded 
from the analysis.  

- The corrosion products on the surface of the reinforcement affect the 
amplitude loss when the signal is reflected. The mass loss of 0.1% 
affected the amplitude loss of –0.07 dB/cm.  

- The normalized amplitude value of –0.7 dB/cm was measured for the 
specimens where the chloride content at the depth of reinforcement 
was 0.6% of mc. 

By the proposed reduction of amplitudes for different influencing 
factors, combined with additional measurements such as chloride con
tent, it is possible to eliminate other factors and analyse the amplitude 
reduction due to the corrosion process. In addition, in accordance with 
the procedures described in the paper, the authors would like to 
emphasise the importance of baseline measurements made shortly after 
construction. This would open the possibility of using GPR for non- 
destructive and effective analysis of corrosion of reinforcement in con
crete structures. In future studies, the investigations should be extended 
to different types of concrete in terms of strength so that they can be 
used for the inspection of structures. In addition, complete structure 
elements with reinforcement meshes and different reinforcement di
ameters should also be studied to determine the limits of the inspection. 
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Table 3 
Quantification of the influence of corrosion-related effects on the GPR signal.  

The corrosion-related 
effect 

Trend of 
amplitude 
change  

Normalized 
amplitude [dB/ 
cm] 

5% increase in 
saturation level 

↓ At the saturation 
level 20%–80%  

–0.1 

At the saturation 
level below 20% 
and above 80%  

–0.2 

0.4% (of mc) increase in 
chloride content 

↓ At the saturation 
level 45–50%  

–0.21 

At the saturation 
level 75–80%  

–0.26 

At the saturation 
level 100%  

–0.37 

0.1% increase in mass 
loss due to 
reinforcement 
corrosion 

↓ At the saturation 
level 60–65%  

–0.07  

Table 4 
The proposed values of normalized amplitudes for distinguishing passive from 
active corrosion on an ambient relative humidity of 60%.  

Corrosion 
status 

Critical chloride content (of 
mc) 

Normalized amplitude [dB/ 
cm] 

Passive  <0.6 < − 0.7 
Active  ≥0.6 ≥ − 0.7  
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A B S T R A C T   

Understanding the mechanisms that alter the ground penetrating radar (GPR) electromagnetic wave propagation 
as a result of reinforcement corrosion is pivotal for accurate assessment of the corrosion of reinforced concrete 
(RC) structures. Nevertheless, the behaviour of the GPR signal during the complex corrosion process is not 
thoroughly understood. In this study, finite-difference time-domain (FDTD) modelling was used to analyse the 
effects of corrosion-related parameters, i.e., moisture, chlorides, and corrosion products, on the electric field 
strength. This study aims to expand the database on numerical simulations of GPR signal behaviour in corrosive 
environments. It also addresses the knowledge gap in modelling the frequency-dependent properties of concrete 
and iron oxides. Modelling approach adopted in the study was validated with experimental data obtained on 
laboratory specimens that correspond to the numerical models in terms of geometry and condition.   

1. Introduction 

Corrosion of reinforcement, defined as an electrochemical reaction 
that leads to the formation of rust (Bertolini et al., 2013; Nürnberger 
et al., 2007; Ahmad, 2003; Fan et al., 2019), resulting in cracking, 
spalling, and debonding of steel and concrete, i.e., shortening service life 
of structures, is the primary durability concern of civil engineers and 
building owners. It is estimated that the direct cost of corrosion is 3.1% 
of the gross domestic product (GDP) in America (Koch et al., 1998). 
Failure to systematically maintain structures, in addition to the direct 
and indirect costs, can jeopardize the load-bearing capacity of the 
structures and have disastrous consequences. Persistent efforts are being 
made worldwide to develop corrosion control strategies: delay (Beush
ausen et al., 2019; Alexander and Beushausen, 2019), early detection 
(Abu Dabous et al., 2017; Pashoutani and Zhu, 2020), or even inter
ruption (Pan et al., 2017; Cao et al., 2017) of the corrosion process in 
reinforced concrete (RC) structures. 

Early detection of corrosion should allow for a proactive response to 
repair efforts, reducing the cost of overall repair and potentially 
extending the service life of the structure. Preservation of an intact 
structure, shorter inspection time, and the ability to detect corrosion in 
its early stages are the main advantages of non-destructive testing (NDT) 
methods (Ahmed et al., 2020; McCann and Forde, 2001; Solla et al., 

2016; Song and Saraswathy, 2007; Rehman et al., 2016). In the last two 
decades, ground penetrating radar (GPR) has become one of the most 
useful non-destructive testing methods in the inspection of RC struc
tures, mainly because of its ability to provide multiple information about 
reinforcement (e.g., location, thickness of concrete cover, corrosion 
state), high inspection rate, and real-time results (Lai et al., 2018; Klewe 
et al., 2021; Tešić et al., 2021a; Krysiński et al., 2015; Omar et al., 2017). 
Although GPR can process the information about the geometry of the 
elements of RC with high accuracy (Tešić et al., 2021b; Drobiec et al., 
2019), the determination of the corrosion state based on GPR signal 
analysis is still being developed (Tešić et al., 2021a; Hong et al., 2014; 
Wong et al., 2019; Sossa et al., 2019; Tesic et al., 2022). The growing 
interest in this method has led to an increased interest of researchers in 
laboratory investigations of these phenomena, which can be roughly 
divided into two groups: 1) investigation of the causes of corrosion, 
moisture (Sbartaï et al., 2006, 2007; Laurens et al., 2002; Senin and 
Hamid, 2016; Kaplanvural et al., 2021), chlorides (Senin and Hamid, 
2016; Hugenschmidt and Loser, 2008), carbonation (Dérobert et al., 
2018), and 2) investigation of the consequences of the corrosion process, 
rust (Hong et al., 2014; Wong et al., 2019; Lai et al., 2013; Liu et al., 
2022), and delamination (Dinh and Gucunski, 2021). The inconsistent 
laboratory results have shown that the characterisation of corrosion 
with GPR is challenging. 

