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Abstract 

The quality of construction works and integrity of building structures are interrelated with the 

reliability, durability, safety, lifespan and cost efficiency of maintenance for all built structures 

and elements throughout their entire life. To ensure the quality of work and identify the 

potential defects as early as possible, inspection and certification of quality of works and 

material for new works, addition and alteration (A&A) works and modification works, and 

mandatory regular routine inspection of existing buildings are performed on-site. To save 

project time and cost, the modern diagnostic technique provides quick, reliable and non-

subjective traceable evidence to the engineer prior to making a proper engineering judgment. 

The modern non-destructive testing and evaluation technique neither not damages the 

appearance and function of the building element nor interferes with the enjoyment of the user. 

With the advanced technology development in sensing and intelligent data processing, ground 

penetrating radar (GPR) offers a powerful nor invasive approach to accurately locate and 

measure unseen objects inside non-metallic objects and below ground. GPR measures the 

travelling time of the reflected wave and estimates the object's depth. Thus, GPR is an indirect 

measurement method, and its vertical measurement accuracy and quality level (QL) are ±40% 

under QL-B2/2P as set out in Specification for Underground Utility Detection, Verification 

and Location, PAS:2014 published by the Institution of Civil Engineers (ICE). For cover depth 

measurement by GPR, relevant code, standards, and specifications regarding accuracy are still 

in the nurturing stage.      

The objective of this study is to develop a standard model to recognize the potential sources of 

error, minimize and correct the error, and evaluate the uncertainty in the GPR measurement of 

concrete reinforcement cover. In the beginning, the study focused on recognizing the potential 

errors from various sources and classified them into three different areas including the host 

material, the ray-path geometry, and equipment & signal processing (Chapter 3). Then, the 

study evaluates potential errors through (1) different ray-path models with associated 

mathematical models, (2) and experimental validation in both air and controlled reinforced 

concrete samples.    

 

Having reviewed the deficiency of the current single trilateration model under ASTM, models 

taken into account of the antenna separation and oblique angle, and target object size and depth 

in semi-trilaterated and full trilaterated ray-path models with associated mathematical 
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expression respectively were validated by experiment (Chapter 4). The potential sources of 

error and uncertainty mentioned (Chapter 3) were evaluated based on the experimental results 

(Chapters 4 and 5). A refined algorithm based on a semi-trilateration model and root mean 

square error algorithm was developed and tested concerning the confidence level and interval 

(Chapter 6).     

According to the experimental results, the following conclusions were drawn, 

(1) Effect of accurate concrete cover depth measurement in the reactive near field and Fresnel 

region using high-frequency 2GHz antenna – an error ranging from 34.5-136.1% in the 

near field in comparison to the 1.2-28.2% in the Fresnel region. Accurate measurement in 

near-field regions is highly limited and is not recommended. 

(2) Effect of ages of concrete on accuracies of cover depth measurement – the variation of 

average estimated depth is 0.13mm and 0.02mm at early Day 56 and at Day 90 and 

afterwards respectively. The result also showed that the dielectric constants and Two-Way 

Travel Time were decreasing and became steady, and the peak frequencies were increasing 

steadily for different cover depths at Day 90 and afterwards over the age of hardened 

concrete. The result is closely related to the cement hydration process which converts free 

water to bound water.  

(3) Uncertainty, confidence level and interval of refined algorithm based on semi-trilateration 

method will be defined after experimental validation on real concrete elements. 

 

The abovementioned work provides a standard model and measurement method to accurately 

estimate the concrete cover depth with comprehensive consideration of different potential 

sources of errors from the formation of host materials, i.e. fresh concrete to hardened concrete, 

the use of equipment and signal process, and ray-path and mathematical models. The findings 

also provide clear guidance to stakeholders, including clients, engineers, surveyors, and 

operators, on achieving accurate and reliable cover depth measurement with confidence in GPR 

measurement. 
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1. Introduction 

1.1. Surveying and mapping the reinforcement 

1.1.1. Quality of construction work - Inspection and building diagnosis 

Hong Kong is one of the global financial centres in the world with a high population density. A 

total of approximately 35,700 residential buildings and approximately 5,300 non-residential 

buildings out of a total stock of 41,000 private buildings in Hong Kong as of the end of 2019 (LCS, 

2020). In 2020, 20,888 residential units were completed and forecast completions of 18,228 and 

19,987 residential units in 2021 and 2022 respectively (RVD, 2021). To ensure the quality and 

integrity of construction materials and provide a safe and reliable structure throughout its entire 

building life, inspections on the quality of building elements during construction and regular 

routine structural monitoring of existing buildings are vital. Reinforcement is an essential 

construction material in reinforced concrete structures which is designed to take up different 

stresses, especially tensile stress. Reinforcement including quantities, location, orientation and 

thickness of concrete cover to protect it is designed by the engineer and specified in the drawing 

and is the most important quality control item in site inspection and building diagnostic to satisfy 

the requirement in construction works and facilitate non-destructive works for maintenance and 

addition & alternation works, respectively.  

Modern diagnostic techniques by non-destructive testing (NDT) methods provide compliance 

checks of quality of works and allow detection of defects, both internal and external, inside 

building materials such as concrete and reinforcement. The major advantage of NDT is testing 

without destroying the structure. NDT methods, including rebound hammer testing, half-cell 

potentiometer testing, rebar locator and ultrasonic testing, are best blended. For example, results 

of rebound hammer test and ultrasonic test on the characteristics of concrete are significantly 

interfered with by the embedded reinforcement inside especially those in small cover depth. In 

addition, as-built structural drawings are normally absent, making the actual on-site location of the 

rebar not fully match the drawings. Covermeter can then be applied to identify the rebar locations, 

cover depths and orientations prior to performing other non-destructive tests. But there are 

limitations: (1) it requires the skilful and experienced officer to examine each rebar location; (2) 

the test is time-consuming because it requires detailed measurement steps, (3) detailed digital data 
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acquisition and traceable records cannot be provided, therefore the result is somehow subjective 

and easily affected by surrounding embedded objects such as heavily reinforced stirrups and 

diagonal trimming bars around openings, and (4) measured results are not correlated to the other 

important parameters of interest such as moisture content, strength and age of concrete. 

1.1.2. Locating of reinforcement inside concrete using Ground Penetrating Radar (GPR) 

Ground penetrating radar (GPR), provides an alternative near-surface geophysical (NSG) non-

invasive and non-destructive method for underground utility surveying and mapping (Annan, 2004; 

Daniels, 2004; Jol, 2009; Lai et al., 2018).  

In a GPR system, it is composed of a monostatic antenna, a control panel and a display screen. 

Inside the monostatic antenna, two separate antennas including transmitter (Tx) and receiver (Rx) 

are housed in a container with the standard configuration of separation distance between Tx and 

Rx. GPR antenna (Tx) emits electromagnetic wave (EM wave) signals that penetrate through 

mixtures of construction material or layers of soil and the signal is reflected to the GPR antenna 

(Rx) once the signal encounters objects with significant dielectric contrasts with the host material. 

The processing unit digitizes and re-constructs the signal in radargrams. 

GPR traverses along the grid map on the surface of the concrete element. The coordinates (x,y,d) 

of the utilities or reinforcement inside concrete can be obtained. The planar coordinates (x,y) of 

the GPR antenna are positioned by the grid map and the relative position of the apex of hyperbolic 

shape reflection can be identified.  

For the estimation of the depth of reinforcement from the concrete surface, the propagation 

velocity of the GPR wave and the travelling time to and from the GPR antenna and the reflected 

object, i.e. two-way travel time (TWTT), are the key factors concerned. The propagation velocity 

of the GPR wave in the host material can be evaluated by different algorithms and the two-way 

travel time (TWTT) of the apex of hyperbolic shape reflection can be obtained via the radargram. 

With the estimated velocity and TWTT, the depth of the target can be calculated as below,  

𝑑 = 𝑉 ∗
𝑡

2
 (1.1-1) 
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where 𝑉 is the estimated propagation velocity of the GPR wave, t is the half of the time of flight 

of the GPR wave between the antenna and the target, i.e. two-way travel time, and d is the 

estimated depth of the target object. 

According to ASTM, for the antenna with a common separation distance, a GPR wave ray-path is 

modelled as shown in Figure 1.1.2-1. When the antenna is located at the position of 𝑥𝑖, the two-

way travel time (TWTT), 𝑡𝑖 , of the GPR wave ray-path is greater than the TWTT, 𝑡0, for the 

antenna at the position of 𝑥0, where it is located directly on top of the target object. The reflected 

signal received appears as a diffractive hyperbola in the radargram. This hyperbola provides 

important information associated with spatial and lateral distance to measure wave travelling time. 

    

 

Figure 1.1.2-1 Model of GPR wave travel path (antenna and target as point source) 

Nowadays, GPR with different ranges of frequency is applied to identify objects below ground for 

utility surveys and reinforcement or pipes inside reinforced concrete elements. The specification, 

limitation and uncertainty of GPR measurement based on validated models are questionable. For 

uncertainty of measurement, the modelling of the hyperbolic form of reflected wave received, i.e. 

(𝑥𝑖, 𝑡𝑖), evaluates the propagation errors as shown in Figure 1.1.2-1.  

1.1.3. Requirement of concrete cover depth measurement by different standards and 

specifications 
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In the world of underground utilities survey, there are different standards and specifications 

published by different countries and regions (Anspach, 2002; Australia, 2013; CJJ, 2003; HKIUS, 

2012, 2014; ICE, 2014; Malaysia, 2006; PolyU, 2019a, 2019b) . Different factors were specified 

when conducting the survey including chose of equipment, workflow and data post-processing. 

Specification for underground utility detection, verification and location, PAS 128, (ICE, 2014) 

specified the accuracy requirements or uncertainty evaluation of the results when the survey type 

is by detection as tabulated in Table 1.1-1.  

 

Table 1.1-1Comparison of accuracy requirements from standards and specification from various countries and regions (F. Xie, 

2020) 

1.1.4. Survey types 

Four different survey types were classified in different levels of detail, i.e. from macro- to 

microscopic point of view, including survey type D-design utility records search, survey type C-

site reconnaissance, survey type B-detection and survey type A-verification. Ground Penetrating 

Radar (GPR) is one of the methods in electromagnetic locating methods in survey type B by 

detection. In “B-detection” type of survey, is subdivided into four quality levels of detection works 

from low accuracy to high accuracy in terms of horizontal and vertical survey measurement, i.e. 
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QL-B4 to QL-B1. Considering depth measurement, the accuracy of vertical depth measurement 

specified in QL-B2 is that the actual vertical depth should be within ±40% of the detected depth 

of the target object. And, for QL-B1, the accuracy of vertical depth measurement is highest which 

requires the actual vertical depth should be within ±15% of the detected depth of the target object 

when multiple geophysics techniques are applied. The accuracy requirement set out in PAS is 

based on empirical estimations by the practitioners and clients’ expectations. While, for concrete 

cover depth measurement, it is neither no code nor standards that mention the specified 

requirement nowadays. This thesis suggested a solution to the depth estimation algorithm with an 

evaluation of uncertainty by root mean square errors. 

1.1.5. Research questions 

Unlike the underground utilities survey, there is not much attention has been drawn to the quality 

level or accuracy level of estimating the concrete cover depth of the rebar in the code, standards, 

and specifications by using GPR as a non-destructive testing method. 

To sum up, the research studies and the proposed work are summarized below, 

1) What is the level of accuracy/uncertainty in using GPR to estimate the cover depth of 

reinforcement inside the concrete element, including the standard deviation/variance? 

2) What is the confidence level to best estimate the cover depth of rebar inside the concrete 

element within a certain range/quality level? (i.e. certain range/quality level (±Y) = 

estimated depth ± X  × standard deviation, where X is the coverage/quality factor) 

1.2. Research objectives 

To tackle the above questions, this thesis studied the following objectives, 

1. The recognition of potential sources of errors during the estimation of concrete cover depth 

by using GPR from the host material, geometry of ray-path to the instrumentation & signal 

processing.  

Recognition of potential sources of errors includes: (a) the host material itself, i.e. dielectric 

and conductivity properties as it is key factors governing the propagation of 

electromagnetic waves; (b) geometry of ray-path, indicating the model adopted to describe 
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the GPR wave travel path; and (c) the equipment & signal processing, i.e. GPR digitization 

setting and time-zero setting in signal processing. 

2. Depth estimation using GPR by semi-trilateration method – model and evaluate the 

uncertainty 

Depth estimation by ASTM D6432-2019 (circular object and single trilateration method) 

is based on the assumption that the transmitting and receiving antenna and target object are 

point-form sources. This assumption incurs errors in the estimation of GPR wave velocity 

and concrete cover depth measurement since the simplified method omitted (1) the 

separation of antennas and (2) the radius of the target object. The method was finetuned by 

considering the separation distance between transmitter and receiver and the oblique angle 

between the alignment of the target object and the traverse of the antenna.  

3. Depth estimation using GPR by full trilateration method – model and evaluate the 

uncertainty 

Depth estimation by full trilateration considers not only the antenna separation of 

transmitter and receiver and oblique angle but also the size and depth of the target object. 

However, the depth of the as-built information may not be obtainable. This method 

combines both the semi- and full trilateration algorithms to approximate depth. The semi-

trilateration algorithm is used to obtain an approximate depth and this value is then input 

into the full trilateration algorithm. 

4. Develop an algorithm for depth estimation using GPR by semi-trilateration method 

Develop and propose a new algorithm with consideration of adjustment in measurement 

error to accurately estimate the cover depth by using GPR.  

5. Depth estimation using GPR by semi-trilateration method with a newly developed 

algorithm 

Evaluate the uncertainty level of the estimated result by GPR measurement and the 

relationship with sources of errors including properties of host materials, GPR antenna 

centre frequency, depth of the target object and GPR digitization setting and time-zero 

setting in signal processing.  
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1.3. Organization of this thesis 

This chapter, Chapter 1, provides an overview of the importance of non-destructive testing to 

inspect and evaluate the quality of construction works by GPR, and introduces the application of 

GPR and the research work to estimate the cover depth accurately. The literature review includes 

(1) the understanding of EM waves, (2) antenna types and features, such as frequency, resolution, 

and configuration, (3) the permittivity of materials and their interaction, (4) the hydration process, 

(5) property of concrete and its structures, (6) models to study different algorithms for depth 

estimation method by common offset antenna, and (7) uncertainty evaluation. 

In Chapter 3, recognition and explanation of all possible sources of errors influencing the 

estimation of concrete cover depth by GPR including host material, geometry of ray-path, and 

equipment & signal processing. (Research objective 1) 

In Chapter 4, models and evaluates the ray-path models using semi- and full trilateration methods 

with consideration of antenna separation and size, and depth of the target object respectively. 

Experiments were conducted and validation of the estimated cover depth was performed. The 

effect of near-field and far-field problems on accuracies of cover depth measurements is also 

studied. (Research objective 2 and 3) 

In Chapter 5, uncertainty on the estimation of the concrete cover depth of rebar will be evaluated 

after the consideration of ray-path trajectory errors including the effect of the ages of concrete and 

the moisture content of the concrete. 

In Chapter 6, an accurate algorithm to estimate the cover depth based on the semi-trilateration 

method and statistical root mean square errors will be developed. This new algorithm will be 

validated via the experiment on concrete walls with true cover depth. Besides, the new accurate 

depth estimation algorithm will incorporate confidence level and confidence interval by 

considering the identified errors in Chapter 3 as observational errors and scattering errors and 

propagating them into the new algorithm based on the semi-trilateration method.  

In Chapter 7, the findings, contribution to knowledge, recommendations and limitations of this 

research are concluded. 
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2. Literature review 

2.1. Electromagnetics and dielectric material 

2.1.1. Electromagnetics and Maxwell’s equations 

Maxwell’s Equations are the most influential equations in science and the fundamental importance 

in describing the classical electromagnetic phenomena that underpin modern information and 

communication technologies. A set of four equations of Maxwell’s Equations describe the 

properties and interrelations of electric and magnetic fields and are expressed as below, i.e. 

Equation 2.1.1-1 to 2.1.1-4.  

∇ ∙ 𝐷 = 𝜌 (2.1.1-1) 

∇ ∙ B = 0 (2.1.1-2) 

∇ × E = −
𝜕𝐵

𝜕𝑡
 (2.1.1-3) 

∇ × H = 𝐽 +
𝜕𝐷

𝜕𝑡
 (2.1.1-4) 

where,  ∇  = gradient operator,  

∇ ∙  = divergence operator,  

∇ ×   = curl operator,  

D (C/m2) =  electric flux density,  

B (Tesla)  = magnetic flux density,  

E (V/m)  = electric field intensity,  

H (A/m)  = magnetic field intensity,  

𝜌   = electric charge density, and  

J (A/m2)  = current density. 

For Equation 2.1.1-1, Gauss’s law for electric fields (differential form) reveals the electric field 

produced by electric charge diverges from positive charge and converges upon negative charge. 

For Equation 2.1.1-2, Gauss’s law for magnetic fields in differential form explains the divergence 

of the magnetic field at any point is zero. Faraday’s law (differential form) of Equation 2.1.1-3 
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indicates a circulating electric field is produced by a magnetic field that varies with time. Finally, 

the Ampere-Maxwell law of Equation 2.1.1-4 discusses a circulating magnetic field produced by 

an electric current and by an electric field that varies with time (Fleisch, 2008).  

 

2.1.2. Constitutive parameters of material 

Maxwell’s equations are applicable to both free charges and currents, and bound charges and 

currents with the help of constitutive equations. For isotropic and homogeneous materials, the 

relevant equations are expressed in Equations 2.1.2-1, 2.1.2-2 and 2.1.2-3, which involved three 

constitutive parameters including electrical conductivity, dielectric permittivity and magnetic 

permeability (Balanis, 2012; Knoll, 1996 and Lai, 2006). 

J = σE (2.1.2-1) 

D = εE (2.1.2-2) 

𝐵 = 𝜇𝐻 (2.1.2-3) 

where,      J = current density,  

 =  electrical conductivity (S/m), 

E = electric field intensity, 

D = electric flux density,  

 = the dielectric permittivity (F/m), 

B = magnetic flux density, 

 = the magnetic permeability (H/m), and 

H = magnetic field density, 

 

Electrical Conductivity 

Conductivity represents the electrical property of the material, and it indicates the ability of the 

material to conduct electric current. Hence, it is the reciprocal of electrical resistivity. According 

to Equation 2.1.2-1, the current density (J) is directly proportional to the electric field intensity (E) 

when an external electric field is applied to the material. For material with higher conductivity, its 
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electrons at the outermost shell can be easily detached from the nucleus. These electrons can more 

freely inside the material and electric current can be formed once an external field is applied.   

Dielectric permittivity 

Dielectric materials are materials that its electrons cannot move freely and are bound around the 

nucleus (Landau et al, 2013). These electrons can only be slightly deflected from the nucleus to 

form an internal electric field when an external electric field is applied. The orientation of the 

internal electric field is against the external electric field which forms an equilibrium inside the 

material’s atoms (William, 2007). This phenomenon is called ‘polarization’. The density of electric 

flux during polarization is expressed in Equation 2.1.2-2. In electromagnetism, the permittivity is 

formed by a real part (’) and an imaginary part (”). The real part of the complex permittivity 

dictates the propagation velocity of the electromagnetic wave and the imaginary part of the 

complex permittivity governs the absorption of the electromagnetic wave in the materials. The real 

part of the complex permittivity can be expressed in Equation 2.1.2-4 as the relative permittivity. 

𝜀𝑟 =
ε′

𝜀0

 (2.1.2-4) 

where,      r = relative permittivity and becomes a unitless quantity,  

' =  real part of the complex permittivity, and 

o = the permittivity of vacuum, 8.854 x 10-6 F/m 

 

Magnetic permeability 

The permeability of a material relates to the degree of magnetization after applying a magnetic 

field (Fetzlaff, 2007; Jiles, 2015) and is expressed in Equation 2.1.2-3. Similar to relative 

permittivity, relative permeability is commonly used and can be expressed as Equation 2.1.2-5. 

