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Abstract 

The rapid growth of infrastructure in the UAE has caused a proportional growth 

in the transportation system. Bridges are among the major elements in the transportation 

system that requires continuous monitoring and maintenance over time. Replacement of 

bridges is expensive; hence it is desirable to assess damage using a cost effective 

maintenance strategy. Therefore, nondestructive testing techniques provide an efficient 

and feasible method for detecting defects in bridges in a quick manner. Several surveys 

have shown that ground penetrating radar (GPR) has the potential to be adopted as a non-

destructive inspection technique. This work presents an experimental investigation of mix 

variation, and environmental conditions effects on the detectability of defects using GPR. 

Sixteen 1.22 m x 1.22m x 0.2 m slabs with simulated common bridge defects were 

prepared. Four concrete mixes: high strength, normal strength, lightweight, and self -

consolidated concrete were used in the investigation. Two main parameters were taken 

into consideration when simulating the defects in the specimen: depth and size of the 

defect. Each of the simulated specimens contained delaminations, voids, cracks, 

corrosion, honeycombing, and missing bars. GPR readings were taken regularly at 

constant time intervals for all specimens. At the time of data collection, environmental 

conditions, which include temperature, humidity, and wind speed, were recorded to 

monitor their effect on the dielectric constant obtained from GPR. It was concluded that 

voids with diameter less than or equal to 1.27 cm and honeycombing were not detected 

by GPR for one layer of steel specimens. Cracks with thicknesses of 0.25cm and 0.5 cm 

were not detected in two layers reinforcement specimen due to congestion of steel. It was 

suggested that defects were detectable by GPR at different temperatures, so it could be 

used as a non-destructive inspection technique even at high temperature of 40 °C. In all 

mixes, the detectable defects were visible in early and late concrete age. However, in 

lightweight concrete mix, defects were not detectable earlier than 3 months after casting 

concrete. Furthermore, the mixing model gave an idea about the effect of the mix 

ingredients on the dielectric constant of each specimen. 

Search Terms: Bridge defects, dielectric constant, environmental conditions, ground 

penetrating radar, mix variations. 



7 

Table of Contents 

Abstract……………………………………………………………………………………6 

List of Figures……………………………………………………………………………10 

List of Tables…………………………………………………………………………….12 

Chapter 1: Introduction…………………………………………………………………..13 

          1.1  General Introduction .................................................................................... 13 

          1.2 Problem Statement ........................................................................................ 13 

          1.3 Significance of the Research ......................................................................... 15 

          1.4 Research Objectives ...................................................................................... 15 

          1.5 Organization of Thesis .................................................................................. 16 

Chapter 2:  Background………………………………………………………………….17 

          2.1 Principle of GPR ........................................................................................... 17 

         2.1.1 Penetration depth. .................................................................................... 18 

         2.1.2 Depth resolution ...................................................................................... 19 

         2.1.3 Horizontal resolution. .............................................................................. 19 

          2.2 GPR Data....................................................................................................... 19 

         2.2.1 Data acquisition. ...................................................................................... 19 

         2.2.2 Data processing........................................................................................ 19 

         2.2.3 Data interpretation. .................................................................................. 19 

          2.3 GPR Equipment ............................................................................................ 19 

          2.4 Factors Affecting GPR Detection ................................................................. 22 

         2.4.1 Dielectric properties of the materials....................................................... 22 

         2.4.2 Size and location of defect. ...................................................................... 23 

         2.5 Features Detected by GPR ............................................................................. 23 

         2.6 Advantages and Limitations of GPR .............................................................. 26 

         2.7 Models to Predict Dielectric Constant Based on Composites Materials ........ 26 

        2.7.1 Equivalent media theory. .......................................................................... 26 

        2.7.2 Lichterecker mixing rule. ......................................................................... 27 

        2.7.3 Complex refractive index method. ........................................................... 27 

         2.8 Factors Affecting Dielectric Properties .......................................................... 28 

         2.9 Nondestructive Testing using GPR ................................................................ 31 

         2.10 Summary ...................................................................................................... 32 

Chapter 3: Experimental Program……………………………………………………….33 

          3.1 Scope ............................................................................................................. 33 



8 

        3.2 Bridge Deck Defects ....................................................................................... 33 

        3.3 Preliminary Data ............................................................................................. 33 

       3.3.1. Small-scale specimen details. ................................................................... 33 

       3.3.2 Concrete mixes. ......................................................................................... 34 

       3.3.3 Preliminary results. .................................................................................... 35 

        3.4 Large-scale Specimen Details ......................................................................... 36 

       3.4.1 Formwork. ................................................................................................. 36 

       3.4.2 Preparation of specimen. ........................................................................... 37 

       3.4.3 Simulation of defects. ................................................................................ 39 

       3.4.4 Concrete mixes. ......................................................................................... 45 

       3.4.5 Sample casting and curing. ........................................................................ 47 

       3.4.6 Concrete leveling adjustment. ................................................................... 47 

       3.5 Collection of Data ............................................................................................ 48 

      3.5.1 GPR equipment........................................................................................... 48 

      3.5.2 Technique ................................................................................................... 49 

      3.6 Processing of Data ............................................................................................. 52 

     3.6.1 Time zero correction. ................................................................................... 52 

     3.6.2 Background removal. ................................................................................... 53 

     3.6.3 Filter application. ......................................................................................... 53 

     3.6.4 Migration ..................................................................................................... 54 

     3.6.5 Visual gain adjustment. ............................................................................... 54 

Chapter 4: Results and Discussion……………………………………………………….55 

          4.1 Detectability of Equipment ........................................................................... 55 

         4.1.1 Non-defected specimen. .......................................................................... 55 

         4.1.2 Defected specimen. .................................................................................. 57 

         4.1.3 Summary. ................................................................................................. 59 

          4.2 Effect of Temperature ................................................................................... 62 

         4.2.1 Non-defected specimen. .......................................................................... 62 

         4.2.2 Defected specimen. .................................................................................. 63 

      4.3 Effect of Concrete Age .................................................................................. 63 

         4.3.1 Non-defected specimen. .......................................................................... 63 

         4.3.2 Defected specimen. .................................................................................. 64 

          4.4 Effect of Mix Variation ................................................................................. 66 

          4.5 Common Inspection Techniques ................................................................... 68 



9 

        4.6 Case Study for a Bridge in Ajman .................................................................. 68 

       4.6.1 Objective. ................................................................................................... 68 

       4.6.2  Data acquisition. ....................................................................................... 69 

       4.6.3 Data interpretation. .................................................................................... 70 

Chapter 5: Conclusion and Recommendations…………………………………………..73 

          5.1 Conclusions ................................................................................................... 73 

          5.2 Recommendations for Future Work .............................................................. 75 

References………………………………………………………………………………..76 

Appendix A………………………………………………………………………………82 

Appendix B………………………………………………………………………………91 

Appendix C……………………………………………………………………………..104 

Vita……………………………………………………………………………………...116 

  

  



10 

List of Figures 
 

Figure 1: Schematic Principle of Ground Penetrating Radar (GPR) [20] ........................ 17 

Figure 2: Emitted and Recorded Signal [22] .................................................................... 18 

Figure 3: SIR 3000 Radar System [24] ............................................................................. 20 

Figure 4: Rebar Image in GPR [34] .................................................................................. 24 

Figure 5: Image Indicating Presence of Defect [25] ......................................................... 25 

Figure 6: Delamination Simulation ................................................................................... 33 

Figure 7: Void Simulation ................................................................................................ 34 

Figure 8: GPR Scan of Synthetic Fiber SCC Mix ............................................................ 35 

Figure 9: GPR Scan for LWC Mix Specimen .................................................................. 35 

Figure 10: GPR Scan for SCC Mix Specimen .................................................................. 36 

Figure 11: GPR Scan for Synthetic Fiber SCC Mix Specimen ........................................ 36 

Figure 12: Section View of the Formwork ....................................................................... 37 

Figure 13: Cross Section for One Layer of Steel Specimen ............................................. 37 

Figure 14: Cross Section for Two Layers of Steel Specimen ........................................... 38 

Figure 15: One Layer of Steel Specimen .......................................................................... 38 

Figure 16: Two Layers of Steel Specimen ........................................................................ 39 

Figure 17: Cracks Simulated by Carton Sheets ................................................................ 39 

Figure 18: Horizontal voids Simulated by PVC Pipes ...................................................... 40 

Figure 19: Delaminations Simulated Using Styrofoam .................................................... 40 

Figure 20: Corroded Bar ................................................................................................... 41 

Figure 21: Big Bubble Sheet to Simulate Honeycombing ................................................ 41 

Figure 22: Missing Bar ..................................................................................................... 42 

Figure 23: Schematic Diagram for Induced Defects ......................................................... 44 

Figure 24: Curing Specimen ............................................................................................. 47 

Figure 25: Sample of Level Adjustment ........................................................................... 48 

Figure 26: Structure Scan Mini System ............................................................................ 49 

Figure 27: Division of Zones ............................................................................................ 50 

Figure 28: Example of Time Zero Correction .................................................................. 52 

Figure 29: Background Removal ...................................................................................... 53 

Figure 30: Migration ......................................................................................................... 54 



11 

Figure 31: 1RN Specimen ................................................................................................. 55 

Figure 32: Sample for Scan Direction .............................................................................. 56 

Figure 33: 2RN Specimen for NWC Mix ......................................................................... 56 

Figure 34: GPR Scan for One Layer of Steel Specimen for SCC Mix ............................. 57 

Figure 35: Void V3 and Void V7 in 1R Specimen ........................................................... 58 

Figure 36: GPR Scan for Two Layers of Steel Specimen for HSC Mix .......................... 59 

Figure 37: Delamination D2, Delamination D2 in 2R Specimen ..................................... 59 

Figure 38: GPR Scan for 1RN Specimen in HSC Mix at a Temperature of 25˚ C .......... 62 

Figure 39: GPR Scan for 1RN Specimen in HSC Mix at a Temperature of 35˚ C .......... 62 

Figure 40: Sample of GPR Images at Different Temperatures in NWC Specimen .......... 63 

Figure 41: GPR Images of LWC Specimens at Different Data Collection Events .......... 64 

Figure 42: Sample GPR Images for LWC Specimen ....................................................... 65 

Figure 43: Another Sample of GPR images for LWC Specimens .................................... 66 

Figure 44: Data Acquisition Equipment ........................................................................... 69 

Figure 45: Location of Layers of Steel ............................................................................. 70 

Figure 46: Cross-Section Indicating Location of Steel ..................................................... 70 

Figure 47: Location of Ducts ............................................................................................ 71 

Figure 48: Cross-Section of Bridge .................................................................................. 71 

Figure 49: GPR Scan for Pier ........................................................................................... 72 



12 

List of Tables 

Table 1: Common Nondestructive Testing Methods [1],[2] ............................................. 14 