Finite-difference time-domain (FDTD) numerical simulations are an 
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effective method for analysing the propagation of electromagnetic 
waves in any modelled medium and are particularly suitable for GPR 
modelling (Liu and Guo, 2016). Simulations have been used to predict 
GPR responses due to moisture in asphalt concrete pavements (Cao 
et al., 2022), pipes (Lei et al., 2020; Jaufer et al., 2022; Zhao and 
Al-Qadi, 2017) or reflections from tunnel linings (Feng et al., 2018). 
Several studies have used numerical simulations to predict the effects of 
moisture in concrete on the GPR signal (Klysz et al., 2008; Núñez-Nieto 
et al., 2014; Wong and Lai, 2022). However, the limited number of these 
studies modelled concrete with its complex, frequency-dependent 
properties to analyse the signal amplitude strength (Wong and Lai, 
2022). Moreover, negligible number of studies (Hong et al., 2022) 
analysed the amplitude change obtained in numerical simulations due to 
the corrosive environment in concrete – chlorides and the formation of 
corrosion products and their propagation into concrete. In the study 
(Hong et al., 2022), the corrosion products were modelled with the 
respective real part of dielectric permittivity and electrical conductivity, 
neglecting the magnetic properties of iron oxides. This modelling is not 

suitable for electromagnetic field strength analysis because the magnetic 
properties could affect the change of signal amplitude. 

Therefore, in light of the presented knowledge gap, numerical sim
ulations were performed in this study on the effects of moisture, chlo
rides, and corrosion products in the reinforced concrete specimens on 
the GPR signal. The simulations included modelling of the real and 
imaginary parts of the dielectric permittivity of concrete as well as the 
magnetic properties of the corrosion products. For comparison, the 
specimens were also modelled using only the real, frequency- 
independent dielectric properties. The obtained results were compared 
with the experimental results on the specimens corresponding to the 
numerical models. Present study contributes to the elucidation of the 
mechanisms that modify the GPR signal during the corrosion process of 
reinforcement in concrete. This newfound understanding will allow 
more accurate procedures for GPR-based corrosion assessment. 

Notations 

Lowercase Latin characters 
c chloride concentration 
d exponent of CRIM 
f1 

I volume fraction of solid phase in M and Cl groups 
f1 

II volume fraction of solid phase in C group (pores 100% 
filled with corrosion products) 

f1 
III volume fraction of solid phase in C group (pores 60% filled 

with corrosion products) 
f1 

IV volume fraction of solid phase in C group (pores 30% filled 
with corrosion products) 

f2 
I volume fraction of gaseous phase in M and Cl group 

f2 
II volume fraction of corrosion products in C group (pores 

100% filled with corrosion products) 
f2 

III volume fraction of gaseous phase in C group (pores 60% 
filled with corrosion products) 

f2 
IV volume fraction of gaseous phase in C group (pores 30% 

filled with corrosion products) 
f3 

I volume fraction of liquid phase in M and Cl groups 
f3 

III volume fraction of corrosion products in C group (pores 
60% filled with corrosion products) 

f3 
IV volume fraction of corrosion products in C group (pores 

30% filled with corrosion products) 
h height of the concrete at which the pores are filled with 

corrosion products 
k number of Debye poles 
mc mass of cement 
n number of constituents in CRIM 
w saturation level 

Uppercase Latin characters 
A, A1 normalized amplitude 
A0 amplitude in dry condition 
Ac amplitude at a given corrosion stage 
ACl amplitude at a given chloride concentration 
ACl,0 amplitude of the specimen without chlorides at given 

degree of saturation 
Am amplitude at a given saturation level 
C label for the group of specimens where the influence of 

corrosion products was observed 
Cl label for the group of specimens where the influence of 

chlorides was observed 
M label for the group of specimens where the influence of 

moisture was observed 
NC number of specimens in the C group 
NM number of specimens in M group 
NCl number of specimens in Cl group 

Greek characters 
Δm mass loss of reinforcement 
ε1 dielectric permittivity of the solid phase of concrete 
ε2 dielectric permittivity of the gaseous phase of concrete 
ε3(ω) dielectric permittivity of the liquid phase of concrete 
ε3, R real dielectric permittivity of the liquid phase of concrete 
ε4(ω) complex dielectric permittivity of corrosion products 
ε4, R real dielectric permittivity of corrosion products 
ε∞ dielectric permittivity of water at very high frequency 
εI(ω) complex dielectric permittivity of concrete in which pores 

are filled with air and pore solution 
εi(ω) dielectric permittivity of i-th constituent of CRIM 
εI,R real dielectric permittivity of concrete in which pores are 

filled with air and pore solution 
εII(ω) complex dielectric permittivity of concrete in which pores 

are 100% filled with corrosion products 
εIII(ω) complex dielectric permittivity of concrete in which pores 

are 60% filled with corrosion products 
εIV(ω) complex dielectric permittivity of concrete in which pores 

are 30% filled with corrosion products 
εr real dielectric permittivity of concrete 
εs dielectric permittivity of water at a very low frequency 
τ0 relaxation time 
Φ porosity of concrete 
ω angular frequency 

Acronyms 
CRIM Complex Refractive Index Model 
DA Dual Annealing 
DE Differential Evolution 
FDTD Finite-Difference Time-Domain 
GDP Gross Domestic Product 
GPR Ground Penetrating Radar 
GSoC Google Summer of Code 
NDT Non-destructive Testing 
PML Perfectly Matched Layer 
PEC Perfect Electric Conductor 
PSO Particle Swarm Optimization 
RC Reinforced Concrete  
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2. Modelling workflow 

2.1. GprMax software 

GprMax is software for modelling and evaluation of the ground 
penetrating radar response in an arbitrarily designed environment 
(Giannopoulos, 2005; Warren et al., 2016). GprMax is an open-source 
software written in Python and Cython languages. It is based on solv
ing Maxwell’s equations with finite difference algorithms in the time 
domain (finite-difference time-domain (FDTD)) and models the space 
with Yee cells (Yee, 1966). In the software, it is possible to create two- 
and three-dimensional models. In this study, only two-dimensional 
modelling was used. In forward modelling, the solution of Maxwell’s 
equations gives the strength of the electric and magnetic field for the 
given dielectric properties of the medium. 