𝜇𝑟 =
𝜇

𝜇0

 (2.1.2-5) 

where,      r = relative permeability of the material,  

 =  the magnetic permeability of the material, and 

o = the magnetic permeability of free space, 1.26 x 10-6 H/m 
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2.1.3. Hydration process after mixing water and cement 

In the production of concrete, the major components including cement, fine aggregates, coarse 

aggregates and water are mixed and a chemical reaction, i.e. hydration, takes place. In the 

hydration process, water reacts with an anhydrous compound and produces a new chemical 

product. Non-hydrated cement reacts with water and conducts both chemical and 

physicomechanical changes with setting and hardening (Hewlett & Liska, 2019). The wet concrete 

gradually increases in viscosity and hardens in the first 28 days after mixing. The strength of the 

concrete continues to develop for a year after mixing. Hydration of Portland Cement (PC) consists 

of different clinker materials including alite (tricalcium silicate, C3S), belite (dicalcium silicate, 

C2S), tricalcium aluminate (C3A), calcium aluminate ferrite (C4AF), free calcium oxide and alkali 

sulphates, and calcium sulphate with water simultaneously at its own rates. The hydration process 

can be classified into different stages including Pre-Induction Stage, Induction Stage, Acceleration 

Stage and Post-Acceleration stage. In the Pre-Induction stage (at the initial), when cement contact 

with water, ionic species dissolve into the liquid phase and the hydrate phase starts. K+, Na+, Ca2+,   

and silicate ions form from dissolved alkali sulphates, calcium sulphate and tricalcium silicate. A 

layer of precipitates formed at the surface, i.e. calcium-silicate-hydrate (C-S-H). In the Induction 

stage, the overall hydrate rate declines significantly for a few hours as the concentration of calcium 

hydroxide (CH) reaches maximum.   concentration remains constant as the amount consumed due 

to the formation of ettringite (Aft) is balanced by the amount dissolved from gypsum. In the 

Acceleration Stage, nucleation and growth of C-S-H (also called ‘second-stage CSH’) and CH 

exists. C2S starts hydrating substantially. Liquid phase Ca2+ and   concentration decline as Ca(OH)2 

starts precipitating and increasing Aft formation and adsorption of   on C-S-H respectively. Lastly, 

in the Post-Acceleration Stage, the hydrate rate slows down due to a combination of different 

factors (1) the unconsumed Portland cement materials get less, (2) the diffusion process dominates, 

and (3) C2S concentration increases which causes the decline of formation rate of CH. During 

hydration, several factors decide the kinetics including (1) quantity and form of calcium sulphate, 

(2) fineness of cement particles, (3) water/cement ratio, (4) curing conditions, (5) temperature, and 

(6) chemical admixtures. The nanostructure and microstructure of the formed hydrated materials 

are governed by the composition of the binder, water/cement ratio, temperature of hydration, 

chemical admixture and the time of hydration (Hewlett & Liska, 2019).  
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In the hydration process, as the water/cement (W/C) ratio is one of the dominant factors in forming 

cement pasts and mortars, the changes in the W/C ratio will affect strength, porosity, permeability 

and durability. The increase in the W/C ratio will increase the porosity of hardened concrete and 

also lead to much free water not hydrated with cement resulting in decreasing the permeability and 

strength of concrete. It then affected the durability of the concrete. In cement paste microstructure 

studies for hardened Portland cement pastes with different W/C ratios, the visualized result shown 

in the electron imaging revealed that the amount of pore and crystalized structures increased. 

Portland cement paste made with W/C of 0.3 develops a compact structure matrix with little or no 

apparent crystallinity. While Portland cement paste formed with W/C of 1 develops a structure 

with observable pores and is less dense (Hewlett & Liska, 2019). In addition to the W/C ratio, 

there are two other factors that determine the pore system including aggregate to cement ratio and 

degree of hydration (Neville, 1995). 

2.1.4. Pores Structure of hardened concrete 

Hardened concrete is a porous material. The volume of pores varies with the W/C ratio initially 

and the formation of chemical products during the hydration process. In fully saturated Portland 

cement pastes, pores are filled with “free” water, i.e. volume of pores is equal to the volume of 

“free” water. During the hydration process, a fraction of “free” water becomes “bound” water 

under a chemical reaction. The content of “bound” water in hardened Portland cement paste is 

related to the content of cement in different phases and the degree of hydration. A study of the 

porosity by different methods on 2 years age mature Portland cement pastes made with different 

W/C ratios is shown in Table 2.1.4-1. The result showed that the porosity increases for Portland 

cement pastes made with W/C = 0.30 to 1.00. The study measured the amount of “free” water 

removed from Portland cement pastes by drying method and extraction of “free” water with 

acetone and ethyl occupied the pores (Hewlett & Liska, 2019). 

W/C “Free” water removed 

by Drying method 

“Free” water extracted by  

acetone and ethyl method 

0.30 0.142 0.098 

0.50 0.299 0.204 

0.70 0.417 0.350 

1.00 0.555 0.473 
Table 2.1.4-1 The porosity of Portland Cement pastes hydrated for 2 years at 20oC by different methods (Hewlett & Liska, 2019) 
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The pore system can be classified as (1) macro-pores with hydraulic radii between <1 and 1000nm, 

(2) pores with smaller radii called gel pores which combined with hydrated product, and (3) pores 

with greater radii called capillary pores which increases with increase of water/cement ratio. Figure 

2.1.4-1 shows the pore distribution of hydrated concrete, mortar and paste at 0.45 W/C ratio. 

 

Figure 2.1.4-1 The pore distribution of More Hydrated Concrete, Mortar and Paste at a W/C ratio of 0.45 (Nevill, 1995) 

 

Macro-pores - It is formed by air bubbles trapped inside concrete due to inadequate compaction of 

concrete and/or excessive free water during hydration. Macro-pores such as honeycomb and 

segregation can be found on concrete surfaces.  

Capillary pores – These are formed due to voids inside concrete that are not fully occupied by 

hydrated products. Its size and shape vary and they are inter-connected to form a water transport 

system randomly. 
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Gel pores – These are the pores within the structure of the hydrated product. They are 

interconnected with interstitial spaces between the needle-plate and foil-shaped gel particles 

(Neville, 1995)  

 

2.1.5. Models of structure of hydrated product and C-S-H Nanostructure 

Several models to study the structure of hydrated products have been developed by different 

researchers to enhance the overall understanding of essential phenomena including concepts 

related to strength development and durability. One of the best models to study the structure of C-

S-H is described by the Feldman-Sereda (F-S) model. The model interpretated that the structure 

consists of randomly oriented C-S-H layers with water absorbed on the surface of the C-S-H layers, 

water occupied between the interlayers of C-S-H layers and water in the form of capillary water 

as shown in Figure 2.1.5-1 The symbol “O” shows water absorbed on the surface of the C-S-H 

layers and the symbol “X” shows the interlayer hydrate water and cavity forms for capillary water. 

The model implied a very large surface area for the gel and was proved by different experiments 

such as water sorption and N2 sorption measurements (Hewlett & Liska, 2019). 

 

Figure 2.1.5-1 Schematic of the structure of C-S-H gel according to Feldman and Sereda (P.C. Hewlett and M. Liska, (2019)) 

 

2.1.6. Dielectric properties of concrete during hydration 
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The characteristics of electromagnetic (EM) absorption and reflection of materials are governed 

by (1) electromagnetic permittivity(e), (2) permeability (m), and (3) conductivity(s). Construction 

materials such as concrete are having its dielectric properties due to their non-metallic nature and 

good electrical insulation to direct current (Dinh et al., 2021). As concrete is a non-magnetic 

material, the permeability of concrete is assumed to be equal to the permeability in free space, i.e. 

m0 = 4.10-7 H/m, (Laurens et al., 2005 & Cassidy, 2008). Concrete is a cement-based matrix 

with different free water content trapped in the pores as mentioned above. The study of the 

dielectric properties of concrete can help to better understand the microstructure of concrete as 

concrete is highly dependent on water content which greatly affects the dielectric permittivity and 

conductivity of concrete (Dinh et al., 2021). Concrete is a heterogeneous material and is composed 

of different states from solid aggregates to air pores and water-filled gel pores during hydration 

and hardening afterwards. As mentioned in sections 6.2 and 6.3, the free water chemically reacts 

with cement and is physically bound, and gel pore and pores structures formed during hydration. 

Hence, the relative permittivity of concrete is determined by the distribution of different states and 

water content inside concrete. As dielectric permittivity is frequency dependent, bound water and 

free water respond at low frequencies, i.e. 10 Hz – 1MHz, and high frequencies, i.e. more than 1 

GHz, respectively. Thus, the level of frequency response helps to determine the microstructure 

inside the hardened concrete and water content (Dinh et al., 2021). 

2.1.6.1 Permittivity 

The enclosed volume of material can be measured by dielectric permittivity, ε, which is expressed 

as a complex value relative to the permittivity of free space ε0: 

ℇ =  ℇ0ℇ𝑟 = ℇ0(ℇ𝑟
′ − 𝑗ℇ𝑟

" ) (2.1.6.1-1) 

where,     ε0       ≈          8.854 × 10-12 F/m, and  

    j      =          imaginary unit (with j2 = -1).  

Combining it with the Maxwell-Amphѐre Law and the electric conductivity: 

∇ × 𝐻 = 𝑗𝜔𝜀′ (1 − 𝑗
𝜎 +  𝜔𝜀"

𝜔𝜀′
)𝐸 

(2.1.6.1-2) 

where,      H = magnetic field,  

E = electric field, and  
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ω = angular frequency.  

The real part, ℇ𝑟
′
, relates to EM wave phase shift, delay, and dispersion when travelling through a 

medium. The imaginary part ℇ𝑟
"
 relates to EM wave losses during travelling in the medium. Losses 

are measured by the loss tangent: 

𝐸 𝑡𝑎𝑛𝛿 =  
ℇ𝑟

"

ℇ𝑟
′  

(2.1.6.1-3) 

Permittivity is frequency dependence and can be described as different types of the polarizability 

of material under EM field: (1) interface polarization (or called Maxwell-Wagner effect) – surface 

dipoles respond to EM field, (2) dipolar polarization – it applies to all materials which dipoles of 

the material try to align with EM field and causing a net dipole moment, (3) ionic polarization – it 

applies to crystallized material which dislocation of ions occur under EM field, and (4) electronic 

polarization – the movement of an atom’s nucleus with respect to the centre of charge formed and 

cloud of electron responds to EM field (Dinh et al., 2021). 

2.1.6.2 Dielectric dispersion in Debye relaxation model of materials’ particles 

Dipolar polarization can be explained by the Debye relaxation equation, and Cole and Cole’s 

model as below, 

𝜀𝑟(𝑓) = 𝜀𝑟,∞ + 
𝜀𝑟,0 − 𝜀𝑟,∞

1 + 𝑗𝜔𝜏
 (2.1.6.2-1) 

where,  f = frequency, 

  ω = angular frequency, 2f 

  𝜀𝑟,∞ = complex relative permittivity nearing infinity 

  𝜀𝑟,0  = complex relative permittivity at f = 0 

    = relaxation time  

In a normal environment, the net volume density is equal to zero under an equilibrium situation 

even the orientation of action of dipolar molecules changes randomly due to the thermal effect 

with neighbouring molecules. When the EM field occurs, each dipole moment experiences torque 

as the dipole tries to orientate parallel to the field direction. The dipole moment relaxes and is 

realigned randomly in order to achieve equilibrium status once the EM field is removed. The period 

of this relaxation time is described below and the relaxation behaviour happens at a specific 

frequency, 
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𝜏 =
1

2𝜋𝑓𝑟𝑒𝑙𝑎𝑥𝑎𝑡𝑖𝑜𝑛
 

(2.1.6.2-2) 

When the EM wave frequency is less than the relaxation frequency, the dipolar orientation of 

materials’ particles follows the varying applied EM field. The real component of complex 

permittivity is determined by the amount of energy stored since the rate of change of orientation 

of all molecules follows the rate of change of the EM field which yields bulk polarization. When 

EM wave frequency reaches the relaxation frequency, the materials’ particles keep in motion but 

are no longer able to follow the rate of change of the EM field. The rate of change of movement 

of materials’ particles induced by the EM field is too fast and difficult for the particles to follow, 

and incapable of achieving bulk polarization so the imaginary part of the complex permittivity 

reaches the peaks. As such, a significant amount of energy is converted to heat, and it is also the 

principle of microwave heating applications. This phenomenon is called dielectric dispersion. 

When EM wave frequency is beyond the relaxation frequency, polarization effects tend to be 

minimal as the dipolar orientations of materials’ particles are unable to follow the applied EM field 

due to the inertia of the molecules or the viscosity of the medium (Dinh et al., 2021). This 

phenomenon can be explained as an imaginary part of εr in Figure 2.1.6.2-1. 

 

Figure 2.1.6.2-1 The permittivity of pure water (Dinh et al., 2021) 
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Debye’s model, and Cole and Cole’s model simulated polarization mechanism for pure material 

and composite material with different regions of dielectric dispersion and spectrum of relaxation 

time respectively. Comparing the range of time of relaxation between free water and composite 

materials containing water under microwave region, i.e. 17.1GHz at 25oC. The permittivity loss is 

prominent at above 500MHz as free water is contained in composite materials. For EM wave 

frequency ranging between 10 to 3000MHz, most materials follow the real component of complex 

permittivity since exhibiting permittivity relaxation and the imaginary component takes place 

under the same frequency. The imaginary component reaches maximum frequency (tf) and 

gradually drops. At relaxation time (t), the absorption mechanism is prominent (Lai and  

Wiggenhauser, 2010). 

2.1.6.3 Permittivity of free and bound water in material 

Pure water, H2O, is a homogeneous polar material with permanent electric dipole moments. Water 

molecules exhibit dipolar orientation polarization. When the EM field is applied, polar molecules 

of water rotate and align to the direction of the field. Its permanent dipole moments are much 

greater than the induced dipole moment by an externally applied EM field. Thus, the dielectric 

constant and polarizability of water are higher than solid materials. Similarly, as shown in Figure 

2.1.6.2-1, the magnitude of relative permittivity of free water in the real part is larger than the solid 

materials. This implies that dipolar polarization and relaxation behaviour is performed for particles 

that are free to rotate, i.e. free water, instead of being restricted in motion, i.e. bound water. 

Comparatively, the change of permittivity for dry solid material and air is relatively smaller than 

that with the presence of moisture under the same frequency (Dinh et al., 2021). 

2.1.6.4 Permittivity of concrete during hydration 

The permittivity of hardened concrete varies from 4 to 20 as it is composed of a different phase of 

materials including a solid phase of aggregates, non-reacted cement residues, hydrated product, 

and etc., a gaseous phase of air, and liquid phase of water, i.e. free water and physically bounded 

water. Table 2.1.6.4-1 shows the relative conductivity and permittivity of different construction 

materials. 
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Table 2.1.6.4-1 Typical values of relative permittivity (real component) and conductivity at a frequency of 100MHz (Dinh et al., 

2021) 

The permittivity of material can be found by measuring the EM wave travelling time to and from 

the antenna and target object such as rebar, i.e. Two-Way Travel Time (TWTT), and calculated by 

the following equation, 

𝑣 =
𝐷

𝑇
2⁄

=  
𝑐

√𝜀′
 (2.1.6.4-1) 

where,   v = EM wave travelling speed in the medium, 

  D = cover depth of target object, 

  T = Two-Way Travel Time (TWTT), 

  C = Speed of light in air, and 

  𝜀′ = real part of dielectric permittivity. 

 

2.1.7. Characterization of dielectric dispersion through GPR measurement and Short-Time 

Fourier Transform (STFT) and Wavelet Transform (WT) 

Short-Time Fourier Transform (STFT) - The signal of an EM wave composed of sinusoidal 

functions over an entire signal in the time domain. The classical Fourier transform can evaluate 
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the frequency response and distribution of the stationery signal over the entire signal in a plot. To 

study the frequency response in a particular period for a non-stationery signal, the algorithms of 

short-time Fourier transform (STFT) in Joint time-frequency analysis (JTFA) provide a detailed 

Fourier transform which transforms the one-dimensional signal into a two-dimensional time-

frequency plot and concentrated in time and frequency as a function. The algorithm of STFT is 

expressed as below, 




−

−−= dtettxXtxSTFT tj )()(),()]([  (2.1.7-1) 

where,  ω(t) = window function (e.g. Hanning window) for a specified period; and  

x(t) = time domain for a specified period. 

 

The window length controls the resolution of time and frequency of the STFT. A narrow window 

results in a fine time resolution and consequently a poor resolution of frequency since a signal with 

a short period of time in a narrow window which causes a wide bandwidth, i.e. low 

frequency/spectral leakage occurs. While a wide window results in a fine frequency and a poor 

resolution of time since wide windows have a long period of time which causes a narrow frequency 

bandwidth, i.e. blurred target of interest. This window effect is essential, and the size of the 

window length depends on the characteristics and area of interest of the signal (Lai and 

Wiggenhauser, 2010). 

 

Wavelet Transform - GPR received wavelet signals composed of low-frequency and high-

frequency signals. To study the low-frequency and high-frequency components obtained due to 

direct wave and the dielectric contrast between the reflected signal from the target object and the 

host material with a co-relationship between amplitude and time spectrum respectively, wavelet 

transform is applied. WT is a multi-resolution analysis (MRA) method. It decomposes and 

analyzes signals of interest into multi-levels of frequency resolution with respect to time and 

frequency domain, and analysis non-stationary and dispersed signals by the mothed of dilation via 

stretches of time length. The algorithm of WT is expressed below in integral continuous form (Lai 

et al., 2014; Baili et al., 2009 and Lu et al., 2020). 
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𝑊𝑇𝑢,𝑎 =< 𝑠,𝜓𝑢,𝑎 > =  ∫ 𝑠(𝑡)
∞

−∞

𝜓𝑢,𝑎
∗ (𝑡)𝑑𝑡 (2.1.7-2) 

 

where,  s(t) is called father wavelet/scaling function, and 

  𝜓𝑢,𝑎  =  
1

𝑎
𝜓 (

𝑡−𝑢

𝑎
)  is called mother wavelet,  

And,  a        = scale factor, 2
1

𝑣, where v = 1,2,3,… for Continuous Wavelet Transform (CWT), 

    A = scale factor, 2𝑗 , where j =  1,2,3,… for Discrete Wavelet Transform (DWT),  

u  = shift factor 

𝜓𝑢,𝑎
∗

, = complex value is adopted (Morlet wavelet or Gabor wavelet) . 

In WT, a wavelet is formed by two functions called father wavelet and mother wavelet. The father 

wavelet and mother wavelet represent smooth and low-frequency components of the reflected 

signal, i.e. low pass filter (LPF), and detail and high-frequency components of the reflected signal, 

i.e. high pass filter (HPF), respectively. Through the dilating process of mother wavelet, the 

breakdown process and further produces another low and high-frequency component which forms 

a sub-branch of the father wavelet and mother wavelet, and the processes continues to the interest 

of frequencies. With the function of dilation and shifting of the wavelet along the time axis in the 

A-scan, WT analyzes transient signal with good time resolution at high frequency but relatively 

poor frequency resolution and good frequency resolution at low frequency but relatively poor time 

resolution. Compared to STFT and WT, STFT analyzes frequency components of the signals in a 

fixed duration of time intervals while WT analyzes the whole signals without limitation of time 

window interval in a short time (Lai et al., 2014; Baili et al., 2009 and Lu et al., 2020). 