Table 2: Typical Characteristics of Antennae [17] ........................................................... 21 

Table 3: Summary of Common Problems in Bridge Decks [1] ........................................ 25 

Table 4: Size and Location of Defects .............................................................................. 34 

Table 5: Size and Location of Delaminations ................................................................... 42 

Table 6: Size and Location of Voids ................................................................................. 43 

Table 7: Size and Location of Cracks ............................................................................... 43 

Table 8: Specimen Labeling ............................................................................................. 45 

Table 9: Constituents of Each Mix ................................................................................... 46 

Table 10: Equipment Specifications ................................................................................. 49 

Table 11: Environmental Conditions For Years 2012-2013 ............................................. 51 

Table 12: Expected Defects in Each Zone ........................................................................ 51 

Table 13: Summary of the GPR Test Results ................................................................... 60 

Table 14: Percentage Accuracy for GPR .......................................................................... 61 

Table 15: Dielectric Constant for Different Concrete Ages in NWC Mix ....................... 65 

Table 16: Properties of Each Mix ..................................................................................... 66 

Table 17: Typical Dielectric Constants of Different Materials [30]……………….…….67 

Table 18: Comparison of Dielectric Constant Using Different Approaches .................... 69 

  



13 

Chapter 1: Introduction 

1.1  General Introduction 

There are destructive and non-destructive inspection techniques that can be used 

to assess bridge conditions. Non-destructive techniques are more advantageous than 

destructive techniques due to their efficiency and ability to test the structure while 

keeping it in service [1]. Several nondestructive testing techniques have been 

implemented to assess bridge deck conditions as shown in Table 1. There are several 

non-destructive techniques that have been adopted recently. These include ground 

penetrating radar (GPR), ultrasonic, impulse echo, half-cell potential, and infrared 

thermography [2]. Recently, GPR technology has been a rapidly growing development. 

Research has looked at GPR use for inspecting historical bridges [3],[4],[5], numerical 

modeling [6], material characterization [7],[8], antenna characteristics, localization of 

reinforcing bars and localization of voids, cracks, delaminations and corrosion 

[9],[10],[11]. GPR has become a valuable method due to the diversity of its applications. 

It is a non-destructive geophysical method that emits radio pulses and receives reflected 

signals from subsurface structures to determine their features. The GPR technique is used 

to investigate the structural conditions of a certain structural element such as concrete, 

soils and masonry buildings, historical monuments, as well as buried objects such as 

pipes and ducts [12]. GPR is used for several applications in civil structures which 

include the following [13]: 

 Determining deck thickness, locating reinforcing bars and metallic ducts. 

 Locating defects such as voids, delaminations, corrosion and cracks. 

 Locating moisture variations. 

1.2 Problem Statement 

Bridges are designed to withstand many decades of harsh environment and heavy 

loading. The replacement of bridges is expensive; hence it is desirable to assess damage 

using a cost-effective maintenance strategy. Most of the defects in bridges form at 

subsurface locations; therefore, visual inspection should not be the main method for 

bridge inspection.   
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Table 1: Common Nondestructive Testing Methods [1],[2] 

Method Uses Advantages Disadvantages 

Visual 

inspection 

Cracks 

Geometry 

Surface roughness 

Accessibility 

Old 

technique 

Takes time 

Qualitative 

results 

Ground 

penetrating 

radar 

Geotechnical, road and 

bridge 

Detection of voids, 

honeycombing, 

delaminations. 

Effectiveness 

High cost 

Portability 

Minimum 

traffic 

control 

Interpretation 

Complexity of 

results 

 

Ultrasonic Homogeneity of concrete 

cracks, voids 

Strength determination 

Portable 

Easy to 

interpret data 

Low cost 

Not very reliable 

for concrete 

Attenuation 

negatively affects 

results 

Impulse echo Detection of voids, cracks, 

delamination 

Determining thickness 

High 

accuracy 

Less 

susceptible to 

steel bars 

Interpretation of 

results is difficult 

Size of the flaws 

is dependent on 

impact duration 

Chain drag Flaw detection inside decks 

Delaminations 

Simple 

Portable 

Time consuming 

Tedious 

Half-cell 

potential 

Detect corrosion rate in 

concrete reinforcement 

Simple 

Portable 

Good for 

corrosion 

Not good for 

delaminations 

Lane closure is 

required 

Infrared 

thermography 

Detection of thermal 

differences, delaminations, 

cracks, voids 

Portable 

Easy 

interpretation 

Minimum 

traffic 

closure 

No information 

about the depth 

of defects 

Depends on 

environmental 

conditions 
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Visual inspection is a common method that is used in the United Arab Emirates 

(UAE) to inspect bridges for maintenance and repair. Repair is usually done whenever it 

is needed. Visual inspection mainly depends on the inspector’s intuition, and proved to be 

an ineffective non-destructive technique tool for bridge inspection. As a consequence, 

there is a need to adopt other inspection techniques for bridge inspection in the UAE.  

1.3 Significance of the Research 

The rapid growth of infrastructure in the United Arab Emirates has caused a 

proportional growth in the transportation system. Bridges are considered to be primary 

elements in the transportation systems that require continuous monitoring and 

maintenance over time. Concrete bridge decks are exposed to deterioration; therefore, 

assessment from time to time is needed. Due to the lack of a defined inspection system in 

the UAE, there is a large incentive to adopt an effective technology. In general, the main 

problems facing bridge management are the lack of accuracy and variability of repair 

work. This variability is between deck deterioration estimations using traditional visual 

inspection techniques and the actual quantities of repair work that are required on a given 

bridge [14]. Recent surveys have showed that visual inspection is not effective in 

detecting bridge defects[15, 16]. Therefore visual inspection alone is not a reliable 

method for assessing bridge decks conditions. As a consequence, this research will help 

introduce a non-destructive technique that could be used to improve bridge inspections in 

the UAE. While most of the past research has been devoted to defect detection, there is a 

need to thoroughly investigate the effect of material variations and environmental 

conditions on GPR images. This work investigates mix variations, environmental 

conditions, and concrete maturity on the ability of GPR to detect defects. 

1.4 Research Objectives 

The purpose of this work is to evaluate the effectiveness of the GPR in assessing 

the conditions of reinforced concrete bridge decks. 

The main objectives of this research are: 

 Evaluate the effect of concrete mix variations and environmental conditions on 

the effectiveness of GPR in detecting common bridge deck defects. 

  Investigate the accuracy and repeatability of GPR to detect bridge deck defects. 
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  Improve the inspection process system in the UAE to reduce repair and 

maintenance costs. 

1.5 Organization of Thesis 

The manuscript is organized into the following chapters: 

 Chapter 1: Introduction. Gives an overview of the topics that form the 

background of the research, and sets out the context and aim of the project. 

 Chapter 2: Background. Presents a literature review and explains the general 

principle of GPR, GPR equipment, factors affecting GPR, features detected by 

GPR, advantages and limitations of GPR, models used to predict dielectric 

constant based on composite materials, and non-destructive testing using GPR. 

 Chapter 3: Experimental program. Describes the adopted research 

methodologies. Includes determination of bridge deck defects, preliminary data 

for small-scale specimens, large- scale specimen details, collection of data, 

processing of data. 

 Chapter 4: Results and discussion. Presents the results obtained from the 

experimental program. Discusses the detectability of equipment, effect of 

temperature, effect of concrete age, and effect of mix variation. Compares the 

dielectric constant from GPR and model. Also provides case study for a  Bridge in 

Ajman. 

 Chapter 5: Conclusions and recommendations. Provides the main key findings 

and general recommendations for future studies. 
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Chapter 2:  Background 

2.1 Principle of GPR 

 GPR is a non-destructive inspection technique that emits electromagnetic energy 

to obtain subsurface images of structures. This technique can identify subsurface features 

using wave reflections at different locations of the scanned surface [17]. The subsurface 

features that are detected by GPR are cracks, delaminations, honeycombing, voids and 

corrosion, and the location of reinforcement bars. 

The GPR mechanism depends on the electromagnetic energy emitted by the 

antenna of the system. As shown in Figure 1, this energy is transferred through the 

scanned surface in the form of radio frequency pulses, which are either absorbed or 

reflected at any discontinuity or different material configuration [18]. Certain factors such 

as the frequency of operation and the dielectric materials involved affect the energy 

reflected. This energy is transformed to visual images that provide data regarding the 

subsurface features after data processing and interpretation [19]. 

 

               Figure 1: Schematic Principle of Ground Penetrating Radar (GPR) [20]  

When the pulse penetrates a material with different properties, the energy is 

reflected back while the rest of the energy travels to the next interface until it disappears 
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[21]. No reflection will happen if the pulse encounters a homogeneous material in a 

certain layer [21]. The amplitude and arrival time of the reflected signals are recorded 

from the waveform display obtained using GPR. A continuous profile across the surface 

is obtained by repeating the measurements and moving the antenna across the structure. 

 

                            Figure 2: Emitted and Recorded Signal [22] 

Figure 2 shows the emitted and recorded signal developed by GPR. “Trace” is the 

term used to describe the signal recorded [22]. The horizontal axis represents the 

amplitude and the vertical axis is the time. If the velocity of the signal in the different 

materials is known, depths can be obtained. Radar data can be shown as radargrams 

which consist of many traces lined up according to their acquisition position in the 

direction of the antenna movement [22]. Many radargrams can be taken along the 

structure in order to obtain 3D data. For the subsurface exploration, there are certain 

limits to the GPR equipment which are penetration depth, depth resolution, and 

horizontal resolution. 

2.1.1 Penetration depth. 

There are certain factors that affect the maximum depth of penetration of GPR such as 

[23]: 

 The antenna efficiency and frequency 

 The velocity and attenuation of the signals 
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 The target cross-sectional area and back-scattering losses 

2.1.2 Depth resolution. 

 Several factors including the time the electromagnetic pulses take and the central 

frequency of the antenna affect the depth resolution, ∆d. In general, high frequency 

antennas generate higher depth resolution [23]. 

      2.1.3 Horizontal resolution. 

Horizontal resolution, ∆x, is the separation of two adjacent reflection centers. It 

depends on the depth on the material, the frequency, and the aperture of the antenna [23]. 

2.2 GPR Data  

An important component of GPR detection is the ability to process the data collected 

using the equipment in order to interpret the results to provide useful information. The 

processing of the data is obtained by GPR equipment and consists of four steps: data 

acquisition, data processing, data interpretation, and reporting [22]. 

2.2.1. Data acquisition. 

Data acquisition is mainly data collection using GPR equipment. Data collection can 

be done manually or using a mobile acquisition system. Using a mobile acquisition 

system has many advantages over collecting the data manually. Some of these advantages 

include faster data collection process and less obstruction to the flow of traffic [22]. 