The electromagnetic source was modelled as a Ricker wavelet with a 
centre frequency of 2.7 GHz, the same centre frequency as the GPR used 
to obtain results on laboratory specimens, which were then compared 
with the results of the numerical simulations. 

2.2. Geometry of numerical models 

The geometry of the numerical models simulated in gprMax was 
determined based on the postulations in laboratory examinations. To 
represent the space for the propagation of the direct air wave as well as 
the air-concrete interface, the air space was modelled with a 0.1 m 
height above the specimens. The concrete specimens were modelled as 
rectangular objects, and the reinforcing bars at 0.05 m depth as cylin
drical objects. The numerical model is shown in Fig. 1. 

Three A-scans were derived from the numerical model, each of which 
was above the reinforcement in the observed concrete specimen. 

Spatial discretization was performed using elements of size 0.001 m 
× 0.001 m and 0.001 m in the x, y, and z directions, respectively, for the 
first two groups (group M used to observe the influence of moisture and 
group Cl to observe the influence of chlorides). Since this resolution was 
not sufficient to represent the corrosion product layer and crack, the 
mesh was decomposed into finite elements of size 0.0001 m and 0.0001 
m in the xy plane for the C specimen group used to observe the influence 
of corrosion products on the GPR signal. A time window of 5 × 10− 9 s 
was chosen. For the perfectly matched layer (PML), 10 cells were used 
by default, so the targets of interest (rebars) were not modelled in this 
area. 

The concrete was modelled with the appropriate material properties, 
which will be explained in further sections, while the reinforcing bars in 
the concrete and the metal plate were modelled as PEC (Perfect Electric 
Conductor) material. 

2.3. Modelling material properties 

The basis of the analysis in this study is the appropriate modelling of 
the dielectric properties of materials − dielectric permittivity, electrical 
conductivity, and magnetic permeability, since these properties are the 

parameters of the constitutive equations that relate Maxwell’s equations 
themselves (Cassidy and Jol, 2009). At the same time, these properties 
are the input data for forward modelling with gprMax. In this study, 
concrete with different saturation levels and chloride concentrations, 
concrete with corrosion products in the pores and corroded reinforce
ment were modelled. A detailed explanation of laboratory specimens’ 
design and the experimental setups can be found in (Tesic et al., 2023). A 
total of forty-two specimens were cast, which were divided into three 
groups: 1) M – group to observe the influence of moisture (9 specimens, 
NM), 2) Cl – group to observe the influence of chlorides (27 specimens, 
NCl), and 3) C – group to observe the influence of corrosion products on 
the GPR signal (6 specimens, NC), Fig. 2. The properties used to char
acterize the models were chosen to be as close as possible to the prop
erties of the laboratory specimens. 

2.3.1. Modelling properties of the first two groups – M and Cl specimens 
The dielectric permittivity ε, is defined with its real part, which 

represents the ability of dipoles to realign themselves according to the 
electromagnetic pulse and store the energy in the form of dipole mo
ments (Cassidy and Jol, 2009), and with its imaginary part, which 
represents the losses caused by these movements (Cassidy, 2008). In 
general, both the real and imaginary parts are frequency-dependent. 
Concrete is a heterogeneous material containing a solid phase (cement 
paste and aggregates), a liquid phase (pore solution in the concrete 
pores), and a gaseous phase (air in the concrete pores). Therefore, the 
dielectric permittivity of concrete depends on these constituents and 
their respective dielectric permittivity. In most cases, however, the 
dielectric permittivity of concrete is simplified as a single real number, 
also referred to as the dielectric constant (Clem et al., 2015; ACI Com
mittee 228, 1998). This is roughly suitable for estimating, for example, 
the velocity of electromagnetic waves (Dérobert et al., 2008), and the 
desired depth of objects. The hashtag material in the gprMax software 
implies the dielectric constant as one of the three modelled dielectric 
properties. However, when analysing the strength of the electric field, 
simplifying the dielectric permittivity to its real part is not correct 
(Wong and Lai, 2022; Lai et al., 2011; Majchrowska et al., 2021; Cassidy, 
2007), especially when the material contains significant amounts of 
water, as in this study. By introducing the imaginary part of the 
dielectric permittivity, the relaxation mechanisms and their influence on 
the signal losses are considered. 

Certain models describing the dielectric permittivity are known in 
the literature, developed for different materials, e.g., Cole-Cole (Cole 
and Cole, 1941), Jonscher (Bourdi et al., 2008, 2012; Chahine et al., 
2010), Havriliak-Negami (Majchrowska et al., 2021), extended Debye 
(Ogunsola et al., 2006; Sandrolini et al., 2007), etc. However, one of the 
most commonly used models is the volumetric mixing model – the 
Complex Refractive Index Model (CRIM) (Halabe et al., 1989, 1993; 
Zadhoush et al., 2021; Tsui and Matthews, 1997; Lachowicz and Rucka, 
2017, 2019). The CRIM was used in this study to represent the complex 
dielectric permittivity of concrete, εI(ω). It is calculated according to the 
following equation, 

Fig. 1. The numerical model (dimensions in millimetres).  
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εI(ω)d
=

∑n

1
f I
i εi (ω)

d (1)  

where d is the exponent of CRIM formulation, fi I and εi(ω) are the 
volumetric fraction and dielectric permittivity of ith constituent of total n 
constituents, while ω is the angular frequency. In equations (2)–(4), the 
volumetric fractions of three constituents, namely solid (paste and 
aggregate) f1 

I, gaseous (air) f2 
I, and liquid (pore solution) f3 

I are shown, 

f I
1 =(1 − Φ) (2)  

f I
2= (1 − w)Φ (3)  

f I
3 =Φ w (4)  

In the above equations, Φ represents porosity and w represents satura
tion level. The dielectric permittivity of the solid phase is taken to be ε1 
= 5 (Cassidy and Jol, 2009; Kim et al., 2016; Owusu Twumasi and Yu, 
2015), and that of the air is taken to be ε2 = 1 (Cassidy and Jol, 2009). 
The dielectric permittivity of the pore solution is expressed by the Debye 
equation (Balanis, 2012), 