2.2. Theory of GPR 

Maxwell’s equation described classical electromagnetism and indicated the interrelationship 

between time-varying electric and magnetic fields. Based on this concept, radar systems were 

developed to obtain object information by using the travel path of the electromagnetic wave 

generated by the radar system (Skolnik, 1980) and radars are widely used for the study of geology, 

hydrology, mineralogy, archaeology and civil engineering (Benedetto & Pajewski, 2015; Bristow 

& Jol, 2003; Conyers, 2013; Moorman & Michel, 2000; Schultz, 2012). 
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2.2.1 Antenna Design 

2.2.1.1 Continuous wave and impulse antenna 

In general, there are two types of GPR antenna design including continuous wave (frequency 

domain) and impulse (time domain) (Travassos et al., 2018). A continuous-wave GPR antenna 

emits electromagnetic waves continuously with infinite time duration and simultaneously receives 

the emitted wave. This type of GPR antenna detects objects but is limited to measuring distance 

due to constant signals. As such, its configuration is enhanced by modulation such as frequency 

modulated continuous wave (FMCW) (Deng & Liu, 1999), stepped frequency continuous wave 

(SFCW) (Kong & By, 1995 and Wong et al., 2016), and frequency modulated interrupted 

continuous wave (FMICW) (Fioranelli, 2013). While the impulse GPR antenna excites a very short 

time duration pulse which requires a rapid switching of the trigger system and a much higher 

sampling frequency for the analogue-to-digital converter. 

2.2.1.2 Geometry of antenna 

In terms of the geometry of antenna, it can be classified as dipole antennas, horn antennas, bowtie 

antennas, as shown in Figure 2.2.1.2-1, etc. (Balanis, 2011; Silver, 1984; Stutzman & Thiele, 2012). 

 

Figure 2.2.1.2-1 Bowtie antenna (GSSI Palm 2Hz GPR) 

Antenna polarization, directivity and the emission pattern produced can be varied by antenna 

design which characterizes the antenna performance to meet the application need. For example, it 
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is good to use a dipole antenna for boundary layer detection (Höfinghoff & Overmeyer, 2013), 

horn antenna fits the purpose for application in forest litter and forensic surveys (Almeida et al., 

2015; André et al., 2014), and bowtie antenna is good to apply for detection of landmines 

(Giannakis et al., 2015). The typical radiation pattern of the horizontal geometry dipole antenna is 

shown in Figure 2.2.1.2-2. The radical axis represents the relative strength of the emitted signal. 

This thesis uses the common and commercially available dipole antenna, i.e. GSSI 2GHz, as 

shown in Figure 2.2.1.2-1    

 

 

Figure 2.2.1.2-2 A typical radiation pattern in both H (left) and E (right) planes of a horizontal geometry dipole antenna 

 

2.2.1.3 Monostatic and bistatic antenna 

A GPR dipole antenna can be categorized into monostatic and bistatic antennae which the setting 

of the transmitter and the receiver are housed together or separated respectively. In the GPR survey, 

the setting of transmitter and receiver perform different modes of survey to meet the survey 

purposes, including common offset (Sham & Lai, 2016; Xie et al., 2018, common mid-point (CMP) 

(Jacob & Urban, 2016; Steelman & Endres, 2012) and wide-angle reflection and refraction 

(WARR) (Galagedara et al., 2005; Klysz et al., 2004). For a common offset survey, the transmitter 

and receiver are collocated with a constant separation between each other during the survey to 

collect survey data (Lambot et al., 2004; Lambot et al., 2004). For the CMP survey, the setting of 

the antenna and receiver are closely located with a separation equal to zero initially and they will 

be moved away from each other in opposite directions with equal distances to the common mid-

point during the survey. While, for the WARR, the transmitter is set at a fixed position and the 
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receiver will move away from the transmitter during the survey to acquire data. Different modes 

of survey are illustrated in Figure 2.2.1.3-1 and these modes of antenna setting determine the 

diverse geometries of GPR signal travel paths and, as a result, various reflection patterns obtained 

in the radargram for an identical target. Specific algorithms are required for computation and data 

analysis.  

 

 

Figure 2.2.1.3-1 GPR wave travel paths of various modes of antenna setting for GPR survey (Giannopoulos, 1998) 

In this thesis, all GPR survey was performed by using dipole in common offset mode and 

radargram data was analysed by corresponding algorithms as discussed in Section  2.4. Within the 

near field, the GPR wave is propagated mainly by induction. In the far field, the propagation of 

the GPR wave can be approximated by the ray path method. This thesis focuses on the study of 

objects buried in the near and far field. 

 

2.2.2 EM (GPR) wave in dielectric material 

Maxwell’s equation explains the propagation of electromagnetic waves in free space and dielectric 

materials through oscillating the electric and magnetic field (Hippel & Morgan, 1955) as shown in 

Figure 2.2.2-1.  
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Figure 2.2.2-1 Propagation of oscillating electromagnetic waves (Lindbäck, 2015) 

Electromagnetic waves generated by radiation sources spread into the surrounding space 

spherically. A reasonable assumption made is that the generated electromagnetic wave can be 

considered as a plane wave at a distance where the source is far away (Giannopoulos, 1998). This 

assumption formed the basis of the following explanation and one-dimensional wave propagation 

is assumed.  

2.2.2.1 Wave propagation in lossless material 

For free space and perfect dielectric materials, the electric conductivity is equal to zero, i.e.  = 0, 

which are known as lossless materials. The propagation of electromagnetic waves can be expressed 

by Equation 2.2.2.1-1, 

 
𝜕2𝐸

𝜕𝑧2
= 𝜇𝜀

𝜕2𝐸

𝛿𝑡2
 (2.2.2.1-1) 

where, z-axis = the propagation of the wave in z direction, 

 t = propagation time 

  = the magnetic permeability 

  = the dielectric permittivity 

Refer to Equation 2.2.2.1-1, the propagation velocity can be written as Equation 2.2.2.1-2, 
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𝑣 = √
𝜕2𝑧

𝜕𝑡2
=

1

√𝜇𝜀
 (2.2.2.1-2) 

For free space, the electromagnetic wave propagation velocity, i.e. c, can be calculated by Equation 

2.2.2.1-3, 

𝑐 =
1

√𝜇0𝜀0

≈ 0.2998𝑚/𝑛𝑠 (2.2.2.1-3) 

where, 0 = the dielectric permittivity in free space, and  

0 = magnetic permeability in free space 

The electromagnetic wave propagation velocity after combining the permittivity and permeability 

in Equation 2.2.2.1-2 and relative permeability mentioned in Section 2.1.2 can be re-wrote as 

Equation 2.2.2.1-4, 

𝑣 =
𝑐

√𝜇𝑟𝜀𝑟

 (2.2.2.1-4) 

 where, v = electromagnetic wave propagation velocity in any dielectric medium such as 

   concrete,   

c = electromagnetic wave propagation velocity in vacuum, 

r = relative dielectric permittivity of the material, and  

r = relative magnetic permeability of the material 

The values of magnetic permeabilities (r) can be assumed to be equal to unity as it is insignificant 

and approximately equivalent to that of free space, except for those materials with large portions 

of ions (Daniels, 2004; Strangway, 1967). Equation 2.2.2.1-4 can be simplified as Equation 

2.2.2.1-5, 

𝑣 =
𝑐

√𝜀𝑟

 (2.2.2.1-5) 

 

2.2.3 GPR Survey 

2.2.3.1 Near-field and far-field 
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A GPR wave is generated by an antenna with a specified wavelength, . That antenna can be 

considered as a single point source at the centre of a spherical volume and the radius, r, of the 

spherical volume is . For a spherical volume with the region of  r < , this region close to the 

source point is called the “Near-field” region. For a spherical volume with the region of r > 2, 

this region far away from the source point is called the “Far-field” or “Fraunhofer” region. While, 

for a spherical volume with the region of  < r < 2, it is called a “transition field” (Balanis, 2005).  

In the near-field region, GPR transfers energy via the source point, i.e. antenna, to the substrate 

surface by quasi-stationery field, induction field and radiated field, and energy is exchanged in the 

near field. Target coupled energy from the source fields and the signal will be coupled in the far-

field region (Jol M., 2009). In other words, GPR wave propagation switches from electromagnetic 

induction to ray-path mode in near-field and far-field respectively. While, in the transition field, 

both induction and ray-path modes exist (Ludwig, 1971).  

2.2.3.2 Transmission of GPR wave into host material 

In a GPR survey, the GPR system transmits a pulse to the antenna and the transmitter inside the 

GPR antenna emits an electromagnetic signal into the host material. The signal is reflected when 

it encounters an object with a significant difference in dielectric relative to the host material and 

the reflected signal is received by the receiver inside the antenna. The signal travel time is recorded 

by the GPR system, and the signal travel velocity is correctly estimated by Equation 2.1.6.4-1. 

Hence, the depth of the target inside the host material can be estimated by Equation 2.2.3.2-1  

𝐷 =  𝑣 × 
𝑇

2
 (2.2.3.2-1) 

where,   v = EM wave travelling speed in the host material, 

  D = cover depth of target object, 

  T = Two-Way Travel Time (TWTT), 

2.2.3.2.1 Conical form spread of transmission 

Electromagnetic waves emitted by the GPR antenna into the host material in a conical form and 

spread out increase with increase in depth. The depth and width of the cone are set out by the 

condition of the host material and by the frequency of the antenna. The higher frequency of the 
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GPR wave emitted by the antenna results in a narrower conical form of transmission (Dojack, 

2012). 

2.2.3.2.2 Reflection and refraction of GPR Wave  

The GPR wave transmits into the host material if the GPR wave encounters non-metallic material. 

Its propagation direction also changes due to the change in transmission medium, i.e. refracted 

wave, as explained by Snell’s law. Some of the GPR waves transmitted by the antenna will be 

reflected to the antenna when the GPR wave comes across a significant difference in dielectric 

permittivity between the object and the host material. The amount of reflected energy is determined 

by the contract in relative dielectric permittivity.  

2.2.3.2.3 Transmission loss 

In the generation of GPR waves, coupling effects will be processed, i.e. GPR antenna is excited 

by an electrical pulse, between ground-coupled antenna.  The coupling effect will take place before 

the GPR wave propagates into the host material and results in loss of transmission energy.   

2.2.3.2.4 Energy attenuation 

GPR wave is transmitted into the host material by energy coupling. During wave propagation, 

some energy will be lost and absorbed by the material. Heat is one of the fundamental forms of 

loss. The attenuation describes the loss of energy and the attenuation rate is determined by 

Equation 2.2.3.2.4-1 and 2.2.3.2.4-2. 

𝛼 = ω [
𝜇𝜀

2
(√1 +

𝜎2

𝜀2𝜔2
− 1)]

1
2⁄

 (2.2.3.2.4-1) 

𝜔 = 2𝜋𝑓 (2.2.3.2.4-2) 

Where, 𝛼 = The attenuation factor (db/m),  

 𝜔 = Angular frequency, 

 𝑓 = Frequency, 

 𝜎 = Electric conductivity, 
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 𝜇  = 𝜇𝑟𝜇𝑜  = Magnetic permeability of a material, 𝜇𝑟  = Relative permeability and 𝜇0  = 

Permeability of a free space (4𝜋 x 10−7) 

 𝜀 = 𝜀𝑟𝜀0 = Permittivity of a material, 𝜀𝑟 = Relative permittivity, 𝜀0 = Permittivity of a free 

space (8.854 x 10−12 Fm-1). 

The scattering will also cause attenuation and will induce clutter noise in the radargram.  

 

2.2.3.3 Types of GPR wave 

An interaction between GPR wave and host material is that different GRP waves will be created 

as explained in Figure 2.2.3.3-1 including air wave, ground wave, refracted and critically refracted 

wave, and reflected wave (Huisman, et al., 2003). 

 

Figure 2.2.3.3-1 GPR wave propagation in host material with different dielectric constant (Giannopoulos, 1998) 

Air wave – The electromagnetic wave emitted by the transmitter to the receiver via the air as 

medium, i.e. the travelling speed, c = 0.2998 m/ns, which will first received by the receiver. The 

air wave can be neglected if the antenna is thoroughly shielded.  

Ground wave – The electromagnetic wave generated by the transmitter propagates along the 

ground surface to the receiver. For small separation between transmitter and receiver, i.e. common 

offset antenna, the travelling time difference from transmitter to receiver between the air wave and 

the ground wave is little and is not able to distinguish by the GPR system. This is commonly 

referred to as a ‘direct wave’. 

Refracted wave – The refracted electromagnetic wave can only be received and recorded under 

survey by using the common mid-point method and wide-angle reflection and refraction method. 
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Critically refracted wave – The reflected electromagnetic wave is critically refracted at the surface 

of the host material.  

Reflected wave – The reflected electromagnetic wave can be received and recorded when the GPR 

wave bounces back to the receiver when encountering an interface between two different materials 

with significant dielectric differences. The amplitude of the reflected wave is proportional to the 

amplitude of the incident wave and is determined by the reflection coefficient as explained in 

Equation 2.2.3.3-1. 

𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (𝑅) =
√𝜀𝑟1 − √𝜀𝑟2

√𝜀𝑟1 + √𝜀𝑟2

 (2.2.3.3-1) 

 Where, 𝜀𝑟1 = relative permittivity of the host material,  

  𝜀𝑟2 = relative permittivity of the target object 

The value of reflection coefficient ranges between -1<R<1 and can be either positive or negative. 

If the difference between 𝜀𝑟1  and 𝜀𝑟2  is small, i.e. 𝜀𝑟1  and 𝜀𝑟2  are close, the incident wave is 

transmitted through the interface of the materials. The sign of the reflection coefficient explains 

that the reflected wave experiences the change/reverse of polarity.  

 

2.2.4 Resolution affected by the physical and geometrical constraint 

2.2.4.1 Vertical Resolution 

Vertical resolution emphasizes the minimum vertical separation distance between two closely 

spaced reflection events that can be differentiated by the GPR system as separate events and it is 

determined by the wavelength of the reflected waves. The minimum vertical separation distance 

is between one-quarter and one-eighth of the nominal wavelength of the reflected wave (Kearey 

et al., 2002).  In reality, the minimum vertical distance is half of the nominal wavelength. The 

wavelength can be expressed in Equation 2.2.4.1-1 (Reynolds, 2011; Yilmaz, 2001). 

𝜆 =
𝑣

𝑓
=

𝑐

𝑓√𝜀𝑟

 (2.2.4.1-1) 

Where,  𝜆 = wavelength of the transmitted GPR wave,  

 𝑐 = the speed of light in a vacuum, 
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 𝑓 = the frequency of the GPR wave, and  

 𝜀𝑟 = the relative permittivity of the host material. 

Refer to Equation 2.2.4.1-1, the vertical separation distance is governed by the frequency of the 

transmitted GPR wave by the antenna and the relative permittivity of the host material.  

2.2.4.2 Horizontal Resolution 

The horizontal resolution emphasizes the minimum horizontal distance between two closely 

spaced reflection events at the same depth that can be differentiated by the GPR system as separate 

events (Daniels et al., 1998; Yilmaz, 1988). The GPR antenna emits the electromagnetic wave and 

spreads in a conical form footprint into the host material. The conical footprint can be referred to 

as the First Fresnel Zone and its radius of the conical footprint can be expressed by Equation 

2.2.4.2-1 (Pérez-Gracia, González-Drigo, & Di Capua, 2008; Reynolds, 2011). 

𝑟 = √(
𝜆2

16
+

𝜆𝑧

2
) = √(

𝑣2

16𝑓2
+

𝑣𝑧

2𝑓
) (2.2.4.2-1) 

Where, r = radius of the conical footprint, 

𝜆 = wavelength of the transmitted GPR wave,  

z = the travel distance, i.e. penetration depth, of the GPR wave, 

v = the GPR wave travelling velocity, and  

𝑓 = the frequency of the GPR wave  

The conical footprint can be expressed by another Equation 2.2.4.2-2 (Annan, 2009). 

𝑟 =
𝜆

4
+

𝑧

√𝜀𝑟 − 1
 (2.2.4.2-2) 

Where, r = radius of the conical footprint, 

𝜆 = wavelength of the transmitted GPR wave,  

z = the travel distance, i.e. penetration depth, of the GPR wave, and 
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𝜀𝑟 = the relative permittivity of the host material. 

According to Equation 2.2.4.2-1 and 2.2.4.2-2, the horizontal distance, i.e. 2r, is governed by the 

GPR antenna frequency, the relative permittivity of the host material and GPR wave travelling 

velocity in the host material.    

 

2.2.5 Resolution affected by GPR system 

2.2.5.1 A-scan, B-scan and C-scan 

The X-axis or y-axis is the travel distance when the GPR antenna travels and the z-axis is the time 

axis in which the GPR wave propagates downward into the object and is reflected to the receiving 

antenna, i.e. the depth of the reflected can be determined. When the GPR antenna is stationed at a 

single point, i.e. O, and the GPR wave transmits and receives, an A-scan result with a single 

waveform will be obtained as shown in Figure 2.2.5.1-1a. When the GPR antenna travels in either 

the x or y direction, a series of A-scan for each point aligned on the travel will be obtained. 

Combining the series of A-scan for each point will provide the B-scan which shows the sectional 

view of the travel as shown in Figure 2.2.5.1-1b. For the C-scan, it provides a plan view formed 

by the x and y axis with information on the axis as shown in Figure 2.2.5.1-1c. C-scan can be 

generated by slicing and interpolating B-scan results in both x and y directions (Benedetto et al., 

2017; Jol, 2009 and Luo et al., 2019).  

 

 

Figure 2.2.5.1-1 Diagrams of A-scan, B-scan and C-scan in GPR survey (Benedetto, et al., 2017) 

2.2.5.2 Resolution of digitization in radargram 
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The function of the control unit of the GPR system is to convert an analogue-to-digital signal and 

the digitalization process resampling the signal to form an A-scan waveform. According to the 

Sampling Theorem, a continuous A-scan waveform can be formed via the digitization process if 

sufficient samples are collected along the z-axis, i.e. time axis. Stacking the series of A-scan can 

produce a B-scan radargram. The magnitude of the pixel is determined by the reflection amplitude 

can be diminished or magnified by the gain function.  

Hence, the vertical resolution, i.e. sampling interval (t) of each sample, in the B-scan radargram 

is determined by ∆𝑡 =  
𝑡𝑖𝑚𝑒 𝑤𝑖𝑛𝑑𝑜𝑤

𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑝𝑒𝑟 𝐴−𝑠𝑐𝑎𝑛 
  for each of the A-scan. The horizontal resolution, i.e. 

horizontal distance interval (x), between each A-scan is determined by ∆𝑥 =
1

𝑠𝑐𝑎𝑛𝑠 𝑝𝑒𝑟 𝑚𝑒𝑡𝑒𝑟
. 

2.3. Common offset antenna 

2.3.1. Choose of GPR antenna 

The choose of a GPR antenna is associated with the selection of the centre signal frequency of the 

antenna to be emitted. A wide range of antenna with different centre frequencies ranging from 

100MHz to 3GHz, or even higher frequencies of 4GHz and 6GHz as shown in Figure 2.3.1-1. For 

structural or building diagnosis, an antenna with a centre frequency ranging from 900MHz to 

3GHz is applied since the higher the centre frequency antenna can provide more accurate 

measurement, more detailed information and higher clarity of radargram. However, the trade-off 

of using higher centre frequency antenna is the limited measuring depth, i.e. suitable for shallow 

depth measurement. For the underground utility survey, the range of centre frequency ranging 

from 100MHz to 1000MHz as the searching depth would be higher and good for measuring 

utilities below ground for a few metres. 
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Figure 2.3.1-1 Antennas of different frequencies for various applications (lecture notes from Lai, W.L.W.) 