2.2.2 Data processing. 

Data processing is a necessary stage which has certain goals including enhancing the 

signal/noise ratio using a band pass filter, adjusting the surface reflection to time/depth 

ratio, adjusting the position of reflection energy that was reflected sideways using 

migration, and amplifying signals depending on travel time using gain correction [22]. 

2.2.3 Data interpretation. 

Reflections within radar data are related to physical features within the structure 

under inspection. Additional information such as plans and details are needed to support 

the interpretation of radar data. There is also a radar processing software that can be 

utilized to interpret the data received from GPR. 

2.3 GPR Equipment 

 Figure 3 shows the main components of a GPR system. The GPR consists of three 

main parts: a main unit with a computer module and certain storage elements, a control 
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unit with a monitor, and an antenna/receiver that emits electromagnetic energy and 

receives reflected energy as well [23]. The control unit is the main operator interface that 

controls the general operation of the radar system by sending the received data to the data 

storage and display unit [23].  

 

Figure 3: SIR 3000 Radar System  

The antenna unit may consist of a single antenna or separate antennas for sending 

and receiving signals. Moreover, antennas can be either air-coupled or ground-coupled. 

Air-coupled antennas are suspended around 250 mm above the surface for operation [12, 

25]. However, ground-coupled antennas are placed on the ground surface [25]. The 

antenna size is affected by the radar operating frequency. In general, as the frequency 

increases, the size becomes smaller and the resolution increases. Hence, the depth of 

penetration decreases. 

 The radar consists of a transmitter and a receiver that are put in a shielded box 

reducing coupling with signals in the air [26]. As the antenna is moved across the 

scanned surface, the receiver detects signals that are reflected back at interfaces that have 

Control unit 

Antenna 

Survey wheel 

http://www.google.ae/url?sa=i&rct=j&q=sir+3000+gssi&source=images&cd=&docid=jD5WMTKkva5UBM&tbnid=jcwSgd6yQ74DQM:&ved=0CAUQjRw&url=http://x-zachgprservices.weebly.com/equipment-used.html&ei=0Zf3UdjYBomHrAe3j4EY&bvm=bv.49967636,d.dGI&psig=AFQjCNEyyXMQcXlpHVyic8UE53IEolr3rw&ust=1375267144604834
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different dielectric properties. Images of the reflected signals are generated by antenna 

dipoles to determine the subsurface features depending on their dielectric constant and 

electrical conductivity [27]. 

Radar frequency ranges between 15 MHz and 1.6 GHz for civil engineering 

applications, presenting a broad range of penetration depths. The higher is the frequency 

of the antenna, the lower the depth of penetration and the smaller the size and pulse 

duration [19].  

Typical characteristics of antennae are shown in Table 2. The characteristics of 

the antennae affect the depth of penetration of GPR, range resolution, and the quality of 

data [19, 21]. The higher is the frequency of the antenna, the shorter the penetration depth 

and the higher the resolution, resulting in a better quality of data.  

Table 2: Typical Characteristics of Antennae [19]  

No Frequency 

(MHz) 

Penetration  depth 

(m) 

Pulse duration 

(ns) 

1 1600 0.5 0.6 

2 1000 0.75 1.0 

3 900 2.0 1.1 

4 400 5.0 2.5 

5 200 9.0 5.0 

6 80 20.0 12.0 

7 40 40.0 25.0 

8 20 150.0 50.0 

9 15 200.0 60.0 

When the antenna is centered directly on top of  the rebar, the highest amplitude 

return for the area tested is obtained [16]. Therefore, when the surface under study is in 
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good condition, the amplitude will be the highest. On the other hand, the amplitude will 

be low when defects such as voids and corrosion are there. 

 2.4. Factors Affecting GPR Detection 

The factors that affect the detectability of GPR include: 

 Dielectric properties of the materials. 

 Size and location of the defect. 

2.4.1 Dielectric properties of the materials. 

Electromagnetic wave propagation through concrete depends on the dielectric 

properties of the materials. The dielectric properties of the materials affect the velocity of 

the electromagnetic pulses and the reflections intensity [24]. Electrical conductivity and 

dielectric permittivity affect the wave penetration into the material. Electromagnetic 

energy penetrates deeper in resistive materials (dry sand, ice, and dry concrete) than in 

conductive materials (wet concrete, salt water, and wet soil) [19]. The energy is hence 

absorbed by the conductive materials and hence does  penetrate shallowly [19]. Electrical 

conductivity is the inverse of resistivity. The electrical resistivity of concrete depends on 

several parameters which include the following: the degree of saturation, concrete 

porosity, and pore solution salinity. The electrical resistivity of concrete is calculated as 

shown in Eq. 2.1 [28]: 

                                            ρ= a -m
S

-n
ρw                  (Eq. 2.1) 

where ρ represents the electrical resistivity of concrete;   is concrete porosity; S is degree 

of saturation; ρ w represents electrical resistivity of the pore solution; a, m, n are 

parameters computed by regression on experimental data. 

Dielectric permittivity is the ability of a material to store energy. Lower dielectric 

values means faster travel time and deeper penetration [29]. In general, water raises a 

material’s dielectric constant; surveys should be done on dry material whenever it is 

possible. This relative dielectric constant is defined as the ratio of a material’s electrical 

permittivity to the electrical permittivity of air which is given by Eq 2.2[30]. 

𝛆r=𝛆/𝛆0                                     (Eq. 2.2) 
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where 𝛆r is relative dielectric constant ; 𝛆 is dielectric constant of the material in F/m; and 

𝛆0 is dielectric constant of air, which is 8.85x 10
-12

 F/m. 

The factors that affect permittivity are [31]:  

 Temperature of material 

 Moisture content of material 

 Salt content of material 

 Mix ingredients 

 Pulse frequency 

The propagation velocity is affected by the electromagnetic properties of materials 

and especially water content [32]. The velocity of electromagnetic pulses is calculated as 

in Eq. 2.2 [33]: 

v= c / 𝛆r0.5          (Eq. 2.3) 

where v is the  propagation velocity of electromagnetic pulse; c is the  speed of light in 

vacuum 3 x10
8
 m/s; 𝛆r is the relative dielectric permittivity. 

2.4.2 Size and location of defect. 

The size and location of the defect are important parameters that are taken into 

consideration when using a GPR system. The frequency of the antenna has an effect on 

the depth of penetration of the GPR. In general, a high frequency antenna can detect 

small defects at shallow depths. On the other hand, objects of a large size can be detected 

at greater depths by lower frequency antennae [21]. 

2.5 Features Detected by GPR 

 There are many subsurface features detected by GPR such as the location of steel 

bars, cracks, voids, delaminations, honeycombing, and corrosion. Steel reinforcement 

bars are illustrated as hyperbolas in GPR images. As shown in Figure 4, a series of 

hyperbolas are shown with few being not clear. Typically, locations that show weak 

reflection amplitude indicate deterioration. The top of the hyperbola represents the 

rebar’s exact location [34]. 
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Figure 4: Rebar Image in GPR [34] 

The time measured by GPR is the two-way travel time of electromagnetic pulses. 

It can be converted to the thickness of the layer given the propagation velocity in the 

layer. With the relation between distance and time, the depth to various defects can be 

calculated if the dielectric constant is known. The thickness of the concrete surface layer 

is calculated as in Eq. 2.4 [25]: 

                                                           Ha=c ∆t1/2 𝛆r0.5             (Eq. 2.4) 

where Ha represents  the  thickness of concrete surface layer; c is the speed of light in 

vacuum ; 𝛆r is  relative dielectric constant; ∆t1 is the  time interval between peaks (two 

way travel time). 

When using the GPR system, potential areas of deterioration usually appear as 

zones of signal attenuation [34]. As shown in Figure 5, the image shows a drop in the 

material dielectric properties which indicates the presence of a defect; hence, based on 

the reflection pattern obtained, it was interpreted to be a void. Other defects are detected 

in the same manner by obtaining the image and interpreting the data. For instance, a 

corroded rebar area has a lower dielectric constant than a normal rebar area, resulting in a 

weaker reflection [9]. In general, the amplitude of reflection and attenuation are measured 
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as an indication of concrete deterioration [34]. 

 

               Figure 5: Image Indicating Presence of Defect [25] 

Table 3 shows a summary of common bridge deck defects: delaminations, 

honeycombing, voids, cracks, and corrosion of steel bars.    

Table 3: Summary of Common Problems in Bridge Decks [1] 

Defect Definition Cause 

Delaminations Cracks at or above the level of 

reinforcement that influence the 

integrity of the structure. 

Corrosion of steel 

reinforcement, high amount 

of moisture. 

Honeycombing Presence of exposed coarse aggregate 

without enough concrete paste covering 

the aggregates, causing the presence of 

small holes. 

Poorly graded concrete mix 

and insufficient vibration at 

the time of placement. 

Cracks Breakage in concrete causing a 

discontinuity. 

Tensile forces caused by 

shrinkage, temperature 

changes, bending, loading, 

and chemical attacks. 

Voids Pores in concrete that contain water or 

air. 

Consolidation during 

construction. 

Corrosion Weakening of steel bars. Presence of conductive 

solution, corrosion agent. 
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2.6 Advantages and Limitations of GPR 

There are several advantages to the use of GPR including the following: 

 It is fast and not time consuming [18]. 

 It is portable [18]. 

 It is safe to apply and does not require safety precautions [35]. 

 It does not require closing the test location [35]. 

 It has high accuracy in detecting delaminations and voids. 

There are few limitations to the use of GPR: 

 The results obtained by GPR are complex and not easy to interpret; therefore, 

training is required to be able to interpret the results [1]. 

 In certain cases, it is difficult to interpret the return signal, and destructive 

methods such as coring or drilling might be needed to get the information [1]. 

 The equipment and training cost is high. However, this cost is recovered 

overtime. 

2.7 Models to Predict Dielectric Constant Based on Composites Materials 

There are different approaches that can be used to estimate the dielectric constant 

of a material. These include the following: equivalent media theory, Litchterecker rule, 

and complex refractive index method. 

2.7.1 Equivalent media theory. 

This approach links the composite dielectric constant of a composite material to 

its volume fraction. It considers that the composite dielectric constants of any composite 

material will differ with the combination of the individual dielectric and volume fractions 

of all components, and that a linear mixture of the material ingredients is enough to 

consistently differentiate between them [30]. It is calculated using Eq. 2.5: 

∑   
      

       

 
    = 0                        (Eq. 2.5) 

where n is the number of components in a composite material;   is volume fraction of 

component i,   is dielectric constant of component i, and   is composite dielectric 

constant. 
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2.7.2 Lichterecker mixing rule. 