ε3(ω)= ε∞ +
ϵs − ε∞

1 + iωτ0
(5)  

where εs and ε∞ are the dielectric permittivity at very low and very high 
frequencies, and τ0 is the relaxation time. The parameters of the Debye 
equation are well known for free water; however, in this study, the pore 
solution could not be described as a free liquid. In fact, most of the water 
in the concrete is capillary water (Bertolini et al., 2013), so the capillary 
tension can hold the water, which makes the relaxation mechanism 
different from that of free water. The mechanism of confined water 
begins to resemble the behaviour of ice, so that the relaxation frequency 
decreases compared to free water, while the relaxation time increases 
(Cole and Cole, 1941; Minasny, 2006). In this study, the values were εs 
= 57.9, ε∞ = 3.15 (Minasny, 2006), and τ0 = 200 × 10− 12 s (Soldatov 
et al., 2016). The Debye function was not additionally modelled as a 
function of the salinity of the water because it is assumed that the effects 
of salinity are accounted for by the experimentally measured conduc
tivity of the specimen, which will be discussed later. Porosity Φ and 
saturation level w were determined in laboratory tests (Tesic et al., 
2023) by weighing specimens in dry, saturated, and partially saturated 
states. 

Due to the numerical solution in the time domain, the frequency- 
dependent, i.e., dispersive, properties could not be easily implemented 
in the calculation (Majchrowska et al., 2021; Giannakis and Gianno
poulos, 2014; Giannakis et al., 2014). In the current version of gprMax, 
dispersive materials can be represented using the multi-Debye, multi-
Lorentz, or multi-Drude model (Warren and Giannopoulos, 2018). 
Therefore, one way to implement the arbitrarily complex dielectric 
permittivity in gprMax is to represent the dielectric permittivity using 
some of the above models. For this purpose, the code developed as part 
of the Google Summer of Code (GSoC) 2021 programme, which is 
described in (Majchrowska et al., 2021) was used. With this gprMax 

extension, it is possible to fit the complex dielectric permittivity to the 
multipole Debye expression defined as follows, 

ε(ω)= ε∞ +
∑k

1

Δεi

1 + iωτ0,i
(6)  

where k is the number of Debye poles. There are three optimization 
methods to choose from in the package: Dual Annealing (DA), Differ
ential Evolution (DE) and Particle Swarm Optimization (PSO). In this 
work, the DE optimization was used. An example of concrete complex 
dielectric permittivity optimization defined by the CRIM and approxi
mated by the multi-Debye expression is shown in Fig. 3. The relative 
approximation error between CRIM and the fitted curve was small and 
less than 5 % even with a sudden increase corresponding to the case 
where the denominator is close to zero. The region of interest, 670 MHz 
< f < 4700 MHz, is shaded yellow. 

The conductivity of a material is defined as its ability to pass free 
charges when the material is exposed to an electric field (Cassidy and 
Jol, 2009). Generally, this property is also expressed as a complex 
number, but it is approximated by its real value, which also represents 
the signal losses due to conductivity effects. For the modelling in this 
work, the conductivity of the specimens is determined as the reciprocal 
value of the resistivity, which is experimentally determined using the 
Wenner’s probe (Polder et al., 2000). The resistivity is determined at 
each saturation level for each specimen. 

The magnetic permeability is equal to one for the M and Cl specimen 
groups because the concrete was considered a nonmagnetic material. 

The amplitude of the reflection of reinforcing bars was determined at 
the end of the modelling process. The amplitude reported in this study is 
the normalized amplitude A in dB, expressed as, for the M specimen 
group, 

A= 20log10(Am /A0)[dB] (7)  

where Am is the amplitude of reflection from the rebar at a given satu
ration level and A0 is the amplitude of reflection from the rebar of the 
same specimen in dry condition, while is for Cl specimen group, 

A1 = 20log10
(
ACl

/
ACl,0

)
[dB] (8)  

where ACl is the amplitude of reflection from the rebar at a given chlo
ride concentration and ACl,0 is the amplitude of reflection from the rebar 
of the specimen without chlorides at the same degree of saturation. 

In addition, the influence of chlorides on the GPR signal is expressed 
by the amplitude A, 

A= 20log10(ACl /A0)[dB] (9)  

where ACl is the amplitude of reflection from the rebar at a given chlo
ride concentration and A0 is the amplitude of reflection from the rebar of 
the same specimen in dry condition. 

The summary of the steps performed to obtain the values A and A1 in 
numerical simulations is shown in Fig. 4. 

As already explained, the dielectric permittivity is very often 
simplified to its real, frequency-independent part. To understand the 

Fig. 2. The laboratory specimens: a) Group M, where various degrees of saturation are achieved by immersion in water, b) Group Cl, where various degrees of 
chloride concentration in the concrete cover are achieved by immersion in sodium chloride solutions, c) Group C, where various degrees of corrosion are achieved by 
exposure of the specimens to external current. 
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impact of such simplification, the specimens in this work were also 
modelled in this way, whereby the real dielectric permittivity was also 
calculated with CRIM – εI,R. The difference to earlier models is that the 
water is simplified to its real dielectric permittivity ε3,R = 81 (Daniels, 
2004). The steps correspond to the flow chart in Fig. 4, except that εI(ω) 
is εI,R, and the step of fitting the dielectric permittivity to the 
multi-Debye model is excluded. 