2.3.2. Setting of time window 

Time window calculation and setting of the time window in the GPR system is vital as it 

determines vertical resolution by system digitalized sampling rate along the A-scan waveform and 

it can be set under samples/scan in the setting of the GPR system. While, for horizontal resolution, 

it is controlled by scans/metre in the setting of the GPR system which determines the sampling 

rate or interval of signal transmit for every metre measured by the odometer. To compute the time 

window, the parameters of the relative permittivity (𝜀�̃� ) of host materials and the estimated 

maximum depth (𝐷𝑚𝑎𝑥) of the target have to be made and the determination of it can be found in 

the following equations,   

𝑣 =
𝑐

√𝜀�̃�

 (2.3-1) 

𝑡 =
2𝐷𝑚𝑎𝑥

𝑣
=

2𝐷𝑚𝑎𝑥 ∗ √𝜀�̃�

𝑐
 (2.3-2) 

𝑇𝑖𝑚𝑒 𝑤𝑖𝑛𝑑𝑜𝑤 = 𝑘 ∗ 𝑡 (𝑛𝑜𝑟𝑚𝑎𝑙𝑙𝑦 1.3 ≤ 𝑘 ≤ 2) (2.3-3) 

 

where,  𝑣 = estimated GPR wave propagation velocity, 
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𝑐 = speed of electromagnetic wave in free space, 

𝜀�̃� =  approximated relative permittivity of the host materials, 

𝑡 = estimated two-way travel time (TWTT, by theoretical), 

𝐷𝑚𝑎𝑥 = estimated maximum depth of the target, and 

𝑘  = safety factor to allow some unexpected uncertainty, e.g. object may 

be found at deeper location than expected. 

2.3.3. Signal transmission and receiving of detected object 

Common offset antenna, i.e. monostatic type with antenna common offset distance, located at a 

point. 𝑥1, on the host material such as air, earth surface or concrete surface, transmits EM signal 

by the transmitter which spreads in the form of a conical footprint down to the host material. The 

signal propagates to the target object such as pipe or reinforcement with high dielectric contrast 

with the host material and signal reflection takes place. The receiver inside the antenna received 

the reflected signal and counted the time for the signal to and from the transmitter-object-receiver. 

This is called Two-way Travel Time (TWTT) as shown in Figure 2.3.3-1 and t1 is recorded since 

the antenna is located at Position 1, i.e. 𝑥1. When the antenna moves from Point 1 to 0, i.e. 𝑥𝑖|𝑖=1…0, 

the above signal transmit and receive keep happening until the antenna reaches on top of the object 

at Position 0, i.e. 𝑥0 , and the TWTT, t0, recorded. Refer to Equation 2.2.2.1-5, the travelling 

velocity (v) of the GPR wave in the host material can be found if the relative permittivity constant 

for the corresponding host material is known with the assumption that the host material is 

homogeneous material or heterogeneous material with little or insignificant changes in real 

permittivity of the materials. With TWTT at different positions, and depths at different points 

plotted a spread of curve in the shape of a diffractive hyperbola. This hyperbolic shape of reflection 

shows the apex which is the closest point between the surface of the host material to the target 

object and the shortest TWTT recorded. The ray-path model shown in Figure 2.3.3-1 shared the 

basic concept GRP survey and became the fundamental model for the development of single, semi-, 

multi- and full ray-path models in a later chapter of this thesis.   
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Figure 2.3.3-1 The construction of hyperbolic reflection in underground utility survey by GPR 

Radargram shown in Figure 2.3.3-2 shows a typical B-scan result obtained in a GPR survey on 

reinforced concrete by using a common offset antenna with a nominal centre frequency of 2GHz. 

Each of the diffractive hyperbola represents the reflected signal by reinforcement and provides the 

necessary information to study the GPR wave propagation velocity (Hayakawa & Kawanaka, 1998; 

Lai et al., 2016; Sham & Lai, 2016; Tillard & Dubois, 1995), the estimation of depth of the object 

(Sham & Lai, 2016, Lau et al, 2021), orientation of the object (Lai et al. 2016), properties of the 

host materials (Boniger & Tronicke, 2011; Guy et al., 1999; Lai et al., 2006; Lai et al., 2009; Lai, 

2006), water content of the host materials (Lai & Wiggenhauser, 2011, Lai et al., 2011) and 

condition assessment of the host materials (Cao & Al-Qadi, 2022). 

 

Figure 2.3.3-2 Radargram of reflected wave of reinforcement in concrete by 2GHz antenna 
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2.3.4. Data extraction and processing 

Data obtained after the GPR survey will be processed according to LSGI (2019) by using an in-

house developed LabVIEW program with the function of a graphical user interface (GUI) as shown 

in Figure 2.3.4-1 (Sham & Lai, 2016). For the region of interest, particular A- and B-scan show 

the corresponding reflected signal of each point in the radargram and diffractive hyperbolas of the 

reflected GPR signal respectively. Velocity analysis and Two-way Travel Time (TWTT) based on 

different ray-path models and related algorithms can be performed after proper setting including 

the type of antenna that affects antenna separation, size and depth of the target object, time zero 

position and accuracy. 

 

Figure 2.3.4-1 In-house program for data extraction and processing developed under the LabVIEW program 

2.3.5. Time-zero 

Time zero is the zero-time position in radargram when the GPR wave started propagating to the 

host material and it is a key parameter to accurately measure the Two-Way Travel Time (TWTT) 

of the zero-time position to the apex of the reflected hyperbola of the target object and velocity, 

and resulting in estimating the depth of the target object. The definition of zero-time position is 

critical for every GPR survey and data processing. In general, (1) the first peak of the first reflected 

signal, i.e. neither negative, i.e. Point B of Figure 2.3.5-1, or (2) positive, i.e. Point E, or (3) the 
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zero amplitude, Point C, between both peak in A-scan is identified as zero-time position in the 

signal, or (4) point with high frequency, i.e. Point A, or (5) point defined automatically between 

the positive and negative peak of the first reflected signal by using an algorithm, i.e. Point D.  

 

Figure 2.3.5-1 Zero-time position A-E on the reflected direct wave in A-scan radargram (Yelf, 2004) 

As depicted, choosing a stable and identified point of the first reflected direct wave is the important 

key point to deciding the time-zero point (Yelf, 2004). In this thesis, having studied the A-scan 

result after the experiment, inflection point, i.e. Point C, where it is the transition turning point 

between position amplitude to negative amplitude, i.e. zero amplitude, is applied. 

 

2.4. Models and algorithms of depth estimation 

The calculation of a target’s depth involves the two factors of GPR wave velocity and two-way 

travel time. In addition to its use of in-depth estimation, an accurately estimated GPR wave travel 

velocity can also help with the condition assessment of underground utilities (Costello et al., 2007; 

Hao et al., 2012), characterization of the host material (Lai et al., 2011b; Lai et al., 2009), and 

mapping the underground water content distribution (Lai et al., 2010; Lai et al., 2012; Lai et al., 

2016 For a common offset mode antenna, the major algorithms for velocity estimation are ‘Depth 

to known reflector’, ‘ASTM method’, ‘Hyperbolic fitting method’, and ‘Sham and Lai’s 

algorithm’. 

2.4.1. Velocity algorithm (Depth to known reflector) 
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The equation estimates the GPR wave velocity by measuring the total travelling time from the 

GPR to the object, and back, i.e. two-way travel time, and the depth of the object from a flat surface. 

𝑣 =
2𝐷

𝑡
 (2.4-1) 

where: 

t  = measured time for the GPR wave to travel in between the antenna and the object,  

D = distance between the target object and the surface of the host material. 

2.4.2. Velocity algorithm – method in ASTM D6432-2019 (circular object and single trilaterated 

method) 

The equation is established based on the assumption that the target object and GPR antennas, 

i.e. transmitter and receiver, are point sources. In other words, the antenna separation distance 

between the transmitter and receiver, and object size are not considered. 

𝑣(𝑥𝑖) = (
2

𝑡0
)

[
 
 
 
 
 

𝑥𝑖

√(
𝑡𝑖
𝑡0

)
2

− 1
]
 
 
 
 
 

 
(2.4-2) 

where: 

𝑥𝑖 = distance between the transmitting antenna at an oblique position ‘i’ and the receiving 

antenna at a position where the apex of a hyperbola is located. It is considered that the travel 

of the GPR antenna and the alignment of the object are at a right angle, 

𝑡𝑖 = measured time for the GPR wave to travel in between the antenna and the object where 

the antenna is located at position ‘i’,  

𝑡0 = measured the time for the GPR wave to travel in between the antenna and the object 

where the antenna is located on top of the object, i.e. location of the apex of the hyperbola. 

2.4.3. Velocity algorithm – point form target and measured by semi-trilaterated ray-path method 

Velocity algorithm – point form target and measured by trilaterated ray-path method 
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𝑣(𝑥𝑖) = √
2(𝑥𝑖 𝑠𝑖𝑛 𝜃)2 𝑡𝑖 ± 2𝑥𝑖 𝑠𝑖𝑛 𝜃 ((𝑥𝑖 𝑠𝑖𝑛 𝜃)2 𝑡𝑖

2 − 4𝐵2𝑡𝑖
2 + 4𝐵2𝑡0

2)0.5

𝑡𝑖
3 − 𝑡0

2𝑡𝑖
 (2.4-3) 

where: 

𝑥𝑖 = distance between antennas at position ‘i’ and antenna at a position where the apex of 

a hyperbola is located, 

θ = angle between the travel of the GPR antenna and the alignment of rebar, 

B = distance between the mid-point of the monostatic antenna and Tx and Rx antennas 

respectively,  

𝑡𝑖 = measured time for GPR wave to travel in between the antenna and the object where 

the antenna is located at position ‘i’,  

𝑡0 = measured time for the GPR wave to travel in between the antenna and the object where 

the antenna is located on top of the object, i.e. location of the apex of the hyperbola. 

Comparing the ASTM Method and the Semi-Trilaterated Method, the Semi-Trilaterated Method 

has more advantages than the ASTM Method as the Semi-Trilaterated Method considers the 

antenna separation distance between transmitter and receiver in the wave path, the radius of the 

cylindrical target and uses a hyperbolic fitting method to conduct analysis. The effect of antenna 

separation would be crucial as the low-frequency antenna has a larger antenna separation and 

hence increases the length of the wave path.        

2.4.4. Velocity algorithm – multi-trilaterated ray-path with known parameters/available 

information, size and depth of target object 

The equation included prior-known parameters/available information from as-built record 

drawings of the target objects, including the size and depth of the object from the surface of the 

host material (Sham & Lai, (2016); Xie et al. (2018)) as shown in the programming platform in 

Figure 2.4.4-1 and Figure 2.4.4-2. 

𝑣𝑖 =
1

𝑡𝑖
∗ {√[(𝐷𝑜 + 𝑟) −

(𝐷𝑜 + 𝑟)𝑟

√(𝐷𝑜 + 𝑟)2 + 𝑥2
]

2

+ [(𝑥 −
𝑟 × 𝑥

√(𝐷𝑜 + 𝑟)2 + 𝑥2
) − B]

2

 (2.4-4) 
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 +√[(𝐷𝑜 + 𝑟)−
(𝐷𝑜 + 𝑟)𝑟

√(𝐷𝑜 + 𝑟)2 + 𝑥2
]

2

+ [(𝑥 −
𝑟 × 𝑥

√(𝐷𝑜 + 𝑟)2 + 𝑥2
) + 𝐵]

2

} 

where: 

𝑥𝑖 = distance between antennas at position ‘i’ and antenna at a position where the apex of 

a hyperbola is located, 

θ = angle between the travel of the GPR antenna and the alignment of rebar, 

𝐷0 = distance between the target object and the surface of host material based on equations 

(1) & (3), 

r = size of round-shaped object, i.e. radius, 

B = distance between the mid-point of the monostatic antenna and Tx and Rx antennas 

respectively,  

𝑡𝑥𝑖
 = measured time for GPR wave to travel in between the antenna and the object where 

the antenna is located at position ‘i’,  

𝑡0 = measured time for the GPR wave to travel in between the antenna and the object where 

the antenna is located on top of the object, i.e. location of the apex of the hyperbola. 

Angle (‘θ’) is measured from the grid of the GPR antenna traverse and alignment of rebar after 

image processing in 3D. The size of the object (‘r’) and the distance of antenna separation can be 

obtained from the as-built record drawing and the manufacturer’s specification, respectively. 

However, the distance between the target object and the surface of the host material (‘𝐷0’) is 

unknown. It is a paradox for estimating velocity through known depth, with the fact that the depth 

of the rebar is the purpose of the cover-depth survey of reinforcement bars. This issue was solved 

by combining and iterating several algorithms of velocity measurement (Lau et al., 2021). 

Comparing this Multi-Trilaterated Method with the ASTM Method and Semi-Trilaterated Method, 

this method is more advanced in that the wave path considered the size of the target utilities/objects 

and the antenna separation distance simultaneously. However, the deficiency of this method is the 

prerequisite of the cover depth of the target and input into the analysis. The cover depth should not 

be known for non-destructive evaluation unless the as-built record is available. 
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Figure 2.4.4-1 The Graphical User Interface of the LabVIEW velocity analysis program 

 

 

Figure 2.4.4-2 Schematic diagram of the multi-trilaterated ray-path geometry of the common-offset survey of shielded antenna 

 

2.4.5. Combination of algorithms – full trilaterated ray-path with object size and estimated object 

depth (Lau et al., 2021) 
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This method considered the combination of algorithms to solve the problem in equation (2.4-4) as 

shown in figure 2.4.5-1. There are several steps. First, approximated GPR wave velocity ‘v’ with 

consideration of antenna separation and target object as a point source is obtained by equation 

(2.4-3). Second, by making use of an approximated velocity ‘v’, an ‘approximated’ ‘D0’ is 

obtained by applying equation (2.4-1). Finally, the input of an ‘approximated D0’ helps estimate 

‘v’ and ‘d’ through equation (2.4-4) and equation (2.4-1) respectively, where estimated ‘d’ is the 

measurement of rebar cover depth. Compared to the previous methods, this method offers the 

advantage, that the velocity outlier can be filtered after setting a standard deviation limit to 

0.01m/ns and any data points larger than 0.2998 m/ns (speed of light) at the diffractive hyperbolas. 

 

2.5. Conclusion 

The literature review in this chapter strengthened the basic knowledge related to the research in 

this thesis. It covered the basics theory of electromagnetic theory, factors affecting the research 

study, depth estimation methodology of objects inside reinforced concrete, and evaluation 

technique of survey results by Ground Penetrating Radar. It also exhibits the current research gap 

of cover-depth modelling and error correction of objects in reinforced concrete in near-field by 

GPR. The initial step of cover-depth modelling and error correction is always the identification 

and analysis of possible sources of errors during the survey and it is subject to the following 

chapters.      
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Figure 2.4.5-1 Workflow of the combined GPR wave velocity analytical method based on the geometry in Figure 2.4.4-2  
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3. Recognition of the possible sources of errors influencing depth estimation 

3.1. Assumptions 

Before the commencement of the research work, the following assumptions have been made, 

(1)  The dipole antenna, i.e. transmitter (Tx) and receiver (Rx), in common offset configuration 

with factory defaulted fixed separation distance between Tx and Rx, i.e. 39mm of GPR 

2GHz palm antenna of Geophysical Survey System Inc, was used. Common offset GPR 

antenna traverse runs and cuts across the alignment of the rebar perpendicularly. GPR wave 

spread a conical form footprint penetrates the media and reaches a circular object, i.e. 

reinforcement. Diffractive hyperbola constructed in the radargram after receiving the 

reflected signal. 

(2) All target objects inside the concrete element were buried in the near field region and the 

GPR wave in the form of a parabolic wavefront spreads and propagates in the medium and 

reaches the target objects in ray-path mode. 

3.2. Potential sources of errors influencing depth estimation 

Potential sources of errors are classified into three groups that affect the accurate measurement of 

cover depth, including (1) dielectric properties of the host materials, (2) geometry of the ray-path 

of the EM wave, and (3) equipment and signal processing, as tabulated in Table 3.2-1. The 

potential sources of errors are modelled, evaluated and corrected as explained in later chapters. 
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Sources of errors 

Measured/ 

dependent 

variables in 

this thesis 

Related chapters 

4  5  6   

1. Dielectric 

properties of the 

host materials 

1.1 Water content 𝑥𝑖 , 𝑡𝑖  ✓  

1.2 Heterogeneous materials inside 

concrete with a size comparable to GPR 

wavelength, e.g. aggregate 

𝑥𝑖 , 𝑡𝑖   ✓ ✓ 

2. Geometry of 

the ray-path 

2.1 Common offset profiling 

(COP)/WARR/CMP 
𝑥𝑖 , 𝑡𝑖 

Data collection and 

ray-path model by 

COP method, and 

round-shaped rebar 
2.2 Target types (round/flat/slanted) 𝑥𝑖 , 𝑡𝑖 

2.3 Object size and antenna separation 𝑥𝑖 , 𝑡𝑖  ✓  ✓ ✓ 

3. Equipment & 

signal 

processing 

3.1 Definition of time zero 𝑡𝑖 ✓ ✓   

 3.2 Antenna types (bowtie, horn, etc.) 𝑡𝑖 
Dipole antenna 

with fixed 

separation distance 

 3.3 Antenna frequency and component 

frequency of the hyperbolas 
𝑡𝑖     ✓ 

 
3.4 Digital sampling rate of the analogue 

signals 

𝑥𝑖 , 𝑡𝑖     ✓ 

    

4.Combined 

factor  
4.1 Near-field/far-field 𝑥𝑖 , 𝑡𝑖 ✓   

Table 3.2-1 Treatments of errors from various sources 

Note: Chapter 4 semi- and full trilateration model with effect of near-field and far-field problems on accuracies of 

cover depth measurement; Chapter 5 semi- and full trilateration model with consideration of effect of ages of concrete 

and moisture content; Chapter 6 an accurate algorithm to estimate the cover depth based on semi-trilateration method 

and statistical root mean square errors with uncertainty evaluation 

 

3.2.1 Dielectric properties of host material 

Different materials have their dielectric properties which affect the propagation of GPR wave 

velocity (Chan & Knight, 2001; Lai et al., 2011; Lai et al., 2011a; Lai, 2006). Water is a 

homogeneous polar material with permanent electric dipole properties, polarization and relaxation 

behaviour exist when the EM field is applied by the GPR antenna and it significantly affects the 

propagation of the GPR wave. (Hugenschmidt & Loser, 2008; J. Huisman et al., 2003; Klysz & 
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Balayssac, 2007; Lai et al., 2012; Lai et al., 2006; Lai et al., 2010; Lai et al., 2014; Topp et al., 

1980).  

The effect of the presence of water filled in the pores of porous material includes, (1) changing the 

dielectric properties of that porous material and affecting the propagation of GPR wave because 

of the difference of the relative permittivity of water and the host material, (2) the quality of the 

reflected signal will be affected due to polarization of water under GPR wave, and attenuation and 

absorption of energy of GPR wave underwater, and (3) distortion of GPR wave ray-path due to 

refraction and diffraction, and resulting in a wrong estimation of travelling velocity and depth. 