The general Lichtercker mixing rule [36] can be written as shown in Eq. 2.6: 

𝛆m
α   

=Vh 𝛆h +Vl 𝛆l                                                 (Eq. 2.6) 

where, 𝛆l and 𝛆h are the relative dielectric constants of the high dielectric phase and low 

dielectric phase, respectively. Vh and Vl are the volume fractions of the high dielectric 

phase and low dielectric phase (Vh +Vl =1). 𝛆m is the effective dielectric constant of the 

composite, and α is a parameter that determines the type of mixing rule. There are three 

types of mixing rules: series shown in Eq. 2.7, parallel shown in Eq. 2.8, and logarithmic 

shown in Eq. 2.9. 

a) Series mixing rule (α=-1) 

                                 1/ 𝛆m =  Vh /𝛆h + Vl /𝛆l                                     (Eq. 2.7) 

b) Parallel mixing rule (α=1) 

𝛆m= Vh 𝛆h + Vl 𝛆l                                         (Eq. 2.8) 

c) Logarithmic mixing rule (α approaches 0) 

Log 𝛆m= Vh log 𝛆h + Vl log 𝛆l              (Eq. 2.9) 

Hashim and Shtrikman[36]  present permeability boundary for homogeneous and 

isotropic composites. The authors recommended lower and upper bound where a range 

can be established and used. The upper bound and lower bound are calculated as in Eq. 

2.10 and Eq. 2.11, respectively. 

𝛆m= 𝛆h   +   
  

 

     
 

  

   

.                         (Eq. 2.10) 

𝛆m= 𝛆l  +   
  

 

     
 

  
   

.                          (Eq. 2.11) 

2.7.3 Complex refractive index method. 

The complex refractive index method (CRIM) is based on the hypothesis that the 

complex refractive index for the mixture is given by the volume mean of the complex 

refractive indexes of the ingredients [37]. The relative dielectric constant for a given 

mixture can then be calculated using Eq. 2.12 and Eq. 2.13 as a volume average of the 

dielectric constant of the constituents. 
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ηt =c0√                        (Eq. 2.12) 

where, ηt is the refractive index of medium, c
o 

is the speed of light in vacuum = 3 x 10
8 

m/sec, μ
t 
is the permeability of the medium, ε

o 
is the dielectric permittivity of the vacuum 

= 8.854 x 10
-12 

F/m, and ε
r 
is the relative complex dielectric permittivity of the medium. 

       εr
0.5

= (1- ϕ) ε
m

0.5 + (1-S) ϕ εa
0.5+

 ϕ S ε
sw

0.5                (Eq. 2.13) 

where, φ is porosity of concrete = volume of voids/total volume of concrete; S is degree 

of saturation (volume of water/volume of voids); ε
m 

is relative dielectric permittivity of 

concrete solids ~ 5.0 (real) ; εa is  relative dielectric permittivity of air = 1.0 (real) ; ε
sw 

is  

relative complex permittivity of water; εr is relative dielectric permittivity of resulting 

concrete mixture = ε’+ iε’’. 

 The Equivalent media theory approach is used to estimate the dielectric constant 

for each specimen in all concrete mixes. Eq 2.5 is used in the investigation and results are 

compared to the test obtained from the experimental results. 

2.8 Factors Affecting Dielectric Properties 

Sbartai et al. [24], studied the effect of concrete moisture on radar signal 

amplitude. In the analysis of concrete structures at an early phase of deterioration, the 

detection of moisture content is necessary. The goal of the study was to investigate the 

effect of the degree of saturation, water to cement ratio (w/c), and volumetric water 

content on the variation of amplitudes for direct and reflected radar waves. Different 

concrete specimens were used with variable w/c of 0.5, 0.6, 0.7, and 0.78. Radar 

measurements were taken for 72 samples saturated at 0, 20, 40, 60, 80, and 100%. Test 

results indicated that as the degree of saturation increased; the amplitude of the direct and 

reflected waves decreased. This is due to the increase in complex permittivity present in 

concrete. Overall, there was good repeatability in the radar measurements, which was 

estimated using the coefficient of variation. Moreover, the statistical dispersion of the 

reflected wave amplitude was higher than that of the direct wave. For each degree of 

saturation, a link was established between the amplitude of direct and reflected waves. 

This proposes that the concrete moisture can be determined by the direct and reflected 

wave amplitudes. An empirical formula was also established that can be used to estimate 

the moisture content of concrete. 
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Viriyametanont et al. [27], showed experimental results on the effect of  concrete  

properties on time zero and the  velocity of  direct and reflected waves by ground coupled 

radar. Experiments in the lab were done on concrete specimens that included different 

porosities, water contents, and steel-reinforcing bars depths. The research results prove 

that the propagation velocity of both the direct waves and the reflected waves is the same. 

Consequently, the concrete porosity and water content have an effect on the time position 

of the direct wave which is not constant. The research suggests the application of a delay 

correction consistent with the direct wave travel time, and taking into consideration the 

transmitter-receiver offset as well as the propagation velocity of radar waves in concrete 

for the improvement of delay measurements. 

Lee et al. [30] established the ability of a new non-destructive idea for finding the 

free water content and checked its applicability for Portland cement concrete mixtures. A 

volumetric relationship approach was used to approximate the volume fraction of the 

diverse stages that make up concrete hardening. The use of the approach was validated by 

comparing the results with the data from lab tests. 

Evans et al. [38] presented an investigation of pavement material specimens under 

controlled conditions, using GPR. The effect of variations in material moisture and 

temperature on the dielectric constant, and hence the signals from GPR, was studied. 

Specimens of bituminous material collected from highway pavement sites were used to 

conduct many laboratory tests where the temperature of the material was controlled in the 

range from -5 to +45 ˚C. At the same time, the dielectric constant and GPR signal 

velocity were determined. Also, the materials’ dielectric constant and signal velocity 

were obtained under dry and soaked moisture conditions. The effect of changes in 

material temperature and moisture conditions on the reaction of data obtained during 

GPR investigations was evaluated. The results of the testing concluded that both moisture 

and temperature can have a great effect on the data obtained from GPR data of pavement 

structures. 

Wen and Chyung [39] focused on the effect of admixtures, including fibers, latex, 

and silica fumes. The relative dielectric constant of cement paste at 10 kHz-1MHz 

reduced with the addition of silica fume from 29 to 21 at 10 kHz and the increase of steel 

fiber from 29 to 20 at 10 kHz. This is due to the volume taken by these admixtures 
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instead of cement. It was greater than before by the addition of latex from 29 to 35 at 10 

kHz, and by the adding up carbon fiber from 21 to 54 due to the interface between 

cement and these admixtures. The relative dielectric constant decreased from 54 to 49 at 

10 kHz due to the increase of the carbon fiber content more than the percolation threshold 

Soutos et al. [40] studied the influence of concrete strength and cement 

replacements like pulverized fuel ash and ground-granulated blast furnace slag on the 

dielectric properties of concrete. An experimental study was done to find the possible 

differences in the dielectric properties of concrete mixes. It was concluded that 

differences due to mix constituents or strength level had a small influence compared to 

the effects of moisture except when steel fibers or honeycombing were placed. The 

influences on permittivity were, however, smaller than those on conductivity. It was also 

deduced that with decreasing free moisture content, relative permittivity and conductivity 

were both reduced. For instance, steel fibers raise both permittivity and conductivity. 

Lai et al. [33] studied the connection between lightweight concrete and normal 

weight concrete properties, and radar wave properties using GPR. After 90 days of 

curing, the material properties changed due to effects in cement hydration, different 

aggregate types, and w/c ratios. It was found that the real permittivity changed in the 

cement hydration phase due to the process of turning free water to absorbed water. 

Moreover, real permittivity decreased at a faster rate and delayed transition points in 

comparison to normal weight concrete. This is mainly due to the porous nature and 

bleeding process happening in lightweight concrete. Furthermore, free water was 

consumed to decrease real permittivity, and increase wave energy levels, in all specimens 

during cement hydration process. In general, w/c ratios in both lightweight concrete and 

normal weight concrete mixes had an effect on real permittivity. Other mix ingredients, 

such as cement content and other contents did not affect real permittivity and levels of 

wave energy; because during the cement hydration, these factors did not include both 

water, and the mechanism of turning free water to absorbed water. 

Klysz et al. [6] evaluated the dielectric properties of concrete with different 

degrees of saturation using a numerical FDTD model of a GPR-coupled antenna. For the 

different concrete mixes at variable degrees of saturation, the permittivity and 

conductivity acquired by simulation and measurement were correlated and were 
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comparable with those in the literature. In addition, the values of permittivity deduced 

from the simulations and the speed measurements were similar. However, at lower water 

contents; the values were different to some extent. A parametric study was also done 

when the antenna is coupled with concrete to investigate the wave propagation. 

Furthermore, a linear relationship was established between conductivity and simulated 

permittivity versus volumetric water contents for the two concrete specimens under 

investigation. Thus, conductivity and permittivity did not seem to relate to the porosity. 

2.9 Nondestructive Testing using GPR 

Solla et al. [3] evaluated the medieval Traba bridge northwest of Spain with GPR 

to evaluate its condition from historical, archaeological, and structural considerations. 

This bridge was tested by using antennas with 250 and 500 MHz. A numerical modeling 

was used to help in interpretation of data. Finite difference time domain method was used 

for the numerical analysis of GPR data. Moreover, synthetic models were produced based 

on the geometrical details of the bridges using the three dimensional laser scanning 

methods. The numerical modeling of GPR allowed the researchers to investigate the 

qualities of reflected signals from different targets within the structure of the bridge. Test 

results using GPR exposed unknown details in the bridge interior, and a possible interior 

cavity in one of the piers. This information is valuable for engineers to verify the 

structural stability and health condition of the bridge. 

Chen and Wimsatt [25] presented the results of GPR surveys on three field 

projects. This was done to demonstrate its application for void and anomaly detection. 

400-MHz ground-coupled penetrating radar was used to characterize the subsurface 

conditions of three roadway pavements. The extents of the anomalies in horizontal and 

vertical directions were detectable in GPR images. Coring, boring, and lab testing were 

used to verify the results obtained by GPR. A 1.8 m-deep void and a 1.8m x 4.6m x 3.7 m 

void were identified by the equipment. This study demonstrated that GPR can identify 

voids; therefore, engineers could utilize it for corrective actions. 

Shah and Ribakov [11] used non-destructive testing to allow for the assessment of 

concrete structure conditions. The experimental procedure considered the dynamic 

response of defective concrete structures subjected to impact loading and on interpreting 

the ability of the resistivity measurement to detect and locate cracks and spalling in 
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defective concrete slab. Experimental tests taken for the concrete specimens including 

artificial defects and cracks with varying lengths and depths were compared. Comparison 

was done between the experimental and analytical results to prove that the proposed 

method is an effective tool allowing evaluation and revealing structural damage. 