2.3.2. Modelling properties of the third group – C specimens 
Corrosion of concrete reinforcement causes changes in both mate

rials, 1) concrete and 2) metal reinforcement. Both are modelled in the C 

specimen group. 
This paper presents two approaches for modelling concrete whose 

pores are filled with corrosion products (Fig. 5). The approaches are 
similar to those in (Cassidy and Millington, 2009) with respect to the 
uniform and non-uniform layers of concrete filled with corrosion prod
ucts. However, the height of expansion of the corrosion products h and 
the direction of expansion were taken from the experiments detailly 
described in (Tesic et al., 2023). It is worth noting that the corrosion 
products in the concrete reached a height in the order of millimetres 
from the steel-concrete interface. This is consistent with observations on 
the transport of corrosion products in natural low current density en
vironments, in carbonated (Stefanoni et al., 2018) and 
chloride-containing concrete (Furcas et al., 2022). This is because the 
soluble iron species (Furcas et al., 2022; Korec et al., 2023; Jamali et al., 
2013) diffuse through the concrete pores and could be deposited as 
corrosion products far away from the consumed reinforcement. In the 
experimental work presented in (Tesic et al., 2023) and considered here 
as a modelling reference, additional migration as a result of the accel
erated corrosion process using the impressed current technique trig
gered the movement of ions. This led to a distribution of corrosion 
products in the order of millimetres. As already mentioned, high current 
density does not lead to the observed phenomena. For the experimental 
specimens used to create the numerical models, the average current 
density during the corrosion process was in the range of 3–13.5 μA/cm2, 
which can be considered a low current density although impressed 
current was used during the experiment. 

In the first approach, referred to as ’uniform’ distribution of corro
sion products, it is assumed that the concrete pores in the cross-section 
radially around the rebar are filled with corrosion products that reach 
the height h. The height of the concrete h at which the pores are filled 
with corrosion products was determined by measurements with a 
calliper after the specimen was demolished. The dielectric permittivity 
of the described concrete εII(ω) is determined as follows, 

εII(ω)d
= f II

1 ε1
d+f II

2 ε4(ω)d (10)  

where d is the exponent and is equal to 0.5, f1II is equal to f1I , f2II is equal to 
the porosity and is determined experimentally, ε1 is the dielectric 
permittivity of the solid phase and is equal to 5, and ε4(ω) is the 
dielectric permittivity of the corrosion products. The dielectric permit
tivity of the corrosion products is modelled as a complex number and is 
taken from reference (Cassidy, 2008). The electrical conductivity and 
magnetic permeability of the corrosion products are not modelled 
because they are included in the imaginary part of the complex dielectric 
permittivity, as reported in (Cassidy, 2008). The εII is then fitted using 
the multi-Debye function following the procedure described in 2.3.1. 

Fig. 3. The fit of the dielectric permittivity of concrete to the multi-Debye model.  

Fig. 4. The steps in numerical simulations for the M and Cl specimen groups.  
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The second approach, referred to as ’non-uniform’ distribution of 
corrosion products, refers to the case where the corrosion products fill 
the concrete around the reinforcement in three different layers of h/3 
thickness. The layer closest to the rebar was 100% filled with corrosion 
products (εII), the layer next to it had pores 60% filled with corrosion 
products (εIII), while the last layer considered was concrete with pores 
30% filled (εIV). The dielectric permittivity εIII(ω) and εIV(ω) are deter
mined as follows, 

εIII(ω)d
= f III

1 ε1
d + f III

2 ε2
d + f III

3 ε4(ω)
d (11)  

εIV(ω)d
= f IV

1 ε1
d + f IV

2 ε2
d + f IV

3 ε4(ω)
d (12)  

where d is the exponent and is equal to 0.5, f1 
III – f3 

IV are the volumetric 
fractions of the constituents, ε1 is the dielectric permittivity of the solid 
phase and is equal to 5, ε2 is the dielectric permittivity of the air and is 
equal to 1, and ε4(ω) is the dielectric permittivity of the corrosion 
products. The f1 

III and f1 
IV are equal to the f1 

I. 
The volumetric fractions of constituents are determined as follows, 

f III
2 = 0.4 Φ (13)  

f IV
2 = 0.7 Φ (14)  

f III
3 = 0.6 Φ (15)  

f IV
3 = 0.3 Φ (16) 

The corrosion layer around the reinforcement was modelled ac
cording to the experimentally determined mass loss Δm of the rein
forcement after the corrosion process. The coefficient of expansion of the 
corrosion products was assumed to be 3.24 (Zhao et al., 2011) taking 
into account the environmental conditions. 

The concrete containing corrosion products and corrosion layer 
around the rebar were modelled only from the top of the semicircle of 
the reinforcement cross-section facing the concrete cover. The experi
mental setup was suitable to generate this environment, and the phe
nomenon was confirmed in almost all cases after the laboratory 
specimens were demolished after the corrosion process (Tesic et al., 
2023). 

The concrete without corrosion products in the pores is assumed to 
have the same properties as the concrete before the accelerated corro
sion process, so it is modelled using only the real part of the dielectric 
permittivity, εr = 6. 

The conductivity of the concrete without corrosion products in the 
pores was determined experimentally before the accelerated corrosion 
process. 

The laboratory specimen with the highest degree of corrosion (Δm =
2.1%) had a 0.95 mm crack at the end of the experiment. Therefore, the 
crack was modelled as 1 mm wide (because of the elements’ di
mensions), and in this study, the analysis of the crack filled with I) 
corrosion products at the height h, and with air for the rest of the crack, 
II) air, and III) corrosion products. The penetration of corrosion products 
into cracks depends on the degree of corrosion, current density, crack 
width, water content, environmental conditions, etc (Stefanoni et al., 
2018; Zhu et al., 2023a; Sola et al., 2019). Depending on the parameters 
mentioned, the proportion of crack filling with corrosion products could 
vary from empty to completely filled cracks. The borderline cases 
(empty and completely filled cracks) and the partially filled crack were 
selected to analyse these characteristics. 

The specimens before the corrosion process were modelled without a 
corrosion layer around the reinforcement and with concrete without 
corrosion products. 

The flow chart on the modelling of the C specimen group is given in 
Fig. 6. 

Furthermore, all specimens were also modelled with real, frequency- 
independent dielectric permittivity of ε4,R = 14.2, and a conductivity 
value of σ = 0.007 S/m (Hong et al., 2022) for corrosion products. The 
distribution of corrosion products in the concrete cover was modelled 
uniformly and non-uniformly as previously described, with concrete 
properties calculated using CRIM. 