GPR receiver receive two kinds of signals including true reflection signals from the target object 

and clutter reflection signals caused by undefined mechanisms and paths that are mixed. Both 

useful information from the target object and noise due to material surface fluctuations, 

diffractions, and scattering reflections can be obtained in radargram and lead to misinterpretation 

of reflected GPR signal in the determination of the target object. Clutter effects are commonly 

found in radargram when using a GPR survey on heterogeneous material (Oliveira et al., 2021). In 

GPR, scattering occurs in three different regions including the Rayleigh region, Resonance or Mie 

region, and Optical region, and the type of scattering is a function of the wavelength of the incident 

GPR wave and the size of the molecule/particular encountered in the host materials. For Rayleigh 

scattering, it happens when the diameter of the molecules and particles are many times smaller 

than the GPR wavelength as shown in Figure 3.2.1-1, i.e. circumference/𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑥 −

𝑎𝑥𝑖𝑠,
2𝜋𝑎

𝜆
≪ 1, where, 𝑎 = radius of the molecule/particle, and 𝜆 = wavelength. For Mie scattering, 

it occurs when the essential particles in the host materials with a diameter approximately equal to 

the GPR wavelength i.e. 
2𝜋𝑎

𝜆
≈ 1. For the Optical region, it arises when the particles in the host 

material with a diameter greater than the GPR wave, i.e. 
2𝜋𝑎

𝜆
≫ 1. In Figure 3.2.1-1, other than the 

parameter of 
2𝜋𝑎

𝜆
  in x-axis, another parameter that governs the scattering is the ratio between the 

strength of the reflected signal from the target object and the reflected signal from a perfectly 

smooth sphere with a unit cross-sectional area and explained as normalized Radar Cross Section, 

i.e. RCS/𝜋𝑎2, in the y-axis. Such a factor determines the type of scattering and affects the errors 

in depth estimation. 
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Figure 3.2.1-1 Scattering in Rayleigh region, Mie region and Optical region (A.M. Alzahed and S.M. Mikki (2018)) 

3.2.2 Measuring techniques and geometry of the ray-path 

Three different GPR measuring techniques are widely adopted including, (1) fix-offset or common 

offset profiling (COP) - the separation of transmitter and receiver is fixed and are moving together 

simultaneously with the same traverse direction, (2) wide-angle reflection and refraction (WARR) 

– the transmitter is fixed in a designated position and the receiver is progressively stage-by-stage 

increasing the distance from the transmitter, and common-midpoint (CMP) – the transmitter and 

the receiver set a distance away from a common mid-point and both antenna move away from the 

mid-point with the same distance as shown in Figure 3.2.2-1 (Liu et al., 2017) . In this thesis, the 

COP measuring technique is adopted, and ray-path modelling is based on COP. Different ray-path 

models, including single trilateration, semi-trilateration and full-trilateration, were explained in 

Chapter 2.  
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Figure 3.2.2-1 Different GPR measuring techniques (Liu et al. (2017)) 

 

3.2.3 Equipment and signal processing 

As depicted in Chapter 2, the Two-Way Travel Time (TWTT), and related components of 

wavelength and frequency are critically impacted by the definition and location of time zero in the 

A scan radargram and thus it is obvious to know that the setting of time zero decided the 

uncertainty of all measurements (Ihamouten et al., 2010; Yelf, 2004; Klysz et al., 2004; Wong et 

al., 2016). In this connection, the higher the resolution of the data can be achieved, and it would 

be beneficial to the determination of time zero and thus the digitization setting of the GPR setting 

is crucial. 

The configuration setting of the GPR system is the prime important key to the success of the data 

collection. The digitization setting of the GPR configuration includes the setting of the time-

window, the number of samples per scan decided the sampling rate in the A-scan waveform, and 

the number of scans per meter governed the sampling rate of the odometer of the GPR system. As 

explained in Nyquist-Shannon (Shannon, 1949) sampling theorem about the sufficient sampling 

rate, the horizontal and vertical digitization resolution obtained in A/B/C scans are higher if the 

sampling rate in A-scan waveform and by the odometer is higher as well. As such, to minimize 

the measurement errors due to traverse run and Two-Way Travel Time (TWTT) in horizontal and 

vertical directions respectively, the digitization setting was set to the highest value of the GPR 

system which can be affordable, i.e. 800 scans/meter and 512 samples/scan over a 4.0ns time 

window, to conduct all tests to collect data. 
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3.2.4 Combined Factor 

GPR signal transmits from the transmitter and propagated into the host material, i.e. air, concrete 

or soil, which the characteristic of GPR signal varies with respect to the distance from the antenna 

and the maximum linear dimension of a dipole antenna and is broadly classified into two regions 

including Near-field region and Far-field region. For the far-field region, it is the region located 

far away from the dipole antenna by the 
2𝐷2

𝜆
. The near-field region is subdivided into reactive near 

field and radiative near field or called the Fresnel region. The boundary between reactive near field 

and radiative near field is 
𝜆

2𝜋
 for the electrically small antenna which the largest dimension of the 

antenna is not more than 
𝜆

10
 and 0.62 × √

𝐷3

𝜆
 for the electrically large antenna which the largest 

dimension of the antenna is greater than 
𝜆

10
 (Jol, 2009 & Breed, 2007). The relationship between 

reactive near field, radiative near field (or called Fresnel region) and Radiating Far Field (or called 

far field) is shown in Figure 3.2.4-1.  

 

 

Figure 3.2.4-2 Relationship between reactive near field, radiative near field and radiating far field  
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3.3. Conclusion 

This chapter identified the potential sources of errors and laid the foundation for the study and 

discussion of using various trilateration models of ray path in common offset profiling (COP) 

configuration to conduct trajectory error correction (Chapters 4-6) and error minimization (Chapter 

7). 
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4 Effects of near/far-field problems on accuracies of cover depth 

measurements by semi- and full- trilateration of ray-path 

To maintain the structural safety and reliability of a structure during its whole lifespan, it is 

essential to conduct structural inspections on the quality of building elements in the construction 

phase and regular structural health monitoring of existing buildings. These inspections and 

monitoring help verify the quality and integrity of materials and detect any defects or damages that 

may compromise the structure's performance. Different frequencies of GPR are applied in different 

areas of non-destructive testing, or near-surface geophysics in construction. One important 

application is to map utilities below ground, locate rebar and estimate the cover thickness of 

reinforced concrete elements (Sham and Lai, 2016, Lai et al., 2016 and Pongsak et al., 2017). GPR 

wave penetrates through layers and mixtures of construction materials or layers of soil and is 

reflected to the receiving antenna when objects like steel and PVC are interfaced with contrasting 

dielectric properties within the transmission medium. Reflected signals can be reconstructed to 

build radargrams after off-site signal processing. The result provides orientations, positions and 

depths of targeted objects. However, the limitation and error of detecting ranging, i.e. depth of the 

target object, by GPR is a doubt.     

In this study, the often-neglected ranging (or cover depth) error of an object located within the 

Fresnel Region (or called radiating near-field) and reactive near-field region in GPR is evaluated. 

Experiments were conducted on concrete specimens with different rebar cover depths ranging 

from 10 to 80mm to simulate various objects that GPR detects from near-field, Fresnel region and 

far-field regions. The study aimed to evaluate the effects of rebar cover depth on GPR imaging 

quality and accuracy. A standard measurement method of cover depth for steel reinforcement 

within concrete is applied and comparing two developed velocity algorithms (Sham and Lai 2016; 

Lau et al. 2021) which considered semi-trilaterated and full-trilaterated ray-paths. These 

algorithms considered common offset antenna and use multiple trilaterated ray-paths to perform 

the calculations. Velocities of the collected hyperbolic reflection data point of the embedded round 

reinforcement are computed by developed algorithms with consideration of common offset 

antenna and multiple trilaterated ray-paths. The method was validated in a laboratory-based 

control experiment with air as a homogeneous medium of wave velocity equivalent to the speed 
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of light. Then characteristics of near- and far-field can be better understood before testing the 

methodology in concrete.  

The result of the study shows that the distance estimation is unreliable in the reactive near-field 

and Fresnel zone but is significantly enhanced when the target is in the far-field zone where GPR 

waves become planar. The experiments, based on precise modelling of ray-path’s trilateration 

methods, demonstrate that the conventional linear scale of GPR depth conversion ignores the 

effects of near-field/Fresnel zone. To avoid errors in time-to-depth conversion and depth 

estimation of objects by GPR, it is recommended that the GPR near-field/Fresnel region and far-

field boundary should be considered.  

 

4.1 Near Field and Far Field region 

The GPR antenna emits energy to the substrate surface through different methods, including quasi-

stationary, induction and radiation fields. The energy exchange occurs in the reactive near field. 

When the target interacts with the source fields, it produces a signal that is received by the antenna 

in the far field, also known as the radiated field (Jol, 2009). One of the key concepts in antenna 

theory is the distinction between near-field and far-field regions. These regions depend on two 

factors: the size of the source (D), which is the largest dimension of the antenna, and the 

wavelength of the radiation (). The boundary between the near and far fields of a dipole antenna 

can be determined by the formula 𝑟 =  
2𝐷2

𝜆
, where r is the distance from the dipole element of the 

antenna to the point of interest, D is the length of the dipole, and λ is the wavelength of the signal 

(Jol, 2009; Bienkowski and Trzaska, 2012). The near field region can be divided into two 

subregions: the reactive near field and the Fresnel region (or radiating near field). The boundary 

between these sub-regions is given by 𝑟 =  0.62√
𝐷3

𝜆
. This equation shows the relationship 

between the antenna dipole design (D) and the material characteristics (). The near-field region 

is often overlooked in near-surface geophysical and engineering applications of GPR, but it is 

essential for accurate depth ranging. For the former, i.e. the mathematical derivation of a physical 

phenomenon, is clearly a non-linear problem. But for the latter, i.e. depth ranging of an object, is 

usually regarded as a linear problem where depth = two-way travel time x velocity divided by 2. 
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The linear solution of the latter is far from adequate to fully represent the non-linear nature of the 

former physical phenomenon. The over-simplified linear solution for ground-penetrating radar 

(GPR) applications is only valid in the far-field zone and constrained in the reactive near-field and 

Fresnel zone. However, this solution is commonly used in two important domains of GPR, namely 

structural inspections and underground utility surveys, where the near-field effects are significant. 

 

4.2 Experimental Setup and Collection of Data 

4.2.1 Experimental setup in air and collection of Data 

A thin plastic board and two Y10 steel rebars were used in the experiment. The rebars were 

positioned on a foam box with a height of 860mm, and the gap between the rebars and the GPR 

antenna was set to 185mm, as illustrated in Figures 4.2.1-1a and 4.2.1-1b. A 2GHz palm antenna 

from Geophysical Survey System Inc. was employed to scan the two Y10 steel rebars and collect 

data. The radar measurements were repeated 12 times. Velocity analysis using semi-trilateration 

equation (2.4-3) (Sham and Lai, 2016) and combined equation/full-trilateration (2.4-3), (2.4-1) 

and (2.4-4) (Lau et al., 2021) as mentioned in Chapter 2.4 were used to measure the velocity of the 

reflected wave. The computed velocity in the air was verified.  

 

Figure 4.2.1-1a Experimental setup of the stimulated beams 
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Figure 4.2.1-1b Schematic drawing of the calibration process in air 

 

4.2.2 Experimental setup in concrete and collection of Data 

The reinforced concrete elements were beams with dimensions 200mm (Width) x 800mm (Long) 

x 110 (Depth), as shown in Figure 4.2.2-1. Two diameter 20mm rebars with fixed 300mm centre-

to-centre spacing were placed at each end of the concrete beams to the centre of the rebar by 

250mm. A similar configuration and number of rebars but with different cover depths were cast 

into three other concrete beams. Altogether, four cast concrete beams with eight different cover 

depths of rebars from the concrete face ranging from 10mm to 80mm were cast. This imitates the 

actual cover depths in all civil engineering applications. The only difference in each beam setup 

was the cover depth of two rebars, where the cover depth for the pairs of rebars was the same.  
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Figure 4.2.2-1  Experimental setup of the stimulated beams 

 

4.2.3 GPR data acquisition 

GPR measurements were done after the concrete was cast and cured at 120 and 180 days. GPR 

2GHz palm antenna of Geophysical Survey System Inc was used to scan the concrete beams as it 

provides a high-resolution measurement of time and distance for shallow cover depth 

reinforcement. Also, the wavelength of the propagated wave matches the measurement of the 
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diameter of reinforcement, i.e. 20mm diameter, to produce significant reflections. 12 scans of each 

cover depth on different days were conducted and, altogether, 384 scans were processed for 2D 

signal processing and radargram display by commercial software, i.e. ReflexW. Velocity 

computation based on the trilateration models with hyperbolic fitting as shown in Figure 4.2.3-1, 

was conducted by an in-house program developed in LabVIEW environment (Sham and Lai, 

2016),. The waveform's travelled path was calculated using Pythagoras theorem, since the receiver 

and transmitter had a common offset distance and were shielded inside a container. 

 

Figure 4.2.3- 1 The reflection model for GPR wave propagation and reflection 

 

4.3 Experimental results and discussion 

4.3.1 Data processing 

In 2D signal processing, the adjustment of the waveform using direct current shift and standard 

dewow was conducted before making use of the point of reflection at the direct wave as the time 

zero. The background and equipment gain of the signal were removed to ensure the authenticity 

of the signal. After signal processing, data from the radargrams were extracted for velocity analysis 

of the diffractive hyperbolas by the developed in-house LabVIEW program with developed 
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algorithms. With measured time of flight at the apex of hyperbolas, cover depths of the rebars were 

measured and compared with the actual values. 

The data processing steps for the 2D signal included applying a DC shift and a standard dewow 

filter, as well as correcting the time zero which references to the ground. The background noise 

and the equipment gain were also eliminated from the signal. The radargram data were extracted 

and the velocities of the diffracted hyperbolas were analyzed using the algorithms developed in 

the LabVIEW program. The inflection points of each reflected A-scan and formed hyperbolas were 

configured in the programme and measured to the location of the rebar. Velocities were calculated 

and the cover depth of the rebars was then measured and compared with the actual values using 

the time of flight at the hyperbola apexes. 

 

4.4 Experimental results and discussion 

4.4.1 Experimental result in air 

In a homogeneous medium like air, the GPR wave travels at the speed of light, i.e. 0.2998m/ns 

without velocity dispersion as a function of frequencies. The GPR wave in the air can be compared 

with the estimated velocity by Semi-Trilateration equation, i.e. equation (2.4-3), and Full-

Trilateration equation, i.e. combining equation (2.4-3), (2.4-1) and (2.4-4) with the input of object 

depth. This experimental test can verify the constituency of the velocity analytical methods.  

The calculated discrete velocities using Semi-Trilateration equation (3) and Full-Trilateration 

equation (2.4-3), (2.4-1), and (2.4-4) agree with each other, as shown in Figure 4.4.1-1. Comparing 

the result with the speed of light, results from the Semi-Trilateration equation slightly 

underestimate the GPR wave velocity by 1.06% to the speed of light and results from the Full-

Trilateration equation slightly overestimate by 0.17% to the speed of light. The standard deviations 

using Semi-Trilateration and Full-Trilateration algorithms are 0.0018m/ns and 0.0016m/ns 

respectively. The models produced highly accurate estimates of the GPR wave velocity. The errors 

were very small and acceptable for the methodology. The methodology can be applied to concrete 

specimens. 
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Figure 4.4.1-1  Velocity analysis by different methods with same object depths 

 

4.4.2 Experimental result in controlled experiments 

The standard data processing steps for velocity analysis are processed. First, the raw data were 

processed using the standard method described by LSGI (2019). Second, the velocity analysis was 

carried out using two methods: Semi-Trilateration method based on equation (2.4-3) (Sham and 

Lai, 2016), and Full-Trilateration method based on equations (2.4-3), (2.4-1) and (2.4-4) (Lau et 

al., 2021). Both methods used the LabVIEW program developed (Sham and Lai, 2016), as shown 

in Figure 4.4.2-1. Third, the 2D velocity profiles were obtained by applying a moving average 

filter to smooth the data. 
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Figure 4.4.2-1 The Graphical User Interface of the LabVIEW velocity analysis program 

The effects of GPR near-field on the accuracy of the measured depth of the object are important 

to obtain accurate results of depth estimation of buried objects, such as rebars in concrete. 

According to the estimated cover depths for the cover depths from 10mm to 30mm illustrated in 

Figure 4.4.2-2 comparing the estimated cover depth with actual cover depth, the Semi-Trilateration 

and the Full-Trilateration models over-estimate by 12.2-9.7mm (136.1-34.5%) and 17.5-14.1mm 

(153.6-46.1%) respectively. For cover depth of 40mm to 80mm, the estimation was greatly 

improved and the result of Semi-Trilateration and the Full-Trilateration models over-estimates by 

10.6-0.5mm (28.2-1.2%) and 14.3-3.5mm (35.2-5.0%) respectively. The study found that the 

reactive near-field boundary for GSSI 2GHz palm antennae is about 40mm. This figure matches 

the calculated near-field reactive boundary based on the equation of 𝑟 =  0.62√
𝐷3

𝜆
, where r is the 

distance between the antenna and target object and D is the aperture’s maximum dimension which 

is 58.5mm for the GPR used in this work. 𝜆 ranges from 49.5 to 75.1 mm according to the wavelet 

transform discussed in Section 2.4.5. The computed r by using Semi-Trilateration and Full-

Trilateration models is 36.7mm and 35.1mm, respectively. This analysis justifies the trend that 

more accurate results can only be obtained along with the larger cover depth of the rebar, as shown 

in Figure 4.4.2-2. It also suggests that the measurement of the cover depth of rebar is reliable only 

when an object is located in the Fresnel region, at which the GPR wave propagates as a plane wave. 
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This chapter shows that the depth estimation of buried objects by GPR is affected by a near-field 

effect that is often ignored. Many GPR users assume that the depth measurement is accurate 

without considering the findings of this work. The same effect can also apply to deeper objects 

with lower GPR frequency, by adjusting the parameters ‘D’ and ‘λ'. Therefore, GPR users should 

be aware that the depth estimation is not reliable if the objects are in the reactive near-field zone. 

Only when the objects are in the Fresnel region, the depth estimation can be more reliable. 

 

Figure 4.4.2-2 The Graphical User Interface of the LabVIEW velocity analysis program 
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4.5 Summary and contribution 

The high frequency 2GHz antenna was tested to verify the travelling speed of radar waves in air 

is equal to the speed of light in air, which validates the experimental setup and algorithms before 

the second experimental validation was done  on concrete beams. The full-scale studies of different 

cover depths of rebars by making use of two different velocity algorithms substantiate the validity 

of measurement and accuracy. The result revealed that the measurement of concrete cover depth 

by using a high-frequency 2Ghz antenna is highly doubtful in the reactive near-field region due to 

a large error ranging from 34.5-136.1%, in comparison to the 1.2-28.2% error in the Fresnel region.  

To summarize: 

1. this chapter suggests a standard measurement method for rebar cover depth estimation in 

lossless materials by using Semi-Trilateration and Full-Trilaterated algorithms applied on 

the GPR diffractive hyperbolas. It considered the actual trilaterated ray-path due to antenna 

separation and object alignment. Also, the depth of the object can be found by several 

combined algorithms without prior-known information about the concrete structures and 

geometries. Both proposed algorithms are much more accurate in estimating the cover depth 

than the traditional commercial software.  

2. this chapter explains the effects of reactive near field and Fresnel region on the accuracy of 

cover depth measurement of objects. It also reveals the limitation of shallow depth 

measurement, i.e. <40mm which falls inside the reactive near field zone, by using a 2GHz 

high frequency antenna. The accurate measurement is only obtainable at cover depth over 

40mm which is outside the reactive near field as the smaller deviation from the actual depth 

and as explained by the far-field theory. 

3. this chapter supplements the understanding of depth measurement errors with a simple 

hyperbolic diffraction model (ASTM method) used by most commercial GPR processing 

software. It also follows that the findings conclude that the methods can also be used to map 

other deeper objects with lower GPR frequency.  
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5 Effects of ages on accuracies of cover depth measurements by semi-

trilateration of ray-path: uncertainty evaluation of depth measured by GPR     

Electromagnetic characteristics of concrete from fresh mixing concrete to the growth of hardened 

concrete can be obtained by Ground Penetrating Radar (GPR) measurement on the hyperbolic 

reflections of embedded rebars. Relative permittivity (or dielectric properties) and peak frequency 

response behaviour were evaluated via experiment by measuring the variation of GPR A-scan 

waveforms over a reinforced concrete with six different specified cover depths, 20-70mm, 

throughout a range of periods at 4, 7, 14, 28, 56, 90, 120 and 180 days. Data analysis was conducted 

using semi-trilateration velocity models applied on the rebar hyperbolas and wavelet transform. 

The changes in Two-Way Travel Time and peak frequency in wavelet transform over the age of 

concrete with eight different cover depths were monitored. The result revealed that the average 

variation of estimated cover depth for covers 20 to 70 between Day 4 and Day 180 was 0.44mm 

with a maximum of 1.9mm and the variation of average estimated depth was 0.13mm and 0.02mm 

at early Day 56 and Day 90 and afterwards respectively. The dielectric constants and Two-Way 

Travel Time were found to be decreasing steadily and consequently, the peak frequencies were 

found to be increasing for different cover depths with increasing age of hydrated concrete. The 

findings were found to be closely related to the cement hydration process which the consumption 

of free water to react with cement to form bound water and a hydrated product. 