Huston et al. [2] studied the possibility of using multiple non-destructive 

evaluation techniques for the  assessment of  the subsurface damage conditions of 

reinforced concrete bridge decks . This study compared the sensing data from multiple 

sensor methods used in bridge deck specimens experiencing accelerated degradation in 

the laboratory. The sensors included multichannel ultrasound, ground-penetrating radar, 

anode ladder, inductive rebar heating with infrared imaging, and half-cell electrochemical 

potential. This study also investigated the effect on sensor signals during different stages 

and bridge degradations. Different effects on the sensors are produced by corroded bars, 

cracking around rebars, and delamination. For instance, corrosion and water chloride 

contamination results in a strong absorption of radar waves nevertheless produce small 

changes in ultrasound and chain drag tests. On the other hand, air-filled delaminations are 

difficult to detect with GPR, but are easily detected with chain drag and impact echo. The 

critical goal is to create an automated, easy-to-use multisensory bridge deck assessment 

system. 

 Yehia et al [41] showed the potential of using GPR as a non-destructive technique 

for bridge deck inspection. GPR scans were interpreted, evaluated and compared with the 

results obtained from the chain drag equipment. Bridge coring was done for verification 

and comparison was conducted between the actual coring samples and results from the 

used inspection equipments. Results from coring showed the ability of GPR in locating 

deteriorated areas with potential delaminations. Moreover, the depths for the deteriorated 

areas obtained from GPR images were calculated. 

2.10 Summary 

 From literature review, the factors affecting GPR, the advantages and limitations 

of GPR, and the common bridge deck defects were determined. In addition, the 

equivalent media theory model based on composite materials was used in the 

experimental investigation of the study to estimate the dielectric constant of each 

specimen in all concrete mixes. 
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Chapter 3: Experimental Program 

3.1 Scope 

The objective of the experimental study is to investigate the ability of the GPR to 

detect bridge deck defects in terms of accuracy and repeatability. In this research, an 

experimental study was conducted to investigate the effect of mix variation, 

environmental conditions, and concrete maturity on GPR outputs. The experimental 

investigation consists of several parts: determination of bridge deck defects, small-scale 

specimen data, large-scale specimen data, and collection of data.  

3.2 Bridge Deck Defects 

Typical bridge deck defects were determined from several surveys conducted in 

the literature review. Based on defects discussed before, the following bridge defects 

were used: delaminations, honeycombing, voids, cracks, and corrosion of steel bars.    

3.3 Preliminary Data 

3.3.1. Small-scale specimen details. 

In the laboratory, three concrete specimens were prepared to determine the 

detection limits of GPR. The specimens were 55 cm x 55 cm with a thickness of 12 cm, 

and a concrete cover of 1.5 cm. One layer of steel mesh of 12 mm bars in diameter was 

spaced at 10 cm in both directions of the specimen, and located at 10 cm depth.  

Each specimen consisted of two simulated defects: delamination and void. 

Delamination was simulated using styrofoam as shown in Figure 6, while void was 

simulated using polyvinyl chloride pipes (PVC) as shown in Figure 7. The PVC pipes 

were sealed with silicon in order to prevent concrete from closing the void. 

 

Figure 6: Delamination Simulation 

Delamination 
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                Figure 7: Void Simulation 

For each specimen, the same location and size of defects were used. Table 4 

shows the size and location from the center of the defect to the center of the bottom steel 

bar in the mesh for each defect. Delamination was 10 cm x 10 cm x 4 cm placed at 5 cm, 

while the void was 4 cm in diameter and 10 cm in length and was also placed at a depth 

of 5 cm. Even if delamination was too thick, the main goal was to detect the defects using 

GPR. 

Table 4: Size and Location of Defects 

 

 

3.3.2 Concrete mixes. 

Each of the three specimens was casted using a different concrete mix in order to 

study the effects of such variations on the GPR images. The three concrete mixes that 

were used were lightweight concrete (LWC), self-consolidated concrete (SCC) and self-

consolidated concrete (synthetic fiber SCC). The variation in mix constituents, aggregate 

size, and type was expected to cause a difference in the dielectric constant which affects 

the GPR images.

Defect 

Size 

(cm) 

Location from bottom surface 

(cm) 

Delamination 10x10x4 5 

Void 10x4 5 

Void 
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3.3.3 Preliminary results. 

GPR images were collected in 3D and 2D mode; the defects that were placed in the 

specimens were clearly detected as shown in Figure 8. An overview of the specimen is shown in 

Figure 9(b).  It can be observed that in the LWC mix shown in Figure 9, the void, which is 4 cm 

in diameter, is located at 5.5 cm, while the delamination, which is 10 cm x 10 cm x 4 cm, is 

located at 5.5 cm. Similar results for induced delaminations and voids were obtained for the SCC 

and synthetic fiber SCC mix as shown in Figures 10 and 11. 

                                                   

 

Figure 8: GPR Scan of Synthetic Fiber SCC Mix 

   

 

Figure 9: GPR Scan for LWC Mix Specimen  

(a) Void (b) Delamination 

Void Delamination 

(b) Location of Defects in Specimen 

Delamination 

Void 

Void 

Delamination 

(a) 3D Image 

(c) No defects 

Steel bars 
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Figure 10: GPR Scan for SCC Mix Specimen  

       

 

Figure 11: GPR Scan for Synthetic Fiber SCC Mix Specimen  

3.4 Large-scale Specimen Details 

3.4.1 Formwork. 

The formwork was prepared and designed by the Arabian Construction Company. It was 

also delivered to the testing facility. Figure 12 shows a section view of the specimen formwork 

that was used.  

Void 

Delamination 

Void 
Delamination 

(a) 3D Image (b) Void (c) Delamination 

(a) 3D Image (b) Void (c) Delamination 

Delamination 

Void 

Delamination 

Void 
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Figure 12: Section View of the Formwork 

3.4.2 Preparation of specimen. 

  Sixteen concrete specimens were prepared in the laboratory to determine the potential 

detection of typical concrete bridge defects with GPR equipment. The specimens were square in 

dimension, 1.22m x 1.22m, with a thickness of 203 mm, and a concrete cover of 25 mm. A steel 

mesh of 10 mm bars in diameter was spaced at 127mm and run in both directions of the 

specimen. Figures 13 and 14 show the cross-section details of one layer of steel specimen and 

two layers of steel specimen, respectively. Eight concrete specimens consisted of one layer of 

steel while the remaining eight specimens consisted of two layers of steel. An overview of one-

layer reinforcement and two-layer reinforcement specimens is shown in Figures 15 and 16, 

respectively.  

 

Figure 13: Cross Section for One Layer of Steel Specimen 
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Figure 14: Cross Section for Two Layers of Steel Specimen 

 

Figure 15: One Layer of Steel Specimen 

Steel mesh 

Spacer 
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Figure 16: Two Layers of Steel Specimen 

3.4.3 Simulation of defects. 

Eight 1.22m x 1.22m x 0.2 m slabs were simulated with different defects including voids, 

cracks, delaminations, honeycombing, and corrosion. However, the remaining eight specimens 

were non-defected specimens. After the preparation of the specimens, a search for suitable 

materials for simulation was conducted. Each defect was simulated using a different approach. 

 Crack simulation:  

Sheets of cartons were used to simulate cracks as shown in Figure 17.  Sheets of cartons 

of different thicknesses were used to simulate cracks in the specimen with variable 

thicknesses of 0.25 cm, 0.5 cm, 1 cm, and 1.5 cm. 

 

Figure 17: Cracks Simulated by Carton Sheets 

Length 

Width 
Thickness 

Chair 

Steel mesh 

Spacer 
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 Voids simulation:  

Voids were simulated using polyvinyl chloride (PVC) pipes, as shown in Figure 18, that 

were sealed using silicon to keep them free of mortar. Five voids were placed in the 

horizontal direction while the remaining two voids were placed in the vertical direction.  

 

 

 

 

 

 

 

 

 

Figure 18: Horizontal voids Simulated by PVC Pipes 

 Delamination simulation:  

Styrofoam blocks were used to simulate delamination as shown in Figure 19. 

 

Figure 19: Delaminations Simulated Using Styrofoam 
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 Corrosion simulation: 

Corroded bars 12 mm in diameter and 10 cm in length were used to simulate corrosion. 

Corroded bars were placed at 16 cm in one layer of steel specimen and at 4 cm in two 

layers of steel specimen, respectively. A corroded bar 12mm in diameter and 10 cm in 

length were used to simulate corrosion as shown in Figure 20. 

 

                                                    Figure 20: Corroded Bar 

 Honeycombing simulation:  

Bubble sheets of an approximate size of 20 cm x 20 cm x 20 cm were used to simulate 

honeycombing as shown in Figure 21.  

 

                                 Figure 21: Big Bubble Sheet to Simulate Honeycombing 

  

Length 

Length 

Width 
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 Missing bar simulation: 

As shown in Figure 22, for one layer of steel specimen, the bottom missing bar was cut; 

however, for two layers of steel specimen, the top bar was cut. 

 

 

                                                                                     Figure 22: Missing Bar 

Two main parameters were taken into consideration when simulating the defects in the 

specimen: the depth of the defect and the size of the defect. The defects were placed at different 

depths in order to assess the applicability of using GPR to detect bridge deck defects. Different 

sizes of defects were used to test the ability of GPR to identify such defects. Each of the 

simulated specimens contained delaminations, voids, cracks, corrosion, and honeycombing.  

Tables 5, 6, 7 provide information regarding the size and depth of the simulated delaminations, 

voids, and cracks, respectively. 

Table 5: Size and Location of Delaminations 

Defect ID Length 

(cm) 

Width 

(cm) 

Height 

(cm) 

Depth 

(cm) 

Location 

(cm) 

x y 

D1 5 5 1 10.5 42.1 54.7 

D2 4 4 0.5 14.75 104.8 54.7 

D3 2 3 2 10 29.6 104.9 

D4 1.5 1.5 1.5 9 28 103 

Cut bar 
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Table 6: Size and Location of Voids 

Defect 

ID 

Diameter 

(cm) 

Length 

(cm) 

Depth 

(cm) 

Location 

(cm) 

x y 

V1 3.8 10.16 4.2 17.0 17.0 

V2 1.9 10.16 5.2 29.6 17.0 

V3 2.54 10.16 12 42.2 22.2 

V4 3.8 2.54 12.5 67.1 17.4 

V5 1.27 10.16 13.2 76.6 17.2 

V6 1.27 2.54 1.2 104.7 17.4 

V7 1.9 2.54 3 104.7 29.6 

Table 7: Size and Location of Cracks 

Defect ID Length 

(cm) 

Width 

(cm) 

Thickness 

(cm) 

Depth 

(cm) 

Location 

(cm) 

x y 

C1 10.16 3 0.25 7.5 92.4 73.3 

C2 10.16 3 0.5 13 80.0 73.3 

C3 10.16 3 1 7.8 54.5 73.3 

C4 10.16 3 1.5 14 41.9 73.3 

Figure 23 shows a schematic diagram for the induced defects in the defected specimens. 