The amplitude A was determined following the equation: 

A= 20log10(AC /A0)[dB] (17)  

where AC is the amplitude of reflection from the rebar at a given stage of 
corrosion and A0 is the amplitude of reflection from the rebar of the 
same specimen before corrosion. 

3. Results and discussion 

3.1. Modelling moisture effect 

The normalized amplitude A as a function of the saturation level w, 
obtained from laboratory tests and numerical simulations is shown in 
Fig. 7. The numerical models that included modelling of the complex, 
frequency-dependent dielectric permittivity are marked in magenta as 
"numerical models (complex)", while those that were modelled using 
only the real part of the dielectric permittivity are marked in grey as 
"numerical models (real)". The experimental data are shown in a shaded 
area bounded by the upper and lower limits of the linear regression line 
fitted to the experimental results, while their linear regression is shown 
in black. The limits were obtained by adding/subtracting two standard 

Fig. 5. Concepts for modelling 1) uniformly (left) and 2) non-uniformly distributed corrosion (right).  
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deviations of the residuals to the fitted regression line of the experi
mental results, indicating prediction interval with 95% confidence for 
the experimental data. 

When only the real part of the dielectric permittivity was considered, 
the model significantly underestimated the attenuation of the GPR 
signal. The results of the models that included the imaginary part of the 
dielectric permittivity and the frequency dependence are in the range of 
the experimental data, so that the models can describe the behaviour of 

the GPR signal in the presence of moisture better than the models that 
only take into account the real part of the dielectric permittivity. 

Comparing the complex numerical models with the experimental 
data, the A-values from the laboratory tests were more negative than 
those from the numerical simulation in the range from w = 0% to w =
75–80%, which means that the numerical simulation slightly under
estimated the attenuation in this range. A possible reason for this could 
be lower conductivity values, which were determined experimentally 
with the Wenner’s probe and used as input parameters for the numerical 
modelling. This is because this non-destructive technique is based on 
measuring the electrical resistivity of concrete in near-surface areas. In 
general, the near-surface region may be drier than the inner part of the 
specimen, leading to higher electrical resistivity/lower conductivity 
values. The effect is less pronounced as the specimen approaches 
saturation. 

The results of numerical modelling in which complex dielectric 
permittivity was modelled, agree well with the results of the experi
mental data. Consequently, the mechanisms that change the signal 
strength were thoroughly identified and described during modelling. 
These mechanisms are described in the following text. 

To include the influence of relaxation mechanisms in the analysis, it 
is crucial to initially model the dielectric permittivity as a complex, 
frequency-dependent function. Among the various relaxation mecha
nisms, the dipolar polarization of water molecules is the most influential 
and is modelled in this study using the Debye function. The parameters 
of the function need to be carefully chosen to account for the effects of 
the restricted motion of water within the concrete pores. Consequently, 
the relaxation frequency of the pore water decreases compared to free 

Fig. 6. Flowchart of the modelling of the C specimen group.  

Fig. 7. The normalized amplitude A as a function of the saturation level w (the 
shaded area corresponds to the prediction interval with 95% confidence for the 
experimental data). 
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water, ensuring that the relaxation frequency of the composite material 
(i.e., concrete), represented by the peak value of the imaginary 
component, falls within the GPR operating frequency range (see Fig. 3). 

Dipolar polarization, or orientational polarization, occurs when 
water molecules rotate in response to the applied electromagnetic field. 
The degree of rotation and polarization depends on frequency, with the 
inflection point being the relaxation frequency. Below the relaxation 
frequency, the dipoles follow the incident pulse. As the relaxation fre
quency is approached, polarization can no longer fully develop, result
ing in energy loss in molecular collisions. The peak loss occurs at the 
resonant relaxation frequency, leading to the highest value of the 
imaginary component. Above the relaxation frequency, the molecules 
remain mainly undisturbed in the electromagnetic field. Thus, dipolar 
polarization becomes the dominant mechanism over other mechanisms 
(such as atomic or electronic) for the GPR, which operates at a centre 
frequency of 2.7 GHz. The second mechanism that changes the signal is 
the increased conductivity of the pore solution as the saturation level 
increases. 

3.2. Modelling chloride effect 

Fig. 8 shows the normalized amplitudes A, obtained using equation 
(9), as a function of saturation level (w) for various mean chloride 

concentrations in concrete cover, c. The concentrations were determined 
on concrete powder taken from laboratory specimens and analysed by 
potentiometric titration, giving the following results: 0.4%, 0.7%, 0.7%, 
1.1%, 1.2%, 1.6%, 2%, and 3.1% of mc. 

The conclusion is that the “complex” modelling corresponds much 
better to the experimental data for the normalized amplitude A than the 
“real” modelling. For the majority of the specific chloride concentra
tions, the results of the numerical models (complex) are in the range of 
the experimental data. 

The primary mechanisms responsible for the signal alteration in the 
presence of chloride ions in the pore water and bound in the cement 
matrix are dipolar polarization and conduction. The dipolar polarization 
is primarily due to the rotation of water molecules, and conduction is 
due to the presence of chloride ions dissolved in the water. Conduction 
occurs when free charge carriers, such as dissolved chloride ions, are 
affected by an incident electromagnetic pulse. When the pulse arrives, 
the charges begin to accelerate and generate currents. When the parti
cles collide, the energy is dissipated and converted into heat. 

Fig. 9 shows the functions of the normalized amplitudes A and A1 as a 
function of the mean chloride concentration in the concrete cover, c, 
expressed as a percentage of the cement mass, mc. The function of A1 at a 
saturation level of 15–20 % is very close to the x-axis in the complex 
models, whereas it falls into the positive range in the real models and is 

Fig. 8. The normalized amplitude A depending on the saturation level w for various mean chloride concentration in concrete cover (the shaded area corresponds to 
the prediction interval with 95% confidence for the experimental data). 
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therefore not visible in the graph. 
If the amplitudes are expressed by the normalized amplitude A 

(normalized to the specimen in the dry state), the combined effect of 
water and chlorides is quantified. In the numerical models (real), the 
imaginary part of the dielectric permittivity is not taken into account, so 
that the effect of water on the GPR amplitude is excluded. On the other 
hand, if the amplitudes are normalized to the specimens without chlo
ride but with the same saturation level (A1), the values only show the 
effect of the chlorides introduced in the modelling with the conductivity 
value σ. Since the same σ value was used for real and complex models, 
the A1 functions for both modelling approaches are close to each other. 