5.1 Experimental setup 

As explained in Chapter 4, four concrete beams with dimensions 200mm (Width) x 800mm (Long) 

x 110 (Depth) were cast. For each beam, two diameter 20 mm rebars were cast with eight cover 

depths ranging from 10mm to 80mm which are widely specified in various types of concrete 

structures. Radar measurements by using the GPR 2GHz palm antenna of Geophysical Survey 

System Inc. were carried out after casting concrete at 4, 7, 14, 28, 56, 90, 120 and 180 days. For 

the measurement of shallow cover depth, a GPR antenna with high centre frequency was adopted 

to obtain a high resolution of wave travel time measurement. As the velocity of EM wave is directly 

related to frequency, a 2GHz high centre frequency antenna provides a high-resolution 

measurement of wave travel time for shallow cover’s depth reinforcement in radargram. Its shorter 

wavelength of propagated wave ensures a smaller near-field zone compared to other low-

frequency GPR in longer wavelength. On the specified day, each cover depth conducted 12 scans 
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resulting in a total of 1152 scans. 2D signal processing by commercial software, i.e. ReflexW, was 

processed. 

5.2 Data processing and analysis 

Standard signal processing, including direct current shift, standard dewow low-frequency filter, 

time-zero correction which reference to the ground and removal of signal gain of the background 

and equipment, were conducted to adjust the waveform. There are two major parameters to 

estimate the cover depth of rebars in concrete by GPR. The first is GPR wave velocity as a function 

of dielectric permittivity at high frequency (e.g. GHz) where dispersion is relatively significant. 

Trilateration models with hyperbolic fitting (changed during hydration) were performed by an in-

house program in LabVIEW to measure the velocity (Sham and Lai, 2016), as discussed in section 

2.4. Ray-path modelling of the semi-trilateration method based on Pythagoras theorem with a 

common offset distance of transmitter and receiver which is shielded in the container as depicted 

in Chapter 4 was adopted. Frequency measurement based on the Wavelet Transform for time and 

frequency analysis was conducted in an in-house LabVIEW program (Lai et al., 2014) to estimate 

the GPR wavelength at which the reflection of rebar is detected, which affected the changes of 

near-/far-field phenomena as described in section 2.1.7. 

 

The second is the Two-Way Travel Time (TWTT) and velocities were measured and calculated 

by using a point of inflection from each reflected A-scan for each corresponding hyperbola of 

rebars. TWTT at the apex of hyperbolas (changed during hydration) were extracted from the 

radargrams and conducted by the developed program in the in-house LabVIEW program. With the 

two measured parameters (wave velocity and TWTT), cover depths (20 - 70mm) of the rebars can 

be measured and compared with the actual values, so that the effects of hydration on cover depth 

estimation can be evaluated. 

5.2.1 Algorithms for velocity estimation 

Semi-trilateration equation and full-trilateration with known object depth were applied which are 

the ones explained in Chapter 2. 

5.2.2 Wavelet transforms 
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The final WT 2D spectrogram was plotted by stacking all frequency spectrum with respect to time 

and was developed in-house LabVIEW program as shown in Figure 5.2.2-1. The frequency of the 

area of interest at a specified time (ns) can be obtained in this 2D spectrogram (W. W. L. Lai et al., 

2014). 

 

Figure 5.2.2-1 Wavelet Transform (WT) in in-house LabVIEW program 

 

5.3 Findings 

5.3.1 Changes of permittivity over increasing age of concrete 

According to the estimated velocity and time calculated by the semi-trilaterated algorithm, two 

phenomena are noticed with the increasing age of concrete (i.e. hydration) as the following. First, 

the estimated velocity of the reflected GPR wave of the rebar is higher due to the flatter diffractive 

hyperbolas as indicated by the arrow in Figure 5.3.1-1. Then with the velocity, relative permittivity 

(dielectric constant) can be obtained by using equation (2.1.6.4-1) and plotted in the graph as 

illustrated in the left axis of Figure 5.3.1-1. On the other hand, TWTT of the hyperbolic apex is 

reduced as shown in the second axis of Figure 5.3.1-2. 
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Figure 5.3.1-1 Change of estimated velocity of different cover depth at different ages of concrete 

 

Figure 5.3.1-2 Change of measured time and calculated real permittivity of different cover depth at different ages of concrete 
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The result shows that the initial trend of marginal decrease of calculated relative permittivity was large at 

the early age of concrete and the decrease became steady at 90 days of aged concrete for all cover depths. 

The changes in the relative permittivity over different periods are associated with the hydration process 

since the free water is chemically bound and physically absorbed by the hydrated product, i.e. C-S-H. The 

result matches the understanding of the changes in the states of pore water from physically bounded to 

chemically bounded water during hydration. According to the estimated velocity shown in Figure 5.3.1-1, 

the corresponding relative estimated relative permittivity and estimated depth between different days for 

different cover depths over the ages of concrete is summarized in table 5.3.1-1. The result showed that after 

56 days for cover depth of 20-70mm, the average percentage of changes of the relative permittivity is 1.3% 

with the maximum value of 4.6% and the associated variation of average estimated depth is 0.02mm with 

the maximum value of 1.1mm. While at an early age of 56 days for a cover depth of 20-70, the average 

percentage of changes of the relative permittivity is 3.2% with a maximum value of 7.8% and the associated 

variation of average estimated depth is 0.13mm with the maximum value of 7.8mm.  

The result revealed that the variation of estimated cover depth because of the change of relative permittivity 

during Portland cement hydration at an early age to 56 days is more significant than that after 90 days. 

% change of relative permittivity,  Change of estimated depth, d (mm) 

Day True Cover Depth, mm Day True Cover Depth, mm 

  70.35 60.15 51.9 40.35 30.7 20.7 d 70.35 60.15 51.9 40.35 30.7 20.7 

(−) 1.3% -1.4% -6.0% -4.7% -4.8% 2.9% d7-d4 -1.8 -1.4 -1.0 -0.1 2.4 -1.4 

(−) -4.1% -3.1% -0.3% -7.8% -4.0% -1.0% d14-d7 -0.4 -0.4 0.1 0.3 -0.1 0.1 

(−) -4.2% -2.2% -5.6% -1.3% -2.5% -3.5% d28-d14 0.0 -3.8 0.1 -0.3 -0.5 -0.5 

(−) -6.7% -5.8% -4.5% -3.2% -1.4% -3.1% d56-d28 1.2 3.9 0.4 0.1 0.3 -0.3 

(−) 0.0% -0.5% -2.3% -1.9% -4.6% -0.8% d90-d56 0.0 0.2 0.7 -0.1 0.2 -0.2 

(−) -0.8% -2.8% -2.7% -1.4% 2.2% 0.1% d120-d90 -0.4 -0.4 -0.3 -0.5 -1.1 0.7 

(−) -2.3% -2.0% 0.5% -0.7% -0.7% -2.3% d180-d120 0.4 0.1 -0.3 0.8 0.7 -0.1 

Table 5.3.1-1 % Change of relative permittivity and corresponding change of estimated depth for different cover depths at 

different ages of concrete 

 

5.3.2 Estimated cover depths over age of concrete 

According to the estimated depths calculated by the semi-trilateration algorithm, the estimated 

cover depths of the rebars by the reflected GPR wave fluctuated at the early age of concrete and 

became steady at and after 90 days of the age of concrete as shown in Figure 5.3.2-1. At the early 

age of the concrete, i.e. Day 4 and 7, the estimated cover depths for cover depth 20-70mm were 

unstable and inconsistent in order. Between Day 14 to 28, almost all results showed a tendency for 
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a decrease in estimated depths. The variation of estimated cover depths tends to be steady at Day 

90 and afterwards, and as mentioned in section 5.3.1, the variation of average estimated cover 

depths is 0.02mm which is insignificant. 

 

Figure 5.3.2-1 Estimated depths change due to changes in free water during hydration over different age of concrete 

The result revealed that the higher estimated depths at Day 4 are because of much of the free water 

freely formed which is not hydrated with Portland cement and the amount of free water varies for 

each cover depth. This result matched with the frequency response and relative permittivity that 

the low-frequency response obtained in WT and the high value of relative permittivity calculated 

respectively due to much content of free water inside concrete. Between 14 to 28 days, as depicted 

in section 5.3.3 about frequency response due to free water consumed during the hydration process, 

the relative permittivity and the estimated depths decreased. At Day 90 and beyond, the estimated 

depths for all cover depths of rebar remained steady which is associated with the frequency 

response and change in relative permittivity as much of the free water turned to bound water and 
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remained free water in capillary will continue to react with Portland cement during hydration 

process. 

 

Figure 5.3.2-2 Estimated cover depths change due to changes of free water during hydration over different age of concrete vs 

true cover depths 

According to the result shown in Figure 5.3.2-2, the results showed that all cover depths were 

overestimated compared to the true cover depths indicated as reference line (dotted) and all 

estimated cover depths at the early age of concrete were highly overestimated, i.e. cover depths 

estimated at Day 4 were the highest overestimated. The over-estimation of cover depths for 

different days gradually decreased from Day 4 and further improved at Day 180, and the gradients 

were in order. The average variation of estimated cover depth for covers 20 to 70 between Day 4 

and Day 180 was 0.44mm with a maximum of 1.9mm and the variation is insignificant. This result 
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revealed that much free water converted to bound water during hydration and little amount of free 

water trapped will continue to turn to bound water. Still, the effect on the travelling velocity and 

TWTT may not be significant. This result supplements the results of relative permittivity, 

frequency response and TWTT. As the cover thickness of cover depths of 50-70mm is thicker, the 

amount of free water trapped can continue to turn to bound water and hence the changes of 

estimated cover depth at 180 days are more compared with estimated cover depth of 120 days. 

Hence the near-field effect is much more significant at a cover depth of 20-40mm and less 

significant by the effect of hydration. While the hydration effect is much more significant than the 

near-field effect at a cover depth of 50-70mm. 

5.3.3 Changes of frequency over the age of concrete 

According to the measured peak frequency for different cover depths, i.e. 20-70mm cover depth, 

by WT, shown in Figure 5.3.3-1a, the peak frequency of the reflected GPR wave from the target 

object, i.e. rebar, was gradually increasing for the first 28 days after Portland cement mixing and 

tend to be steady at and after 56 days. The depth measurement also affected by the change of the 

frequency and velocity, as shown in 5.3.2-1. 



71 

 

 

Figure 5.3.3-1a Change of peak frequency of different cover depths and change of distance of Near Field for different ages of 

concrete 
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Figure 5.3.3-2b Change of peak frequency of different cover depths for different concrete ages 

According to the estimated frequency for cover depth from 40mm to 60mm illustrated in Figure 

5.3.3-1b, the frequency responses gradually increased with an increase in concrete age. The 

variation of frequency responses occurred at the cover depth of 60mm and became steady at the 

cover depth of 40mm.  

The increase in peak frequency over the ages is due to the absorption and relaxation of different 

frequencies. The result matches the understanding of the Portland cement hydration process and 

relaxation of molecules explained by Debye’s model and Cole and Cole’s model as mentioned in 

the previous section. At the early age of concrete, the majority of the free-form water molecules 

are not hydrated with Portland cement. The free form of water contributed significantly to the 

imaginary part of the relative permittivity which absorbs the energy of a high-frequency portion 

of the GPR wave and results in obtaining low-frequency response, i.e. case 1 of Figure 5.3.3-2. On 

Day 7 of concrete, free water was consumed during the hydration process and converted as bound 
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water with the hydrated product which also restricted polarization. This causes the shifting of the 

imagery part to a lower frequency at the middle range of the frequency spectrum and results in 

higher peak frequency and wider bandwidth in frequency response, i.e. case 2. Age of concrete at 

90 days, the hydration process will continue to turn the remaining free water in the capillary to 

bound water and further shift the imagery part to the low frequency that yields a steady increase 

in peak frequency in the frequency spectrum, i.e. case 3. According to Figure 5.3.3-3, the result 

showed the frequency spectrum with respect to time over the ages of concrete for a concrete cover 

depth of 50mm. The peak frequencies at the early age of concrete were lower and gradually 

increased, and the TWTTs were larger in value and gradually decreased over the ages of concrete. 

This result matches the above model, explaining the changes in peak frequency due to the shift of 

the imaginary part of real permittivity, which results in shorter TWTT due to less water content. 

Hence, the shallower the cover depth, i.e. cover depth of 40mm, the less the free water remained 

as it turned to bound water and the response frequency would be steady. While much free water 

remained for cover depth over 40mm and the response frequency varies with the ages of concrete. 
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Figure 5.3.3-3 The frequency spectrum changes due to the change of free water during hydration (Lai and Wiggenhauser, 2010). 

Case 1: All water is in free form. Case 2: Water is hydrated and bounded; free water remains and absorbed in capillary. Case 3: 

More water is hydrated and bounded, but smaller amount of free water still exists in the capillary. 



75 

 

 

Figure 5.3.3-4 Changes of frequency spectrum with respect to time over the ages of concrete of cover depth 50mm 

5.4 Summary 

To summarize: 

This chapter provides explanation and recommendations in three aspects as below, 

1. this chapter illustrates the relationship between the change in the water system and the 

formation of the macro and microstructure pores of the hydrated product during the 

hydration process of Portland cement. The mechanism of converting free water to 

physically absorbed water and chemically bounded water has been explained through the 

study of the changes in velocities and relative permittivity for different cover depths at 

different ages of concrete, 

2. this chapter studies the signal received and analysed by using the Wavelet Transform (WT) 

method and explains the frequency responses due to the conversion of free water to bound 

water, absorption and relaxation of remaining free water during the hydration process, and 

3. this chapter supplements the accuracies of cover depth measurements with the effect of 

ages of concrete in Chapter 5. The result of the abovementioned studies on the changes of 

relative permittivity and frequency responses matches the well-known Portland cement 

hydration process and co-relating the two attributes which provides a good 
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recommendation on the accuracies of depth measurement for different cover depths and at 

different ages of concrete. 

The method can be further extended to study hydration mechanisms of different concretes with 

different compositions of concrete mix nondestructively such as changes of W/C and adding of 

admixtures. 
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6 Corrected Trilateration Ray-path model using a linear regression algorithm 

6.1 The Semi-Trilateration and Full-Trilateration ray-path model 

The semi-trilateration model and full-trilateration model reviewed in section 2.4.3 and 2.4.4 

considered the separation distance between the antenna transmitter and receiver, and the radius of 

the cylindrical objects which are the often-ignored factors in depth estimation. However, the 

accuracy of the semi-trilateration and full-trilateration models to estimate objects of shallow cover 

depth and in near-field zones is questionable. In section 4.4.2, Semi-Trilateration and Full-

Trilateration models overestimated the actual cover by 12.2-9.7mm (136.1-34.5%) and 17.5-

14.1mm (153.6-46.1%), respectively. This over-estimation was greatly improved for cover depths 

from 40mm to 80mm by 10.6-0.5mm (28.2-1.2%) (semi-trilateration model) and 14.3-3.5mm 

(35.2-5.0%) (full trilateration model) because the object locates in the far-field zone. For 

engineering applications on shallow object mapping like rebar correction is required. 

The purpose of this chapter is to develop a new correction algorithm based on a linear regression 

model and the use of root mean square error to measure the accuracy. The developed algorithm 

was applied to correct the estimated depth and, hence, to address the simultaneous errors due to 

GPR wave travel velocity and the two-way travel time. Secondly, three sets of validation 

experiments in a laboratory and in a real physical environment in Hong Kong are performed. 

Finally, the results of these experiments are analysed and discussed, and followed by a summary. 

 

6.2 Linear regression correction with accuracy for depth estimation 

As depicted in Chapter 4, the result of estimated average cover depth by using the Semi-

Trilaterated Method and Full-Trilaterated Method was found, and the dataset was plotted as a 

graph of estimated average cover depth against true cover depth by the Semi-Trilaterated Method 

and Full-Trilaterated Method. Based on the experimental results and the rather linear behaviour of 

the plots, two linear regression equations can be formed and written as below to correct the 

estimated cover depth, 

In general, 
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𝑑𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
𝑑𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 − 𝐶1

𝑚1
 (6.2-1) 

For Semi-Trilaterated Method, 

𝑑𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
𝑑𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 − 22.265

0.7278
 (6.2-2) 

For Full-Trilaterated Method, 

𝑑𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
𝑑𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 − 20.601

0.8079
 (6.2-3) 

where, 𝑑𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 is the estimated cover depth, and 𝑑𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 is the corrected cover depth. 

For second iteration, the equation can be rewritten as below, 

In general, 

𝑑𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
1

𝑚1𝑚2
𝑑𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 −

1

𝑚1𝑚2
𝐶1 −

1

𝑚2
𝐶2 (6.2-4) 

For Semi-Trilaterated Method, 

𝑑𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
1

0.7278 × 0.9526
𝑑𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 −

1

0.7278 × 0.9526
(22.265) −

1

0.9526
(2.24256) (6.2-5) 

For Full-Trilaterated Method, 

𝑑𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
1

0.8079 × 0.8394
𝑑𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 −

1

0.8079 × 0.8394
(20.601) −

1

0.8394
(9.3522) (6.2-6) 

where, 𝑑𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 is the estimated cover depth, and 𝑑𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 is the corrected cover depth. The 

accuracy is determined by R-squared or called the coefficient of determination. It is calculated by 

using the following equation 6.2-7, 

𝑅2 = 1 −
𝑆𝑆𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙

𝑆𝑆𝑡𝑜𝑡𝑎𝑙
 

, where 

 𝑆𝑆𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = ∑(𝑦𝑖 − 𝑓𝑖)
2

𝑖

 

𝑆𝑆𝑡𝑜𝑡𝑎𝑙 = ∑(𝑦𝑖 − �̅�)2

𝑖

 

(6.2-7) 

yi = Estimated value by ray-path model, i.e. semi-trilaterated model and full-

trilaterated model 
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fi = Predicted value, i.e. linear regression equation by semi-trilaterated model and 

full-trilaterated model 

a) Predicted value by Linear regression equation of semi-trilateration model, 

𝑓𝑖 = 0.7278𝑥 + 22.265 

b) Predicted value by Linear regression equation of semi-trilateration model, 

𝑓𝑖 = 0.8079𝑥 + 20.601 

The R-squared values calculated by the Semi-trilateration Model and Full-trilaterated Model are 

0.93 and 0.88 respectively. Both linear regression equations fit the data and the linear regression 

equation by the Semi-trilateration model is better compared with Full-trilateration Model. 

6.3 Validation experiments in three sites 

To evaluate the validity of the proposed algorithms by linear regression, experiments on three 

specimens were conducted. 

6.3.1 Validation experiment 1 in LSGI concrete beams 

Four reinforced concrete beams with dimensions 200mm (Width) x 800mm (Long) x 100 (Depth) 

were cast, as shown in Figures 6.3.1-1 to 6.3.1-3. Each of the concrete beams consisted of two 

10mm rebars with a fixed separation of 300mm centre to centre between each rebar and rebars 

were placed from the end of the concrete beams to the centre of the rebar by 250mm. Both rebars 

were cast with the same cover depth. A similar rebar arrangement was applied to three other 

concrete beams. The only difference in each beam setup was the cover depth of two rebars, where 

the cover depth for the pairs of rebars was the same. Hence, each beam has two different cover 

depths and eight different cover depths of rebars from the concrete surface ranging from 10mm to 

80mm were provided by four beams. A 2 GHz GPR GSSI palm antenna was used to conduct the 

GPR survey on the beams on six different days after the casting of the concrete beams, including 

day 28, 56, 90, 120, 180 and 420. 12 scans were carried out on each cover depth which consisted 

of two 10mm diameter rebars. Hence, a total of 1152 samples about the scanning on the rebars are 

collected. The typical radargrams of a 2GHz antenna are presented in Figure 6.3.1-4 with clear 

and strong reflections from the rebar. The cover depth estimation is based on the estimation of 

velocity which makes use of 20 to 50 points of the reflected hyperbolic footprint in the radargram. 
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By using the equation 2.1.6.4-1 and 2.4-3 as mentioned in Chapter 2, measured Two-way Travel 

time (TWTT) and estimated velocity, the estimated cover depth can be determined. Therefore, the 

estimated cover depth is based on the 40,320 data points from the reflected hyperbolic footprint in 

radargrams. The results of estimated depths by the ray-path model of the Semi-trilateration model, 

Full-trilaterated model, corrected Semi-trilaterated model and corrected Full-trilaterated model 

algorithm are listed in Table 6.3.1-1 and Table 6.3.1-2. The results of 10mm and 80mm cover 

depth are excluded in the table due to the interference of direct wave and the reflected wave of 

rebar, and that of the reflected wave of rebar and the underneath concrete beam surface respectively. 