It illustrates the location of each defect as well as its corresponding defect ID.  Voids are 

represented as (V1,V2,V3,V4,V5,V6,V7), delaminations are represented as (D1,D2,D3,D4), 

cracks are represented as (C1,C2,C3,C4), honeycombing is represented as (E2,E3), corrosion is 
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represented as (E1), and missing bar is represented as (M1). In addition, Table 5-7 indicates the 

location of each defect in both the x and y directions from a reference point A. 

                                            

                                      Figure 23: Schematic Diagram for Induced Defects 
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3.4.4 Concrete mixes. 

Different concrete mixes were used in casting the sixteen specimens in order to study the 

effects of such variations on the GPR signals. This variation is expected due to the difference in 

mix ingredients, aggregate gradations, w/c ratio, and aggregate type. The four concrete mixes 

were normal weight concrete (NWC), lightweight concrete (LWC), self-consolidated concrete 

(SCC), and high-strength concrete (HSC).  

Four specimens were used to represent each mix. In addition, out of those four 

specimens, two were used to simulate internal bridge defects while the other two were used as 

control specimens with no defects included. Table 8 summarizes the specimen labeling. The 

following labels were used to represent the samples. 1RD represents one layer of steel specimen 

with defects, 2RD represents two layers of steel specimen with defects, 1RN represents one layer 

of steel specimen with no defects, and 2RN represents two layers of steel specimen with no 

defects. The unit weight (kg/m
3
) represented by (Wt) and volumetric fractions represented by 

(Vr) of constituents in each mix are shown in Table 9. 

Table 8: Specimen Labeling 

Mix Specimen 

NWC 1RN,2RN,1RD,2RD 

HSC 1RN,2RN,1RD,2RD 

SCC 1RN,2RN,1RD,2RD 

LWC 1RN,2RN,1RD,2RD 
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Table 9: Constituents of Each Mix 

 Ingredients  NWC HCC SCC LWC 

Lytag Wt (kg/m
3
) - - - 515 

Vr - - - 0.367 

10 mm Coarse 

Aggregate 

Wt (kg/m
3
) 340 360 801 - 

Vr 0.137 0.157 0.291 - 

20 mm Coarse 

Aggregate 

Wt (kg/m
3
) 650 550 - - 

Vr 0.261 0.241 - - 

Dune Sand Wt (kg/m
3
) 290 350 468 316 

Vr 0.116 0.152 0.169 0.118 

Washed Sand Wt (kg/m
3
) 570 600 - 350 

Vr 0.105 0.120 - 0.06 

Crushed Sand Wt (kg/m
3
) - - 364 - 

Vr - - 0.131 - 

Cement Wt (kg/m
3
) 136 440 408 405 

Vr 0.044 0.156 0.121 0.124 

GGBS Wt (kg/m
3
) 264 - - - 

Vr 0.094 - - - 

Silica Fume Wt (kg/m
3
) 20 - 122 105 

Vr 0.009 - 0.051 0.046 

Water Wt (kg/m
3
) 164 154 185 230 

Vr 0.169 0.172 0.172 0.222 

Ice Wt (kg/m
3
) 53.5 - 61.5 60.8 

Vr 0.055 - 0.057 0.059 

Admixture Wt (kg/m
3
) 9.6 1.2 7.42 5 

Vr 0.01 0.001 0.007 0.005 
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3.4.5 Sample casting and curing. 

  Compaction was done using a mechanical vibrator whenever it was necessary for NWC 

and HSC. However, SCC and LWC mix did not need vibration since the mix was flowable. As 

shown in Figure 24, damp burlap was used for curing. The formwork was detached 24 hours 

after casting. In addition, GPR images were collected for each specimen with a certain testing 

sequence which will be discussed in Section 3.5.2. 

 

Figure 24: Curing Specimen 

3.4.6 Concrete leveling adjustment. 

 Adjusting the thickness of each concrete specimen was necessary since the concrete 

level was not even within certain areas in the specimen in comparison to the as built drawings. 

Therefore, the following procedure was followed to account for the difference in concrete 

leveling. The thickness of each specimen was measured at 4 corner points and the equation of the 

slope of each line was obtained. Using these equations, the thickness of the specimen was 

calculated and further calculations such as steel depth were corrected accordingly. 

Figure 25 shows an example of the procedure followed to correct the defect’s location. 

The thickness at points A, B,  C, D is 19 cm, 20 cm, 18 cm, and 18 cm respectively. The equation 
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of lines 1-6 obtained is shown in Eq. 3.1-3.6. After that, the thickness was calculated and steel 

bars and defect’s location was estimated. 

 

    

 

  
 

  
 

 

  

 
 

 

Figure 25: Sample of Level Adjustment  

y=0.8197x+19                                (Eq. 3.1) 

y=-1.6393x+20                               (Eq. 3.2) 

y=-0.8197x+19                               (Eq.3.3) 

y=18                                                (Eq.3.4) 

y=1.1628x+18                                (Eq.3.5) 

y=-0.5814x+19                               (Eq.3.6) 

3.5 Collection of Data 

3.5.1 GPR equipment. 

A search was conducted for available GPR equipment in the market. There are several 

commercial manufacturers such as Mala (Sweden), GSSI (USA), Penetradar (USA), Sensors and 

Softwares (Canada), and Utsi Electronics (UK).  The most suitable equipment was selected and 

ordered. The radar equipment that was used in this research is the Structure Scan Mini System 

developed by Geophysical Survey System, Inc. This manufacturer was chosen mainly based on 

the antenna frequency and resolution it provides. Figure 26 shows the system, which is a 

complete all-in-one unit which consists of a control unit, 1.6 GHz antenna as well as a survey 

A B 

C D 

Line 1 

Line 2 
Line 3 

Line 4 

Line 5 

Line 6 
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wheel. The 1.6 GHz antenna penetrates up to 50 cm deep. Such an antenna frequency was 

chosen due to the high resolution it provides and due to the small dimensions it detects [42].         

 

Figure 26: Structure Scan Mini System 

The equipment is handheld so it can be moved easily along the surface of the structure 

under inspection. As the equipment is moved, the antenna detects signals that are reflected back 

at interfaces with different dielectric properties. Images of the reflected signals are shown on the 

display screen to determine the subsurface features. RADAN software is used to process, view, 

and document the data collected by the equipment. Some of the key system data features are 

listed in Table 10 below: 

Table 10: Equipment Specifications 

Display 5.7”, full color 

Display modes 3D,2D 

Time range 0-8000 nanoseconds 

Operating temperature -10 ºC to 40ºC 

Battery 10.8VDC, internal, 2.5 hours operation 

Environmental conditions Water resistant 

3.5.2 Technique 

Data collection was carried out using the Structure Mini Scan Radar System. Each 

specimen was divided into 16 zones consisting of a 30 cm x 30 cm grid each as shown in Figure 

27. GPR data was collected in 3D mode for each zone within the specimen. GPR images were 
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taken after 7 days of casting concrete and then on a weekly basis for a period of 1 month. 

Following that, GPR images were collected on a monthly basis. American Society for Testing 

and Materials (ASTM) guidelines were followed for collecting data using GPR [43]: 

 Mark the scan lines to be surveyed 

 Determine the number of scans per unit distance 

 Set up the GPR system before the survey 

 Calibrate the GPR system based on the dielectric constant 

 Traverse the radar antenna along the scan lines to be tested 

 

                                         Figure 27: Division of Zones 

The calibration of the equipment was done by adjusting the dielectric constant. GPR was 

passed along the survey line where the depth of steel was recorded and compared to the as-built 
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measurements. The dielectric constant was adjusted several times until the depth of steel 

matched the as built location of steel. 

At the time of data collection for all mix specimens, environmental conditions, which 

include temperature, humidity, and wind speed were recorded. Table 11 shows the average 

environmental conditions from December to May when data was collected. 

Table 11: Environmental Conditions For Years 2012-2013 

Conditions December January February March April May 

Temperature 24˚C 26 ˚C 28 ˚C 33 ˚C 37 ˚C 39 ˚C 

Wind speed 6 km/hr 10 km/hr 19 km/hr 12 km/hr 12 km/hr 15km/hr 

Humidity 47% 50% 55% 56% 53% 58% 

 

Table 12 shows the expected defects to be detected by GPR from Zone 1 to Zone 16. For 

example, in Zone 1 it is expected to see Void V1 and Void V2. 

Table 12: Expected Defects in Each Zone 

Zones Defects Zones Defects 

1 V1,V2 9 D4,C4 

2 V2,V3 10 C3,C4 

3 V4,V5 11 C1,C2 

4 V6,V7 12 E1 

5 No defects 13 D3 

6 D1 14 D3 

7 E3 15 M1 

8 V7,D2 16 E2 
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3.6 Processing of Data 

For all collected GPR images, data was analyzed automatically by using post-processing 

software called RADAN that is provided with the equipment. The following are the common 

steps used for processing: time-zero correction, background removal, filter application, 

migration, and visual gain adjustment. 

3.6.1 Time zero correction. 

This step is done to adjust the profile position in the data in order to ensure correct depth 

calculation. The first positive peak of the direct wave from the antenna is centered at the top edge 

of the screen so that the ground surface is at the top of the window at time zero is considered. 

Figure 28 shows an example of GPR data before and after time zero correction, respectively. A 

corrected zero position gives a more accurate depth calculation because it sets the top of the scan 

to a close approximation of the ground surface. 

                   

                                              

Figure 28: Example of Time Zero Correction 

(a) Before Time Zero Correction (b) Positioning of Peak 

1
st
 positive peak 

(c) After Time Zero Correction 
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3.6.2 Background removal. 

This step is done to remove bands of ringing noise. Low frequency features in the data 

are removed such as antenna ringing. The filter length is set to the number of scans equal to the 

feature length to be removed. For the background removal type, a full pass is used to remove the 

horizontal noise throughout the entire profile of the scan range and the end scan number is used 

instead. Figure 29 shows an example of the horizontal noise that was removed using background 

removal. 

 

Figure 29: Background Removal 

3.6.3 Filter application. 

Filter application is a trial-and-error process. There are horizontal and vertical filters. The 

number of channels to be 1 is entered. Then, the type to be background removal is selected. For 

Horizontal noise to be  

removed 
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the length, the number of scans to be filtered is entered. For the low-pass vertical filters, the low-

pass frequency is entered in MHz. For the high-pass vertical filters, the high pass frequency is 

entered in MHz. Recommended values by manufacturer were used for low pass and high pass 

filters. For the samples, the starting and ending samples are entered where the filters are to be 

applied.  

3.6.4 Migration. 

 The shape of the ghost hyperbola is adjusted to match the shape of real hyperbola. As the 

shape of the hyperbola is changed, the velocity also changes. The ghost hyperbola is used as a 

method to help in identifying the correct velocity of the material. Figure 30 shows a processed 

image using migration. 