The functions for the numerical models (complex) agree well with 
the experimental data. The normalized amplitude A functions for the 
75–80% saturation level showed nearly coincident functions. Although 
it falls within the range of the experimental results, the deviation of the 
A-function of the numerical models (complex) from the slope of the 
experimental data was observed for the saturation levels 15–20% and 
45–50%. The deviation is particularly pronounced for specimens with 
mean chloride concentrations of 1.6% and 2% of mc at w = 45–50%. In 
contrast, the deviation is not significant for the other specimens. This 
could be due to the same reason explained in the previous sections and 
related to the experimentally determined resistivity of the specimens. 
For the saturation level of 15–20%, the resistivity could not be measured 
with the Wenner probe because it indicated very high values, i.e. the 
conductivity went towards zero. Therefore, the input value for con
ductivity was zero for all numerical models in the saturation range of 
15–20 %. Although the conductivity values are low as expected, they 
probably do not reach zero, so it is assumed that the losses due to con
duction effects are omitted in this case. Furthermore, the experimental 
results showed the largest deviations for w = 45–50 %, which can be 
seen from the wide shaded area of the experimental data. 

3.3. Modelling the effect of corrosion products 

The normalized amplitude A as a function of corrosion-induced 
reinforcement mass loss, Δm for the laboratory specimens and for the 
numerical models is shown in Fig. 10. The numerical models where the 
corrosion products were modelled only with the respective real part of 
the dielectric properties are marked in grey as “numerical models 
(real)”, while the models where the magnetic properties of the iron 
oxides were included are marked in magenta as “numerical models 
(complex)”. The specimens without cracks were modelled with a layer of 
corrosion products around the reinforcement and concrete with pores 
filled with corrosion products radially around the reinforcement. In 
addition to the corrosion layer and the concrete pores with corrosion 
products, the analysis in the numerical simulations for the specimen 
with 1 mm crack (i.e., the specimen with the highest degree of corro
sion) included three cases: I) crack filled with corrosion products (at 
height h) and air, II) crack filled with air, III) crack filled with corrosion 
products. Only the specimen with the highest corrosion degree (Δm =
2.1%) showed a crack, Fig. 10. The concrete that did not contain 
corrosion products was modelled only with the real part of the dielectric 
permittivity and conductivity measured in the laboratory before the 
corrosion process. This means that the moisture conditions were not 
described with the complex dielectric permittivity of the concrete. This 
is because it is assumed that the moisture conditions have not changed 
compared to the condition before the corrosion process and that the 
normalisation procedure (equation (17)) cancels out the contribution of 
water to the amplitude changes. This section is divided into three sec
tions, the first relating to mechanisms occurring in specimens without 
cracking, the second to specimens with cracking and the last to the 
discussion. 

3.3.1. Without cracking 
The normalized amplitude A where the corrosion products did not 

Fig. 9. The normalized amplitudes A and A1 as a function of the mean chloride concentration in the concrete cover c (in % of mc) for saturation levels of 15–20%, 
45–50%, 75–80 % and 100% (the shaded area corresponds to the prediction interval with 95% confidence for the experimental data). 
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contain magnetic properties (numerical models (real)), shows predom
inantly positive values for specimens without crack. However, the A 
values are very close to zero, indicating that the amplitude does not 
change significantly with increasing mass loss due to corrosion. 

If, on the other hand, the magnetic properties are taken into account, 
the normalized amplitude A shows a decreasing tendency with an 
increasing degree of corrosion compared to the initial state for speci
mens without cracks. The decreasing tendency of amplitude change was 
also observed from experimental data (Tesic et al., 2023). 

Comparing the amplitude change for the specimens without cracks, 
with respect to uniform and non-uniform pore filling, the losses are 
higher for the uniform models, as expected, because the larger pore 
volume is filled with corrosion products. However, the magnitude of 
change is very comparable for the two different approaches. In fact, the 
largest difference in amplitude is only 2.7% between the ‘uniform’ and 
‘non-uniform’ corrosion products propagation around the rebar. This is 
most likely due to the small volumetric contribution of the corrosion 
products to the total volume of the concrete, so their volumetric varia
tion does not dramatically change the amplitude. This is more pro
nounced with low corrosion-induced mass losses and correspondingly 
low propagation heights h of the corrosion products in the concrete 
cover. 

This reduction in amplitude can be attributed to three different 
processes. 

First, there is a loss of amplitude due to the presence of corrosion 
products in the concrete pores. These products contribute to a reduction 
in amplitude and are directly proportional to the imaginary part of the 

complex dielectric permittivity of the corrosion products. This effect is 
evident in the specimens modelled in this work, as a transport of 
corrosion products into the concrete cover was observed. Secondly, the 
propagation of the wave through the thin layer of corrosion products 
that form around the rebar also contributes to the reduction in ampli
tude. Again, the reduction in amplitude is proportional to the imaginary 
part of the complex dielectric permittivity of the corrosion products. 

Finally, additional amplitude loss can occur due to overlapping re
flections at two interfaces: 1) between the concrete and the corrosion 
products and 2) between the corrosion products and the rebar. Since the 
real part of the dielectric permittivity of the corrosion products has a 
finite value, the reflection and transmission of the signal occur at the 
interface between the concrete and the corrosion products. Conse
quently, a portion of the energy is reflected while the remaining portion 
penetrates further into the specimen. Similarly, the second reflection 
occurs at the interface between the corrosion products and the rein
forcement. Since the second reflection is delayed compared to the first, 
this delay results in a reduction of the total amplitude compared to the 
reflection from a non-corroded rebar. 

3.3.2. With cracking 
For the specimens with cracks, the value increases in cases I and III, 

while in case II the A value falls into the negative range of the numerical 
models (real). However, the tendency of the change does not correspond 
to the trend observed in the laboratory specimens. 