In Table 6.3.1-1, the analysis is based on a Semi-trilateration model and the estimated travel time 

is measured between the positive peak of the direct wave and the reflected wave. While, in table 

6.3.1-2, the analysis included the Semi-trilateration model and Full-trilateration model, and the 

estimated travel time is measured between the inflection point of the direct wave and the peak of 

the reflected wave. 

 

Figure 6.3.1-1 LGSI concrete beams for validation 
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Figure 6.3.1-2 Casting of LGSI concrete beams 

 

Figure 6.3.1-3 GPR test survey on the casted LGSI concrete beams with 10mm diameter rebars 
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Figure 6.3.1-4 Radargram of 2GHz GPR test survey on the casted LGSI concrete beams with diameter 10mm rebars (60mm 

cover depth) 

  Before Correction After Correction 

Case 
No 

Actual 
cover 
depth  
(mm) 

Semi-
trilateration 
method (m) 

Error Error 
(%) 

Full-
trilateration 

method 
(m) 

Error Error 
(%) 

Corrected 
Semi-

trilateration 
Model 

Error Error 
(%) 

Corrected 
Full-

trilateration 
Model 

Error Error 
(%) 

1 69.0 78.5 9.4 13.7    78.7 9.7 14.0    

2 61.0 75.6 14.6 23.9    74.6 13.6 22.3    

3 49.3 63.2 14.0 28.3    56.7 7.4 15.1    

4 40.5 49.9 9.4 23.2    37.5 -3.0 -7.4    

5 29.5 41.6 12.1 41.0    25.5 -4.0 -13.4    

6 20.0 36.0 16.0 79.8    17.4 -2.6 -13.1    

Table 6.3.1-1 Estimated depth by Semi-trilateration model and corrected Semi-trilateration model (based on the reference of 

Peak of Direct Wave (PK-DW) to Peak of Reflected Wave (PK-RW) 

  Before Correction After Correction 

Case 
No 

Actual 
cover 
depth  
(mm) 

Semi-
trilateration 
method (m) 

Error Error 
(%) 

Full-
trilateration 

method 
(m) 

Error Error 
(%) 

Corrected 
Semi-

trilateration 
Model 

Error Error 
(%) 

Corrected 
Full-

trilateration 
Model 

Error Error 
(%) 

7 69.0 77.6 8.6 12.5 80.0 11.0 15.9 77.5 8.5 12.3 76.4 7.4 10.7 

8 61.0 74.8 13.8 22.6 77.1 16.1 26.4 73.3 12.3 20.2 72.1 11.1 18.2 

9 49.3 64.3 15.1 30.6 67.0 17.7 35.9 58.3 9.0 18.3 57.2 8.0 16.2 

10 40.5 50.2 9.7 23.8 53.5 13.0 32.1 37.9 -2.6 -6.5 37.4 -3.1 -7.7 

11 29.5 41.4 11.9 40.2 44.9 15.4 52.3 25.2 -4.3 -14.7 24.7 -4.8 -
16.3 

12 20.0 35.7 15.7 78.3 39.9 19.9 99.5 17.0 -3.0 -15.2 17.3 -2.7 -
13.4 

Table 6.3.1-2 Estimated depth by Semi-trilateration model, Full-trilateration model, corrected Semi-trilateration model and 

corrected Full-trilateration model algorithm (based on the reference of Inflection Point of Direct Wave (IP-DW) to Peak of 

Reflected Wave (PK-RW) 
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6.3.2 Validation experiment 2 in CEE concrete wall 

A concrete wall with dimensions 2000mm (Height) x 1800mm (Long) x 200 (Thick) was cast, as 

shown in Figure 6.3.2-1. Two different layers of rebar formed by 20 mm diameter rebars and 

arranged vertically and horizontally to form mesh were cast into the wall. The centre-to-centre 

spacing of each rebar was 200mm. The concrete cover depth of the horizontal measured from the 

near face and the vertical rebar measured from the far face of the wall consisted of  50 & 60mm 

and 110 & 150mm respectively. Similarly, a 2 GHz GPR GSSI palm antenna was used to perform 

the GPR survey on the wall. 29 scans are carried out on the far face and near face of the wall which 

is composed of 14 scans in a horizontal traverse to scan 6 vertical rebars and 15 scans in a vertical 

traverse to scan 6 horizontal rebars. The typical radargrams of a 2GHz antenna are presented in 

Figure 6.3.2-2 with clear and strong reflections from the rebar. The results of estimated depths by 

the ray-path model of the Semi-trilateration model, Full-trilaterated model, corrected Semi-

trilaterated model and corrected Full-trilaterated model algorithm are listed in Table 6.3.2-1. The 

analysis is measured between the inflection point of the direct wave and the peak of the reflected 

wave. 
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Figure 6.3.2-1  CEE concrete wall for validation 
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Figure 6.3.2-2  Radargram of 2GHz GPR test survey on the casted CEE concrete wall with diameter 20mm rebars 

  Before Correction After Correction 

Case 
No 

Actual 
cover 
depth  
(mm) 

Semi-
trilateration 

method  
(mm) 

Error Error 
(%) 

Full-
trilateration 

method 
(mm) 

Error Error 
(%) 

Corrected 
Semi-

trilateration 
Model 

Error Error 
(%) 

Corrected 
Full-

trilateration 
Model 

Error Error 
(%) 

13 50.0 60.9 10.9 21.7 64.4 14.4 28.8 53.3 3.3 6.7 53.4 3.4 6.9 

14 60.0 69.0 9.0 15.0 72.3 12.3 20.5 65.1 5.1 8.4 65.1 5.1 8.4 

15 110.0 105.4 -4.6 -4.2 107.4 -2.6 -2.4 117.6 7.6 6.9 116.9 6.9 6.2 

16 150.0 138.8 -11.2 -7.5 140.8 -9.2 -6.1 165.7 15.7 10.4 166.1 16.1 10.7 

 

Table 6.3.2-1 Estimated depth by Semi-trilaterated model, Full-trilaterated model, corrected Semi-trilateration model and 

corrected Full-trilateration model algorithm 

 

6.3.3 Validation experiment 3 in BRE concrete beam 

A test concrete beam was cast with 11 number of diameters 16mm rebars and the spacing of each 

rebar is fixed at 100mm. Each rebar has different cover depths, and the depths vary from 40, 60, 

80, 100, 120, 140, 160, 180, 200, 220 and 240mm, as shown in Figure 6.3.3-1. The blue arrow 

indicates the 2GHz GPR palm antenna traverse direction in which the survey is travelled 

perpendicular to the alignment of the rebars. As the rebar cover depth increases, the hyperbolic 

reflection acquired also increases with depth. However, as shown in Figure 6.3.3-2, due to the 

resolution of the antenna and the fixed spacing between the rebars, the acquired hyperbolic 

reflections overlapped each other and the case became much worse at a cover depth of 180mm or 

more. The hyperbolic reflection of cover depth 180mm or more cannot be extracted. Also, as the 

GPR antenna travel distance at each end of the beam is insufficient, thus, there is only half of the 
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hyperbolic reflection obtained for cover depth of 40mm. The typical radargrams of 2GHz antenna 

is presented in Figure 6.3.3-3 with clear and strong reflections from the rebar. 

 

Figure 6.3.3-1 BRE concrete beam 

 

Figure 6.3.3-2 Radargram of BRE concrete beam 

 

Cover depth 
240     220   200   180  160    140   120    100     80     60  40 

GPR survey 
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Figure 6.3.3-3 Radargram of 2GHz GPR test survey on the casted BRE concrete beams with diameter 16mm rebars 

The results of estimated depths by the ray-path model of the Semi-trilateration model, Full-

trilaterated model, corrected Semi-trilaterated model and corrected Full-trilaterated model 

algorithm are listed in Table 6.3.3-1. 

  Before Correction After Correction 

Case 
No 

Actual 
cover 
depth  
(mm) 

Semi-
trilateration 
method (m) 

Error Error 
(%) 

Full-
trilateration 

method 
(m) 

Error Error 
(%) 

Corrected 
Semi-

trilateration 
Model 

Error Error 
(%) 

Corrected 
Full-

trilateration 
Model 

Error Error 
(%) 

17 60.0 92.7 32.7 54.5 94.7 34.7 57.9 99.2 39.2 65.3 98.2 38.2 63.6 

18 80.0 95.3 15.3 19.1 97.4 17.4 21.7 103.0 23.0 28.7 102.1 22.1 27.6 

19 100.0 112.5 12.5 12.5 114.2 14.2 14.2 127.8 27.8 27.8 126.8 26.8 26.8 

20 120.0 107.2 -12.8 -10.7 109.1 -10.9 -9.1 120.1 0.1 0.1 119.4 -0.6 -0.5 

21 140.0 92.0 -48.0 -34.3 94.0 -46.0 -32.9 98.2 -41.8 -29.9 97.0 -
43.0 

-
30.7 

22 160.0 143.3 -16.7 -10.4 144.6 -15.4 -9.6 172.2 12.2 7.6 171.7 11.7 7.3 

Table 6.3.3-1 Estimated depth by Semi-trilateration model, Full-trilateration model, corrected Semi-trilateration model and 

corrected Full-trilateration model algorithm 

 

6.4 Findings and discussion 

6.4.1 Findings and discussion – Estimated depths by of validation experiment 1 in LSGI concrete 

beams 

 

 

 

Actual cover depth = 60mm 

Actual cover depth = 80mm 

Actual cover depth = 100mm 

Actual cover depth = 120mm 

Actual cover depth = 140mm 

Actual cover depth = 160mm 
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Figure 6.4.1-1 Comparison of error of cover depth estimation by Semi-trilaterated method, Full-trilaterated method, Corrected 

Semi-trilaterated method and Correct Full-trilaterated method (Note: the value above the data point in the graph is the actual 

cover depth) 

For Case 1-6, the cover depth estimation is based on the Semi-trilateration method only and the 

measurement of two-way travel time ranges from the Positive Peak of the Direct Wave (PK-DW) 

and the Reflected Wave (PK-RW) of the target object. The result shows that the average percentage 

error of estimated cover depth 69mm to 20mm varies from 13.7% to 79.8%. After correction by 

linear regression, the average percentage error of estimated cover depth greatly improved from 

14.0% to -13.1%. Referring to Figure 6.4.1-1, the significant improvement of the estimated result 

occurs at a cover depth ranging from 49.3mm to 20mm, i.e. Case 3-6.  
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For Case 7-12, the cover depth estimation is based on the Semi-trilateration method and Full-

trilateration method. The measurement of two-way travel time ranges from the inflection point of 

the Direct Wave (IP-DW) and the peak of the Reflected Wave (PK-RW) of the target object. The 

result shows that the average percentage error of estimated cover depth 69mm to 20mm varies 

from 12.5% to 78.3% and 15.9% to 99.5% for the Semi-trilateration method and Full-trilateration 

method respectively. After correction by linear regression, the average percentage error of 

estimated cover depth significantly improved to 12.3% to -15.2% and 10.7% and -13.4%. Similarly, 

refer to Figure 6.4.1-1, the significant improvement of estimated result occurs at a cover depth 

ranging from 49.3mm to 20mm, i.e. Case 9-12. Refer to Case 10-12 about the cover depth of 

40.5mm to 20mm, comparing the actual cover depth and estimated cover depth by the Corrected 

Semi-trilateration method, the error is ranging from 2.6mm to 4.3mm. The cover depth estimation 

by the Semi-trilateration method is slightly better than Full-trilateration method.  

While refer to Table 6.3.1-1 and 6.3.1-2, comparing the estimated cover depth result based on 

reference point between PK-DW and IP-DW to the PK-RW by using the same method, i.e. Semi-

trilateration method, the average percentage error of the estimated cover depth is 35.0 and 34.7 

respectively. After correction, the average percentage error of the estimated cover depth is 2.9 and 

2.4 respectively. By using the same method, i.e. Semi-trilateration method, the cover depth 

estimation by IP-DW as the reference point is slightly better than PK-DW as the reference point. 

 

6.4.2 Findings and discussion of validation experiment 2 in CEE concrete wall 

For Case 13-16, the cover depth estimation is based on the Semi-trilateration method and Full-

trilateration method. The measurement of two-way travel time ranges from the inflection point of 

the Direct Wave (IP-DW) and the peak of the Reflected Wave (PK-RW) of the target object. The 

actual cover depth of the CEE concrete wall varies from 50 – 150mm. According to Table 6.3.2-

1, the result shows that the average percentage error varies from 21.7% to -7.5% and from 28.8% 

to -6.1% for the Semi-trilateration method and the Full-trilateration method respectively. After 

correction by linear regression, the average percentage error is significantly improved ranging 

from 6.7% to 10.4% and 6.9% to 10.7% for the Semi-trilateration method and Full-trilateration 

method respectively.  

6.4.3 Findings and discussion of validation experiment 3 in BRE concrete beam 
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For Case 17-22, the actual cover depth of the BRE concrete beam varies from 60 – 160mm. 

According to Table 6.3.3-1, the average percentage error ranges from 54.5% to -10.4% and from 

57.9% to -9.6% for the Semi-trilateration method and Full-trilateration method respectively. After 

correction by linear regression, the average percentage error varies from 65.3% to 7.6% and 63.6% 

to 7.3% for the Semi-trilateration method and Full-trilateration method respectively. In view of the 

depth estimation for Case 17-19 and excluding Case 20-22, the result shows that the average 

percentage error of estimated depth by the Semi-trilateration method and Full-trilateration method 

before and after correction by linear regression method as mentioned in section 6.2 are not 

improved.  

Refer to Figure 6.4.1-1, for Case 17-22 with an actual cover depth of 60-160mm, the average 

percentage error fluctuates and the errors are significant at cover depths of 60mm and 140mm. The 

reason behind of the fluctuated average percentage error is in twofold: 1) the obtained radargrams 

for the rebars are partially overlapping each other. According to the radargram result, one-third to 

half of the reflected hyperbolic footprint of one rebar at the deeper location is being overlapped by 

another reflected hyperbolic footprint of other rebars at the shallow location. This situation 

becomes worse at deeper rebar, especially in cover depths of 120-160mm as shown in Figure 6.3.3-

3. Hence, the data analysis cannot be performed for an actual cover depth of 180-240mm. The 

reason behind this is the separation spacing between each rebar is insufficient. With the cover 

depth increase, the overlapping of the hyperbolic footprint will be more and more. In real-life 

construction projects, the rebar arrangement always happens at different cover depths and multiple 

layers of longitudinal and transverse direction in congested environments which cannot be avoided 

during a GPR survey. 2) The spatial resolution setting in the configuration of the GPR survey is 

low, i.e. the scan per meter, and the scant scattered data is not adequate to form a complete and 

smooth hyperbolic footprint from the reflected data in radargram. This interfered with the analysis 

of the reflected hyperbolic footprint and caused the error of velocity estimation. The effect is 

significant in Case 21 and 22, i.e. cover depths 140mm and 160mm, as shown in Figure 6.3.3-3. 

Also, the reason behind this is that the GPR survey is targeted at tiny objects size of a diameter of 

16mm rebar which is located far away from the concrete surface. As a result, the combination of 

the aforementioned effects lead to a significant error in the estimated cover depth.  
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6.4.4 Findings and discussion of estimated depth by Semi-Trilaterated method and Full-

Trilateration method before and after correction 

The estimated depth by the Semi-Trilateration method and Full-Trilateration method before and 

after correction by linear regression are plotted against the actual cover depth in Figure 6.4.4-1 and 

6.4.4-2 with a diagonal reference line (presented in red dash line) where the estimated cover depth 

equals to the actual cover depths. The accuracy of the estimated cover depth can be represented by 

the degree of dispersion of the scattering data points relative to the reference line as shown in 

Figure 6.4.4-1 and 6.4.4-2. 

  

Figure 6.4.4-1 Estimated depth by Semi-Trilaterated method 

before and after correction by linear regression versus actual 

cover depth 

Figure 6.4.4-2  Estimated depth by Full-Trilaterated method 

before and after correction by linear regression versus actual 

cover depth 

 

Comparing the plots shown in Figure 6.4.4-1 and 6.4.4-2, both the Semi-Trilateration method and 

Full-Trilaterated method can acquire high accuracy in estimating cover depth especially cover 

depth of over 70mm. The accuracy of the estimated cover depth by the Semi-Trilateration method 

is slightly higher than the Full-Trilateration method. However, both methods highly over-estimated 

the cover depth when the cover depth is 70mm or less. Full-trilateration method is slightly higher 

over-estimated the cover depth than the Semi-trilateration method. After correction, it is obvious 

that both proposed linear regression corrections can significantly improve the estimation of cover 
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WALL IP-DW to PK-RW) - Semi-trilaterated (Corrected)
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depth and with high accuracy to the actual cover depth. The considerable improvement was 

achieved at shallow cover depth, i.e. 70mm or less. 

Based on the findings, discussions are listed below: 

1) According to the accuracy of cover depth estimation of all verification cases, i.e. Case 1-

22, as shown in Figure 6.4.4-1 and 6.4.4-2, the average percentage of error between 

estimated cover depth and actual cover depth by Semi-Trilaterated method and Full-

Trilaterated method can be separated into two different depth ranges including cover depth 

of 70mm or less, and over 70mm.  

2) The average percentage of error between estimated cover depth and actual cover depth by 

the Semi-Trilaterated method and Full-Trilaterated method of cover depth 70mm or below 

is 33.9% and 41.0% respectively. After correction by the linear regression model, the 

average percentage of error between estimated cover depth and actual cover depth by Semi-

Trilaterated method and Full-Trilaterated method is improved to 7.5% and 9.6% 

respectively. The high accuracy result between the estimated cover depth and actual cover 

depth by the linear regression algorithm is obtained. 

3) While, for cover depth over 70mm, the average percentage of error between estimated 

cover depth and actual cover depth by the Semi-Trilateration method and Full-Trilaterated 

method is -5.1% and -3.5% respectively. After correction by the linear regression model, 

the average percentage of error between estimated cover depth and actual cover depth by 

Semi-Trilaterated method and Full-Trilaterated method is improved to 7.4% and 6.8% 

respectively. Thus, the linear regression algorithm is well performed in a cover depth of 

70mm or below. For cover depth over 70mm, the linear regression algorithm is not 

applicable as the correction is developed based on a dataset of cover depth 20mm to 70mm.  

4) The success of the correction by the linear regression algorithm is highly dependent on the 

initial value of the estimated velocity, time and estimated depth with consideration of 

antenna separation and radius of the target round object. If the accuracy of the initial value 

estimated by the Semi-Trilateration method and Full-trilateration method is unsatisfactory, 

the correction by the linear regression algorithm is no longer applicable to improve the 

estimated cover depth.  
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6.4.5 Analysis of the Corrected Semi-Trilaterated and Corrected Full-Trilateration algorithm  

Regression analysis to study the fitting quality of the data after correction by Semi-Trilaterated 

and Corrected Full-Trilateration algorithm is conducted. For a confidence level of 95%, the 

average residual of the estimated depth and ±1.96 ∗ 𝑆𝐷 , which SD represent the standard 

deviations of the residuals in estimated depth, are calculated. The result is listed in table 6.4.5-1. 