 

                                                  Figure 30: Migration  

3.6.5 Visual gain adjustment. 

 Gain is selected from a preset list of multiples ranging from -6 to 60. This changes all 

samples, no matter what they are in the pulse, by the same amount. Trying different values in the 

display gain makes it easier to target lower amplitude objects. 
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Chapter 4: Results and Discussion 

4.1 Detectability of Equipment 

4.1.1 Non-defected specimen. 

Steel reinforcement bars are the main elements in concrete non-defected specimens. 

When the antenna crosses a rebar target at a right angle, the resulting image is an inverted U or V 

(hyperbola). This happens due to the wide cone shape of the radiated antenna beam, causing the 

radar to see the target in several scans before and after that position. The hyperbola shape reveals 

the antenna approaching the target and going away from it. Its summit represents the location of 

the target.  

4.1.1.1 One layer of reinforcement. 

For the non-defected specimens, steel bars were located by the equipment for 1R 

specimens. Figure 31 shows the 2D scan for a 1RN specimen of the NWC mix. It can be 

observed that the very first signal in a scan, “direct coupling between transmitter and receiver,” 

is represented by a straight horizontal black band. It is a combination of the transmit pulse in the 

air and the surface reflection from the top of the material. It arrives at the receiver before the 

signal penetrates into the material, so the direct coupling carries little information about the 

structure. It is used to identify the surface position in a scan. Steel bars denoted by hyperbolas 

were detected at 16 cm from the concrete surface. Figure 32 shows the scan direction of GPR 

and steel bars located in a 1RN specimen. 

 

Figure 31: 1RN Specimen 

Steel bars 

Direct coupling 
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Figure 32: Sample for Scan Direction 

4.1.1.2 Two layers of reinforcement. 

Figure 33 shows the GPR scan for a 2R specimen in the NWC mix. As indicated in the 

figure, the bottom steel mesh consisting of 10 bars was located at 17 cm while the top steel mesh 

consisting of 10 bars was located at 3 cm. The top bars are clear; however the bottom bars, which 

are located directly under the top bar, were harder to see because a larger portion of the 

transmitted signal reflected off of the top bar and did not reach the bottom bars. GPR scans for 

both 1R and 2R specimens with different mixes are presented in (Appendix A part A).  

 

 

 

 

 

Figure 33: 2RN Specimen for NWC Mix 

Top mesh 

Bottom mesh 

Scan direction 

(a) Scan Direction of GPR 

(b) Steel Mesh in 1RN Specimen 
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4.1.2. Defected specimen. 

4.1.2.1 One layer of reinforcement. 

GPR was able to detect all the delaminations in all 1R specimens. On the other hand, 

some voids in 1R specimens were not detected since they were either shallow or had small 

diameters. For example, voids V5 and V6 were not detectable as void V5 was 13.5 cm deep and 

was 1.27 cm in diameter, and void V6 was 1.5 cm deep and 1.27 cm in diameter. GPR was also 

able to detect the presence of cracks in all 1R specimens. Figure 34 shows an example of a scan 

taken for the SCC mix for a 1R specimen. It can be observed that void V3 is located at 12 cm, 

while void V7 is located at 3.5 cm seen in Figure 35. The steel bars are also shown at a depth of 

16 cm.  An air-filled void had a strong reflection, but appeared as a reflection with a black-white-

black sequence of colors. This is because the radar energy was moving into a material with a 

lower dielectric than the concrete. Air has a dielectric of 1. Metal objects produce strong clear 

reflections, while a PVC pipe reflection, for example, will have the same shape, but a much 

lower amplitude, and thus a weaker-looking image. GPR scans showing detectable defects for 

1R specimens are presented in (Appendix A part B). 

 

Figure 34: GPR Scan for One Layer of Steel Specimen for SCC Mix 

Void V3 

Void V7 

Steel mesh 
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Figure 35: Void V3 and Void V7 in 1R Specimen 

4.1.2.2 Two layers of reinforcement. 

For 2R specimen, all delaminations were detected by the GPR. Figure 36 shows 2D scan 

for 2R specimen in the HSC mix. Figure 37 shows Delamination D1 (5 cm x 5 cm x 1 cm)  is 

located at 10 cm, and delamination D2 (4 cm x 4 cm x 0.5 cm)  is located at 12.5 cm. GPR was 

not able to detect void V5 which is 1.27 cm in diameter and was placed at 13.5 cm from the 

concrete surface. This was due to the fact that it was placed under a steel layer, which masked its 

response. Moreover, void V6 which is 1.27 cm in diameter and was placed at 2 cm from the 

surface was not detected due to its small diameter. In addition, GPR showed poor ability to 

detect cracks C1 and C2 which had small thicknesses of 0.25cm and 0.5 cm, respectively; 

therefore it was not easy for the GPR to sense their presence due to the congestion of steel in that 

location. Maierhofer [23]suggests that when there is excessive congestion of steel, pulses are 

totally reflected with no penetration in the element so definitive results cannot be supplied. 

Furthermore, the honeycombing that was introduced to the specimens close to the surface was 

not detected, suggesting that the GPR is not an appropriate method for the detection of such 

types of defects [23].  

Void V3 

Void V7 
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          Figure 36: GPR Scan for Two Layers of Steel Specimen for HSC Mix 

 

 

       Figure 37: Delamination D2, Delamination D2 in 2R Specimen 

4.1.3 Summary. 

Table 13 shows a summary of the testing done on each of the defective simulated 

specimens. For 1R specimens, voids (V5, V6), and honeycombing (E2, E3) were not detected. 

For 2R specimens, cracks (C1, C2), voids (V4, V5, V6), and honeycombing (E2, E3) were not 

detected. 

  

Delamination D1 

Delamination D2 

Delamination D1 Delamination D2 
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Table 13: Summary of the GPR Test Results 

Defect Defect  

ID 

NWC 

 

HSC SCC LWC 

1R 2R 1R 2R 1R 2R 1R 2R 

 D1         

Delaminations D2         

 D3         

 D4         

 C1  X  X  X  X 

Cracks C2  X  X  X  X 

 C3 

C4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 V1         

 V2         

Voids V3         

 V4  X  X  X  X 

 V5 X X X X X X X X 

 V6 X X X X X X X X 

 V7         

Corrosion E1         

Honeycombing E2 X X X X X X X X 

Missing bar M1         

Note:: detected; X : not detected; 1R: one layer of steel specimen; 2R: two layers of steel specimen 
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Table 14 shows the percentage accuracy of GPR in detecting each defect for each 

specimen mix. Delaminations in each specimen were detected with high depth calculation 

accuracy between 90% and 94% of the actual depth. Corrosion was detected with depth accuracy 

higher than 93%. In addition, cracks had a percentage accuracy of 85% and 94%. Moreover, 

voids were detected with a depth calculation accuracy ranging between 83% and 89%.  

Table 14: Percentage Accuracy for GPR 

Defect Defect  

ID 

NWC 

 

HSC SCC LWC 

 1R 2R 1R 2R 1R 2R 1R 2R 

 D1 91% 91% 90% 90% 90% 90% 91% 90% 

Delaminations D2 93% 92% 95% 94% 93% 93% 95% 90% 

 D3 92% 92% 90% 91% 90% 90% 92% 91% 

 D4 90% 95% 90% 94% 91% 94% 93% 93% 

 C1 88% - 89% - 87% - 85% - 

Cracks C2 90% - 92% - 92% - 90% - 

 C3 

C4 

94% 

90% 

92% 

93% 

89% 

96% 

90% 

91% 

89% 

88% 

91% 

88% 

93% 

89% 

90% 

87% 

 V1 86% 85% 87% 86% 85% 87% 85% 85% 

 V2 85% 84% 86% 86% 84% 86% 85% 83% 

Voids V3 84% 86% 87% 88% 84% 85% 84% 85% 

 V4 85% - 89% - 85% - 83% - 

 V5 - - - - - - - - 

 V6 - - - - - - - - 

 V7 89% 89% 88% 89% 89% 88% 87% 87% 

Corrosion E1 94% 94% 95% 95% 93% 93% 90% 90% 

Honeycombing E2 - - - - - - - - 

 E3 - - - - - - - - 

Missing bar M1 95% 94% 95% 95% 94% 94% 91% 91% 
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4.2 Effect of Temperature 

4.2.1 Non-defected specimen. 

The influence of temperature changes on GPR images was also studied on non-defected 

specimens. This involved collecting GPR data for each specimen at variable temperatures within 

the same concrete age. Temperatures ranging from 20˚C to 40 ˚C were chosen to depict a typical 

range of potential temperatures a bridge may be subjected to in the UAE. Several GPR images 

were obtained from each mix with variable temperatures, taking into consideration same 

concrete age. The images collected by GPR were processed by time zero correction, migration, 

and gain adjustment for interpretation. GPR images were taken on regular basis as described in 

Chapter 3 in the testing procedure. Changes in temperature had no effect on the collected images 

for non-defected specimens. Figures 38 and 39 show a sample GPR scan taken for a 1RN 

specimen in an HSC mix at temperatures of 25 ˚C and 35 ˚C, respectively. It shows a steel mesh 

located at 16 cm. GPR scans taken for 1R and 2R specimens with different mixes are presented 

in (Appendix B part A). 

 

Figure 38: GPR Scan for 1RN Specimen in HSC Mix at a Temperature of 25˚ C 

 

Figure 39: GPR Scan for 1RN Specimen in HSC Mix at a Temperature of 35˚ C 

Steel mesh 

Steel mesh 
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4.2.2 Defected specimen. 

Similarly, for defected specimens, there was no significant change in GPR images with 

variable temperatures even at high temperature of 38 ˚C for 1R and 2R specimens. However, it 

was deduced that the dielectric constant decreased as the temperature increased (taking into 

consideration that concrete age was the same). Figure 40 shows delamination D3 located in Zone 

13, in one layer of steel specimen for the NWC mix. It shows the image for data collected after 3 

months of casting concrete for variable temperatures of 20˚C, 31˚C, and 38˚C, respectively. 

Experimental results done by Sousos [40] for a range of temperatures for different specimens 

show that there is a minor effect in relatively dry concrete. More GPR scans are shown in 

(Appendix B part B). 

      

 

Figure 40: Sample of GPR Images at Different Temperatures in NWC Specimen 

4.3 Effect of Concrete Age 

4.3.1 Non-defected specimen. 

The effect of concrete maturity on GPR images and the dielectric constant of each 

specimen were investigated. Images obtained from GPR were studied for different concrete ages, 

taking into account the same temperatures. In non-defected specimens, as the concrete matured 

(a) (b) (c) 38 ˚C (d) Delamination D3 

Delamination D3 

Delamination D3 Delamination D3 Delamination D3 

(a) 20˚C (b) 31 ˚C 
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there was no effect on GPR images for all mixes except in LWC mix; taking into consideration 

the adjustment of dielectric constant. The dielectric constant was adjusted every time before data 

collection to accommodate material variations.  At an early stage (after one month of concrete 

pouring), the detection of steel mesh was very difficult. This was mainly due to the ingredients 

present in the LWC mix and degree of saturation of the specimen. Figure 41 (a), (b) shows the 

2D image for the LWC mix when the concrete age was 15 days and 90 days, respectively.  