Just like in the specimens without cracks, the ‘uniform’ and the ‘non- 
uniform’ distribution of the corrosion products are very close to each 

Fig. 10. Normalized amplitude A as a function of mass loss Δm for specimens I) with crack filled with corrosion products and air, II) with crack filled with air, III) 
with crack filled with corrosion products, for ‘uniform’ (top) and ‘non-uniform’ (bottom) distribution of corrosion products (the shaded area corresponds to the 
prediction interval with 95% confidence for the experimental data). 

K. Tesic et al.                                                                                                                                                                                                                                    



Developments in the Built Environment 17 (2024) 100302

11

other in the numerical models (complex) with cracks. Considering the 
effect of crack on the amplitude losses for the modelled specimens, or
dered from lowest to highest loss, are: 1) crack filled with corrosion 
products and with air, 2) crack filled with air, 3) crack filled with 
corrosion products. 

The normalized amplitude A in case I has a positive value. It is more 
likely that the predominant reflection is the one at the interface between 
air and corrosion products in the crack, which reduces the effect of 
reflection from the reinforcement. On the other hand, the losses are 
lower for the specimens whose crack is filled with corrosion products 
and air than for the specimens without a crack. 

3.3.3. Discussion 
From the discussion in the previous sections, it can be concluded that 

not taking into account the magnetic properties of iron oxides in the 
numerical modelling leads to insignificant changes in amplitude for the 
models without crack, while it causes an increasing amplitude in cases I 
and III and a slight decrease in the case II. This leads to the conclusion 
that numerical modelling that does not take into account the magnetic 
properties of iron oxides is not suitable for numerical GPR simulation for 
corrosion assessment. 

In general, the decreasing trend of amplitude measured in concrete 
specimens with corroded reinforcement agrees with the values 
measured in the laboratory when the magnetic properties of iron oxides 
are taken into account. The function of the numerical models that is 
closest to the experimental results is the one where the crack of the 
specimen with the highest degree of corrosion was filled with corrosion 
products. However, the magnitude of change in the numerical simula
tions is less than in the laboratory specimens, which can be explained as 
follows.  

• the corrosion-related micro-cracks filled with corrosion products 
contribute to the change in amplitude,  

• the dielectric permittivity of the corrosion products is not well 
described. 

In this work, only the corrosion products in the concrete pores and 
products penetrating into cracks were modelled. However, the 
corrosion-induced micro-cracks that could interconnect the pores of the 
concrete occur during corrosion propagation (Robuschi et al., 2021) and 
should also be modelled. The investigations have shown that the 
micro-cracks near the steel-concrete interface can be completely filled 
with corrosion products (Wong et al., 2010). These contribute to the loss 
of amplitude. 

Secondly, the complex dielectric permittivity of the corrosion prod
ucts used in the numerical models was taken from the literature. How
ever, the composition of the iron oxides formed during laboratory- 
induced corrosion could be different from the modelled composition. 

It should be noted that the distribution of corrosion products in the 
concrete cover in this work is simplified in terms of geometric distri
bution and the proportion of pores filled with corrosion products. The 
further models should be improved, including the more accurate dis
tribution of corrosion products in the modelled specimens. 

In this work, the geometry of the cracks was simplified in numerical 
models to a regular shape perpendicular to the concrete surface. How
ever, the cracks are neither regular nor do they have a constant width 
through the concrete cover (Zhu et al., 2023b). The existing models 
should be improved with regard to a more faithful crack geometry, as 
this could influence the reflections. 

When analysing the degree of filling of the corrosion products in the 
cracks, it was found that the case in which the crack is partially filled 
with corrosion products leads to the results that deviate the most from 
the experimental results. The reason for this could lie in the unfav
ourable distribution of the corrosion products in the crack. The in
vestigations (Zhu et al., 2023a; Sola, 2017) have shown that the 
corrosion products are deposited at the edges of the cracks instead of 

filling the crack to a certain level. 
Looking at the two approaches for the distribution of the corrosion 

products, ‘uniform’ and ‘non-uniform’, it is concluded that the differ
ences are small, most likely due to the small volumetric contribution of 
the corrosion products to the total volume of the concrete. 

4. Conclusions 

In this work, numerical simulations were carried out on the effects of 
moisture, chlorides, and corrosion products on the change in the 
strength of the GPR signal. For this purpose, the complex electrical and 
magnetic properties of concrete and corrosion products were modelled. 
The models considering only the real part of the dielectric properties 
were also included in the analysis. The analysis was based on the 
observation of the amplitude of the signal reflected from the reinforce
ment of the concrete specimen, and all the results obtained were 
compared with identically prepared specimens studied in laboratory 
experiments. 

The following conclusion could be drawn.  

• the models in which the dielectric permittivity of the concrete was 
modelled using the Complex Refractive Index Model, showed good 
agreement with the results obtained in the laboratory for the speci
mens where moisture and chlorides were studied.  

• when analysing signal losses in wet concrete, the modelling of the 
imaginary part of the dielectric permittivity, which results from the 
relaxation mechanisms of water, is the decisive factor for the signal 
behaviour  

• the magnetic properties of corrosion products contribute to the 
signal losses by migrating into the concrete cover or accumulating 
around the rebars  

• when the corrosion products are modelled with the respective real 
part of the dielectric permittivity and the conductivity, it was found 
that the error can be large, also with respect to the trend of the 
amplitude change. 

Three important points can be included in further research to 
improve the accuracy of models predicting GPR signal behaviour.  

1) the microcracks and the corrosion products that penetrated into 
them should be included  

2) the electrical and magnetic properties of the corrosion products 
should be determined as a function of the specific composition of the 
iron oxides, which mainly depends on the type of corrosion  

3) the more complex geometry of the cracks should be modelled. 
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Tešić, K., Baričević, A., Serdar, M., 2021a. Non-destructive corrosion inspection of 
reinforced concrete using ground-penetrating radar: a review. Materials 14, 975. 
https://doi.org/10.3390/ma14040975. 
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