 

Case 
No 

Actual 
cover 

Estimation 
Method 

Before 
Correction 

After Correction 

 

Average 
Estimated 

Depth 

Average 
Estimated 

Depth 
(Corrected) 

Residual S.D. 95% 
Confidence 

Interval 
(Lower 
limit) 

95% 
Confidence 

Interval 
(Upper 
limit) 

 

 (mm)   (mm) (mm)     (mm) (mm) 

LS
G

I 
C

on
cr

et
e 

Be
am

 

1 69 STM 78.5 78.7 9.7 0.6 77.5 79.9 

2 61 STM 75.6 74.6 13.6 0.9 72.9 76.3 

3 49.3 STM 63.2 56.7 7.4 0.5 55.8 57.6 

4 40.5 STM 49.9 37.5 -3 0.2 37.1 37.9 

5 29.5 STM 41.6 25.5 -4 0.3 25 26 

6 20 STM 36 17.4 -2.6 0.2 17.1 17.7 

7 69 STM 77.6 77.5 8.5 0.6 76.4 78.6 

8 61 STM 74.8 73.3 12.3 0.8 71.7 74.9 

9 49.3 STM 64.3 58.3 9 0.6 57.2 59.4 

10 40.5 STM 50.2 37.9 -2.6 0.2 37.6 38.2 

11 29.5 STM 41.4 25.2 -4.3 0.3 24.7 25.7 

12 20 STM 35.7 17 -3 0.2 16.6 17.4 

C
EE

 C
on

cr
et

e 
W

al
l 

13 50 STM 60.9 53.3 3.3 1 51.3 55.3 

14 60 STM 69 65.1 5.1 1.6 61.9 68.3 

15 110 STM 105.4 117.6 7.6 2.4 112.9 122.3 

16 150 STM 138.8 165.7 15.7 5 156 175.4 

BR
E 

 
C

on
cr

et
e 

Be
am

 

17 60 STM 92.7 99.2 39.2 12.4 74.9 123.5 

18 80 STM 95.3 103 23 7.3 88.7 117.3 

19 100 STM 112.5 127.8 27.8 8.8 110.6 145 

20 120 STM 107.2 120.1 0.1 0 120 120.2 

21 140 STM 92 98.2 -41.8 13.2 72.3 124.1 

22 160 STM 143.3 172.2 12.2 3.9 164.6 179.8 

LS
G

I 
C

on
cr

et
e 

Be
am

 7a 69 FTM 80 76.4 7.4 0.5 75.5 77.3 

8a 61 FTM 77.1 72.1 11.1 0.7 70.7 73.5 

9a 49.3 FTM 67 57.2 8 0.5 56.2 58.2 

10a 40.5 FTM 53.5 37.4 -3.1 0.2 37 37.8 

11a 29.5 FTM 44.9 24.7 -4.8 0.3 24.1 25.3 
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12a 20 FTM 39.9 17.3 -2.7 0.2 17 17.6 
C

EE
 C

on
cr

et
e 

W
al

l 
13a 50 FTM 64.4 53.4 3.4 1.1 51.3 55.5 

14a 60 FTM 72.3 65.1 5.1 1.6 61.9 68.3 

15a 110 FTM 107.4 116.9 6.9 2.2 112.6 121.2 

16a 150 FTM 140.8 166.1 16.1 5.1 156.1 176.1 

BR
E 

 
C

on
cr

et
e 

Be
am

 

17a 60 FTM 94.7 98.2 38.2 12.1 74.5 121.9 

18a 80 FTM 97.4 102.1 22.1 7 88.4 115.8 

19a 100 FTM 114.2 126.8 26.8 8.5 110.2 143.4 

20a 120 FTM 109.1 119.4 -0.6 0.2 119 119.8 

21a 140 FTM 94 97 -43 13.6 70.3 123.7 

22a 160 FTM 144.6 171.7 11.7 3.7 164.4 179 

Table 6.4.5-1 Estimated depth by Full-Trilaterated method before and after correction by linear regression versus actual cover 

depth (Note: STM and FTM represent Semi-Trilaterated Method and Full-Trilaterated Method) 

 

For Case 1-16 and Case 7a-16a estimated cover depth by the Semi-Trilateration Method and Full-

Trilateration method respectively, the average standard deviation (S.D.) of the estimated cover 

depth is around 0.4 which is close to zero. For satisfactory quality of the fitting data with a 95% 

confidence level, the confidence intervals are computed as shown in Table 6.4.5-1. It means that 

95% of the collected samples should fall within the confidence interval, i.e. mean ± 1.96*S.D.  

 

6.5 Summary 

Observations and limitations are summarized below: 

Observations: 

1. To verify the Semi-Trilaterated method, Full-Trilaterated method, Corrected Semi-

Trilaterated method and Corrected Full-Trilaterated method, a total of A-scans of 2337 

round rebar with reflected hyperbolic footprint were obtained. For each footprint, the cover 

depth estimation is based on the estimation of velocity which makes use of 20 to 50 points, 

i.e. average 35 points of x,t. Therefore, by multiplying the number of experiments by 

several rebars and data points in radargram, the evaluation of the estimated cover depth 

was based on the large number of 87,795 data points, i.e. (xi, ti) from the reflected 

hyperbolic footprint in radargrams. 
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2. The average percentage of error between estimated cover depth and actual cover depth by 

the Semi-Trilateration method and Full-Trilateration method is 21.5% and 21.6% 

respectively. After correction by the linear regression model, the average percentage of 

error between estimated cover depth and actual cover depth by Semi-Trilaterated method 

and Full-Trilaterated method is improved to 7.5% and 8.4% respectively. 

3. For cover depth 70mm or below, the discrepancy between the actual cover depth and 

estimated cover depth estimated by the Semi-Trilateration method and Full-Trilateration 

method is significantly reduced from an average of 13.5mm and 17.2mm respectively to 

5.9mm and 7.0mm.  

4. The accuracy of cover depth estimation by using Semi-trilateration method is slightly better 

than using the Full-Trilaterated method.  

5. The accuracy of cover depth estimation by using the Inflection Point (IP) of Direct Wave 

(DW) as the reference point is slightly better than using the Peak (PK) of DW to the PK of 

Reflected Wave (RW).  

Limitations: 

1. The linear regression correction algorithm is developed based on homogeneous material 

and lossless medium, i.e. air-cured concrete.   

2. It is crucial to obtain the well-determined initial value of the estimated velocity, time and 

estimated depth with consideration of antenna separation and radius of the target round 

object as the correction by the linear regression algorithm is highly dependent on the well-

determined initial value. 

3. It is crucial to consider the vertical spatial resolution between the target object and 

surrounding interface/deeper object(s) to avoid overlapping of DW and RW from the target 

object with RW from the surrounding interface/deeper object(s). As explained in Section 

2.2.4, the recommended minimum vertical distance is half of the nominal wavelength, i.e. 

the ratio between the depth of the target object and surrounding interface/deeper object(s) 

and the nominal wavelength (d/) is approximately 2. While the ratio of d/ for cover depth 

of 10 and 80 is approximately 0.72.   

4. It is worth taking note that in the correction models and for cover depth over 70mm (i.e. 

wavelength 49.1mm or less), the correction by linear regression algorithm is not applicable 
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as the correction is developed based on the dataset of cover depth 20mm to 70mm. This 

ratio of the wavelength can be extended to the estimation of deeper objects making use of 

lower frequency antenna and longer wavelength. 

  

5. However, there are shortcomings in the linear regression models. Firstly, Equation 6.2-2 

and 6.2-3 only correct the estimated depth. However, both the velocity and the two-way 

travel time are independent observations with random error, which the corrections should 

be conducted. Secondly, the correction of the linear regression model normally requires 

iterative calculation. Thirdly, convergency analysis is required for each iterative 

calculation to ensure a convergent solution for the minimization. Finally, the linear 

regression model is a simplified model for the near field problem, i.e. 20 and 30mm cover, 

that may be better solved by a non-linear model. 
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7 Conclusions 

This study aimed to recognize the potential sources of error, minimize and correct the error and 

evaluate the uncertainty in the GPR measurement of concrete reinforcement cover by developing 

a standard model. A summary was systematically reported as below and tabulated in Table 7.1-1. 

 

7.1 Summary of main findings 

As depicted in Chapter 3, the potential sources of errors were classified into three different areas 

including the host material, the ray-path geometry, and equipment & signal processing.  

The first identified sources of error of host material are water content inside concrete and 

heterogeneous material, i.e. 10mm and 20 aggregates. For the presence of water content inside the 

concrete, as described and explained in Chapter 5, it governed the TWTT, GPR wave velocity and 

relative permittivity, i.e. (xi, ti), and resulted in variation of depth measurement. This effect of 

water on depth estimation of rebar was proved minimal with an increase in the age of concrete and 

the ray-path model by semi- and full trilateration method remains valid and reliable. While the 

presence of aggregates inside the concrete, it causes two types of scattering including Rayleigh 

and Mie and is dependent on the object to wavelength ratio. The scattering effect will affect the 

measurement of TWTT and depth, i.e. (xi, ti), which increases the standard errors or deviations in 

the measurement. However, the error induced by the scattering effect was relatively insignificant 

due to the similar dielectric properties and thus small contrast of hydrated Portland cement product 

bonded with aggregate in comparison with the high contrast of relative permittivity of metallic 

reinforcement.    

 

The second identified source of error in the geometry of the ray path is measuring techniques - 

common offset profiling, target types, and object size and antenna separation. For the measuring 

technique which influences the measurement of TWTT and depth, i.e. (xi, ti), the common offset 

profiling (COP) method with common antenna offset applied for known size round object was 

considered. Semi- and full-trilateration ray-path models with associated errors were evaluated and 

minimized for the semi-trilateration model in Chapter 4 and 6. Comparing the accuracy of the 
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measured depth between the semi- and full trilateration method in the validated experiment, the 

semi-trilateration method provided a closer and better estimation. The new algorithm developed 

based on the semi-trilaterated algorithm and root mean square error was used in uncertainty 

evaluation, and confidence level and interval for the correction and estimation on-site test.  

 

The third identified source of error is equipment and signal processing. The definition of time zero, 

antenna types, antenna frequency and component frequency of the hyperbolas dictated the time 

(ti), and a digital sampling rate of the analogue signals govern the measurement of TWTT and 

depth, i.e. (xi, ti). The time zero is defined at the first of the point of inflection of the direct wave 

but its associated error and uncertainty cannot be minimized as it is an unknown. For antenna 

frequency and component frequency of the hyperbolas, they were realized in wavelet transform 

but errors cannot be minimized as they are related to time zero. Finally, for the digital sampling 

range of the analogue signals, no correction or minimization was required as an insignificant effect 

was found to influence the uncertainty measurement. 

 

The fourth identified source of error is the combined factors effect of reactive near field and Fresnel 

region. The effect significantly influences the accuracy of measurement depth of buried objects. It 

is important to consider this effect when using GPR antenna as measuring tools with different 

frequency spectrum as the measuring limits and the range of the reactive near zone are also 

different. The reliable measurement is only available in the far-field region. 
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Sources of errors 

Measured/ 

dependent 

variables in 

this thesis 

Related chapters 

Treatments 
4  5  6   

1. Dielectric 

properties of 

the host 

materials 

1.1 Water content 𝑥𝑖, 𝑡𝑖  ✓  
Modelled and 

minimized 

 

1.2 Heterogeneous materials 

inside concrete with size 

comparable to GPR 

wavelength, e.g. aggregate 

𝑥𝑖, 𝑡𝑖   ✓ ✓ 
Modelled and 

minimized 

2. Geometry 

of the ray-

path 

2.1 Common offset profiling 

(COP)/WARR/CMP 
𝑥𝑖, 𝑡𝑖 Data collection and 

ray-path model by 

COP method, and 

round-shaped rebar 

Recognized and 

modelling/ 

correction/ 

minimization was 

not taken 

2.2 Target types 

(round/flat/slanted) 
𝑥𝑖, 𝑡𝑖 

2.3 Object size and antenna 

separation 
𝑥𝑖, 𝑡𝑖  ✓ ✓ ✓ 

Modelled and 

minimized 

3. Equipment 

& signal 

processing 

3.1 Definition of time zero 𝑡𝑖 ✓ ✓   

Modelled but 

cannot be 

minimized 

3.2 Antenna types (bowtie, 

horn, etc.) 
𝑥𝑖, 𝑡𝑖 

Dipole antenna with 

fixed separation 

distance  

Recognized but 

cannot be 

minimized 

3.3 Antenna frequency and 

component frequency of the 

hyperbolas 
𝑡𝑖      ✓ 

Recognized but 

cannot be 

minimized 

3.4 Digital sampling rate of 

the analogue signals 
𝑥𝑖, 𝑡𝑖      ✓ 

Recognized and 

found not to cause 

significant effect 

4 Combined 

factors 
4.1 Near-field and far-field 𝑥𝑖, 𝑡𝑖 ✓   

Recognized and 

modelling/ 

correction/ 

minimization was 

not taken 
Table 7.1-1 Treatments of errors from various sources (modified from Table 3.2-1) 

Note: Chapter 4 semi- and full trilateration model with effect of near-field and far-field problems on accuracies of 

cover depth measurement; Chapter 5 semi- and full trilateration model with consideration of effect of ages of concrete 

and moisture content; Chapter 6 an accurate algorithm to estimate the cover depth based on semi-trilateration method 

and statistical root mean square errors with uncertainty evaluation 

 

7.2 Limitations and future recommendation 

Limitations as listed below: 
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1. Scattering effect in Rayleigh and Mie type does not significantly affect the measurement 

of TWTT and depth, i.e. (xi, ti), in hyperbolic reflections of radargram due to high contrast 

of relative permittivity of metallic reinforcement. 

2. Time zero is the key source of uncertainties and not concluded in this thesis because the 

uncertainty of time zero is interrelated with host material, scattering effect, antenna 

frequency and depth which the degree of uncertainty due to combined effect is difficult to 

be generalized. 

3. The monostatic antenna used in this study is a dipole antenna with a fixed separation 

distance and specified frequency. Different types and frequency antenna are available in 

the market, but the ray-path model mentioned in this thesis may not be applicable. 

4. According to the result of estimated depth in Chapter 4 and summary of main findings in 

Chapter 7, the results showed that the Semi-trilateration Method (STM) provided a closer 

and better estimation of cover depth. Compared with STM, the Full-trilateration Method 

(FTM) overestimated the cover depth. The possible reasons causing overestimation are 

listed below, 

a) As explained in Section 2.4, the FTM considered the combination of algorithms, i.e. 

equations (2.4-3), (2.4-1) and (2.4-4). Firstly, the approximated GPR wave velocity ‘v’ 

is obtained by STM, i.e. equation (2.4-3). The method considered the antenna 

separation and the target object a point source as shown in Figure 7.2-1. Secondly, by 

making use of an approximated velocity ‘v’ and by equation (2.4-1), an ‘approximated 

D0’ is obtained. Finally, the ‘approximated’ ‘D0’ inputs in Multi-trilateration method 

(MTM), i.e. equation (2.4-4), as shown in Figure 7.2-2 and (2.4-1) which helps to 

estimate ‘v’ and ‘d’ respectively. The estimated cover depth ‘d’ is the approximation 

of rebar cover depth, “D0”. It is the trilaterated ray-path which is longer than the 

estimated depth, i.e. D0. 
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Figure 7.2-1 Schematic diagram of Semi-trilateration ray-path model (STM) (Sham & Lai, 2016) 

 

Figure 7.2-2 Schematic diagram of Multi-trilateration ray-path model (MTM) (Xie et al., 2018) 

b) The ‘approximated D0’ by STM is overestimated because (i) the target object is taken 

as a point, (ii) near-field effect and (iii) hydration effect as explained in Chapter 4. 

c) As the ‘approximated D0’ by STM inputs into the MTM, i.e. Equation (2.4.4), this led 

to 2nd time ray-path trilaterated effect which further lengthens the ray-path. Also, the 

estimated depth, i.e. D0, by Equation (2.4-1) is based on t0 obtained in STM. 

d) Again, the obtained estimated depth by MTM should be corrected by applying sine i 

and expressed in Equation (7.2-1). 

For future works, it is recommended to develop: 
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1. A standard method of measurement with the explanation of validity and limitation of 

measurement, accuracy of measurement, and a specification on the quality level of 

measurement for reinforced concrete can be published as a code or standard to the 

stakeholders including client, engineer, surveyor and contractor. 

2. A refinement on the algorithms of depth estimation. The obtained estimated depth by STM, 

MTM and FTM should be corrected by applying sine i to the approximated depth in order 

to determine the vertical cover depth, i.e. D0, as expressed in Equation (7.2-1). 

𝐷0 = 𝐷1  × sin 𝜃𝑖 (7.2-1) 

3. For FTM, the ‘approximated D0’ by STM to be inputted in MTM should conduct ray-path 

transformation as the ray-path of STM is longer than FTM. 

The equation of ray-path length AOB by STM and AO’B by MTM as shown Figures 7.2.3 

and 7.2.4 and the equation can be expressed below respectively, 

𝐴𝑂𝐵

2
=

(𝐴𝑂 + 𝑂𝐵)

2
=

𝐷3 + 𝐷2

2
=

1

2
∗ {√[𝐷𝑜

2 + [𝑥 + 𝐵]2] + √[𝐷𝑜
2 + [𝑥 − 𝐵]2]} (7.2-2) 

𝐴𝑂′𝐵

2
=

(𝐴𝑂′ + 𝑂′𝐵)

2
=

𝐷3 + 𝐷2

2
 

=
1

2
∗ {√[(𝐷𝑜 + 𝑟) −

(𝐷𝑜  +  𝑟)𝑟

√(𝐷𝑜 + 𝑟)2 + 𝑥2
]

2

+ [(𝑥 −
𝑟 × 𝑥

√(𝐷𝑜 + 𝑟)2 + 𝑥2
) + 𝐵]

2

 

+√[(𝐷𝑜 + 𝑟) −
(𝐷𝑜  +  𝑟)𝑟

√(𝐷𝑜 + 𝑟)2 + 𝑥2
]

2

+ [(𝑥 −
𝑟 × 𝑥

√(𝐷𝑜 + 𝑟)2 + 𝑥2
) − 𝐵]

2

} 

(7.2-3) 

 

The ‘approximated D0’, i.e. the trilaterated ray-path, by STM should be transformed to 

FTM ray-path by applying the modification factor (M.F.) and the equation is expressed as 

below, 

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝐹𝑇𝑀 𝑅𝑎𝑦 − 𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ = 

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑆𝑇𝑀 𝑅𝑎𝑦𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ 𝑥 𝑀𝑜𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 (𝑀. 𝐹. )  

𝑀𝑜𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 (𝑀. 𝐹. )  =  
𝐹𝑇𝑀 𝑅𝑎𝑦𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ

𝑆𝑇𝑀 𝑅𝑎𝑦𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ 
  

(7.2-4) 
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Figure 7.2-3 Schematic diagram of ray-path AOB by Semi-trilateration Model (STM) (Sham & Lai, 2016) 

 

Figure 7.2-4 Schematic diagram of ray-path AO’B by Multi-trilateration Model (MTM) (Xie et al., 2018) 
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7.3 Contributions to knowledge 

The research studies contribute to the development of standard models to evaluate all possible 

errors causing uncertainty during concrete cover depth measurement with a solution to model, 

correct and minimize the impact of possible errors. The developed algorithm provides a 

refinement/correction on the estimated concrete cover depth and its uncertainty estimation in 

concrete evaluation especially quality control and durability evaluation on the remaining service 

life of the structures. It raises the awareness of the often-neglected physical phenomena about near-

field problems when GPR is used as a measurement tool and provides a modelling solution for the 

correction or minimization of the total errors. The developed methodology and correction model 

should be equally applicable to other GPR measurements on deeper objects making use of lower 

frequency antenna, especially underground utilities. 
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