Similar GPR scans for different concrete mix specimens are presented in (Appendix C part A). 

          

 

Figure 41: GPR Images of LWC Specimens at Different Data Collection Events 

4.3.2 Defected specimen. 

     For defected specimens in most mixes, there was no difference in GPR images with 

concrete age. However, there was an effect on GPR image caused by a difference in concrete age 

for the LWC mix. For instance, crack C1 was detected by GPR after a period of 3 months but 

was not detected after 15 days of casting concrete. Figure 42 (a), (b) shows GPR scans for crack 

C1 when the concrete age was 15 days and 90 days, respectively. Another example, presented in 

Figure 43 shows crack C3 when the concrete age was also 15 days and 90 days, respectively. 

(a) At 15 Days (b) At 90 Days 

Steel bars 

(c) Location of Steel Bars 
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The dielectric constant was 12 and 9, respectively. More GPR scans for specimens showing the 

effect of concrete maturity are presented in (Appendix C part B). Moreover, it can be seen in 

Table 15 that as concrete age increases, dielectric decreases. Additional Tables for different 

mixes are shown in (Appendix C part C). This was also suggested by Lai et al. [33] where a 

trend for real permittivity and concrete age was established. The trend was initially steep and 

turned into moderate after reaching a transition point. This is explained by how fast free water 

was absorbed and became bound water.  

       

 

Figure 42: Sample GPR Images for LWC Specimen 

Table 15: Dielectric Constant for Different Concrete Ages in NWC Mix 

Age(days) Dielectric constant 

15 9.5 

30 8 

60 7.5 

90 6 

(a) At 15 Days (b) At 90 Days 

Crack C1 

(c) Crack C1 

Crack C1 

Defect not clear 
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Figure 43: Another Sample of GPR images for LWC Specimens 

4.4 Effect of Mix Variation 

Four concrete mixtures were designed with a water-to-binder W/B ratio of 0.39, 0.35, 

0.34, and 0.45. It should be noted that the amount of water and aggregates were corrected taking 

into account the moisture content of the aggregates.  The properties of each mix are summarized 

in Table 16. The mix ingredients had an effect on the dielectric constant of the specimen.  

Table 16: Properties of Each Mix 

Properties NWC HSC SCC LWC 

Water-to-binder 

ratio 

0.39 0.35 0.34 0.45 

% fine aggregate by 

volume 

22% 27 % 30% 18 % 

% coarse aggregate 

by volume 

40 % 40% 29 % 37 % 

(a) At 15 Days (b) At 90 Days (c) Crack C3 

Crack C3 Defect not clear Crack C3 
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Concrete consist of a mixture of individual dielectric values that must be used to estimate 

the overall dielectric of concrete. To make this estimation, a mathematical weighing scheme of 

the different dielectrics was applied based on the volume fractions of the ingredients of each mix. 

Equation 4.1 was used for estimating the overall dielectric response of a heterogeneous mixture 

such as concrete. Eq. 4.1 relates the composite dielectric constant of a composite material to its 

volume fraction [30].  

∑   
      

       

 
    = 0                        (Eq.4.1) 

where n= number of components in a composite material,  i= volume fraction of component i, 

𝛆i=dielectric constant of component i ,    composite dielectric constant. 

The dielectric constant of different materials used in each concrete mix was obtained 

from literature as shown in Table 17. Based on the volumetric fractions of the constituents of 

each mix, the composite dielectric constant of each mix was estimated using Eq. 4.1.  

Table 17: Typical Dielectric Constants of Different Materials[30] 

Material Relative permittivity 

Air 1 

Dry concrete 5-8 

Moist concrete 8-16 

Granite 5-7 

Water 81 

Ice 4-8 

Sand 3-6 

Limestone 4-8 

Cement 3-4 

Silt 4-8 

Clay 2-6 
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A comparison of the dielectric constants obtained for each mix using the mixing model 

and GPR is shown in Table 18. The values obtained using GPR fall into the estimated range 

calculated from the mixing model. 

Table 18: Comparison of Dielectric Constant Using Different Approaches 

Mix Mixing Model GPR 

NWC 5.9-8.9 5-9.5 

HSC 6.1-10.4 7-11 

SCC 6.1-10.2 6-10 

LWC 7.4-11.7 7-12 

 

4.5 Common Inspection Techniques 

Concrete bridge decks are prone to deterioration, and therefore require frequent condition 

assessment. The unseen deterioration of bridge decks impacts maintenance and repair schedules 

which can eventually cause failure. Therefore, adoption of appropriate non-destructive 

techniques can greatly minimize the repair cost of structural elements and avoid the need to 

replace these elements which is very costly. There are several non-destructive techniques which 

include impulse echo, infrared thermography, GPR, visual inspection, and ultrasonic. In general, 

visual inspection is the most common inspection technique that is used. However, investigation 

reports showed that visual inspection has many limitations and mainly depends on the 

inspector’s intuition[2]. The case study is presented to demonstrate the effectiveness of the GPR 

and its capability to improve the inspection process system using GPR. 

4.6 Case Study for a Bridge in Ajman 

4.6.1 Objective. 

The objective of this work is to illustrate the effectiveness of GPR in evaluating bridges. 

The bridge was surveyed in order to obtain construction details to help monitor the health of the 

bridge over time. 
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4.6.2  Data acquisition. 

The scanned bridge is located at Al-Hamidiya interchange in Ajman which links Khalifa 

Road, Maktoom Road and Zayed Road, making it a traffic light free interchange. The GPR 

survey was carried with a 400 MHz antenna. The antenna was deemed most suitable because of 

its penetration and resolution. This antenna can penetrate up to 5 m. Profiles were taken in both 

the short and long direction of the bridge. Data acquisition was taken based on 60 cm distance 

intervals and the survey parameters selected with 64 scans/sec, and 1024 samples/scan. Figure 44 

shows the GPR equipment used for crossing the survey lines marked on the bridge. This 

equipment consists of a control unit, survey wheel, and antenna. Before interpretation, GPR 

processing was done in order to remove any unwanted noise and to enhance the extraction of 

information from signals to produce a subsurface image that included all the features as well as 

targets of interest. Each GPR image was processed by RADAN software by applying the 

processing steps described in Chapter 3, Section 3.6. 

 

 

Figure 44: Data Acquisition Equipment

Control unit 

Survey wheel 

Antenna 
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4.6.3 Data interpretation. 

As shown in Figure 45, the 1
st
 layer of steel was located at 9 cm while the 2

nd
 layer of 

steel was located at 18 cm. The 1
st
 layer of steel is masked by the asphalt layer, which resulted in 

shifting of 2
nd

 layer of steel. The GPR results match the bridge cross-section details shown in 

Figure 46. 

 

Figure 45: Location of Layers of Steel 

 

Figure 46: Cross-Section Indicating Location of Steel 

Steel layers 
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Figure 47 shows the location of voids. White-black-white hyperbolas indicate the 

presence of a void. Post –tensioning ducts are located at 289 cm and 480 cm, which match with 

the cross-section details of bridge shown in Figure 48.  

 

Figure 47: Location of Ducts 

 

Figure 48: Cross-Section of Bridge 

Void Void 
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A pier scan was taken using a 30 cm x 30 cm grid and a mini scan with a 1.6 GHz 

antenna. Scans were taken in both x and y directions. Figure 49 shows the pier scan image 

obtained from the mini scan. The reinforcement in the pier was found to be 15 cm for 

longitudinal bars and 26.4cm for ties. The diameter of the bar was estimated to be 2 cm.  

 

                  Figure 49: GPR Scan for Pier 

 GPR helped in obtaining construction details to help monitor the health of the 

infrastructure over time. Moreover, the GPR scan taken for Ajman Bridge acts as a baseline scan 

which could be monitored frequently to see if repair is required overtime. The case study was 

presented to improve the inspection process system in UAE. 

  

Pier reinforcement 
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Chapter 5: Conclusion and Recommendations 

5.1 Conclusions 

In this study, an experimental investigation of mix variations, changes in environmental 

conditions, and concrete maturity on the ability of Ground Penetrating Radar (GPR) to detect 

common bridge deck defects was performed. Sixteen 1.22mx1.22mx0.2m concrete specimens 

were prepared to determine the potential detection of typical concrete bridge defects using GPR. 

Eight specimens contained simulated defects which included voids, cracks, delaminations, 

honeycombing and corrosion. However, the remaining eight specimens were non-defected 

specimens with steel reinforcement only. Specimens were also divided into one layer of steel 

specimens and two layers of steel specimens. Moreover, different concrete mixes were used in 

casting the sixteen specimens in order to study the effect of mix variations. Four concrete mixes: 

high strength, normal strength, light weight and self -consolidated concrete were used in the 

investigation.  

Parameters included in the investigation were concrete type, defect’s type, size, and 

location. Depth and size of the defect were two main factors that were taken into consideration 

when simulating the defects in the specimens. Different depths and sizes of defects were used in 

order to assess the accuracy and repeatability of using GPR to detect bridge deck defects.  

GPR readings were taken regularly at constant time intervals for all specimens. In order 

to study the effect on the dielectric constant of each specimen obtained from GPR.  

Environmental conditions which include temperature, humidity, and wind speed were recorded 

at the time of data collection. In addition, a mixing model was used to predict the dielectric 

constant of mix specimen. Furthermore, a comparison was done between the dielectric constants 

obtained from mixing model and GPR equipment.  

The findings of the study are summarized as follows: 

1. For non-defected specimens, steel bars were detected in both 1R and 2R specimens. 

However, in 2R specimens, the bottom bars were harder to detect due to signal reflection 

of top bars. 

2.  For 1R defected specimens, GPR was able to detect all delaminations. However, void V5 

which is 1.27 cm in diameter, 13.5 cm deep, and void V6 which is 1.27 cm in diameter, 

1.2 cm in depth and honeycombing were not detected. For 2R specimen, all 
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delaminations were detected by GPR. On the other hand, crack C1 with thickness of 0.25 

cm, crack C2 with thickness of 0.5 cm, void V4 with 3.8 cm diameter,12.5 cm depth, 

void V5 with diameter of 1.27 cm,13.5 cm depth, void V6 with 1.27 cm diameter, 1.5 cm 

depth, and honeycombing (E2, E3) were not detected. 

3. For 1R specimens, the delaminations in each specimen were detected with high depth 

calculation accuracy that exceeded 94% accuracy when compared to the actual depth. 

Corrosion was detected with depth accuracy of 95%.In addition; cracks had a percentage 

accuracy that ranged between 85% and 94%. Moreover, voids were detected with a depth 

calculation accuracy exceeding 83%. For 2R specimens, the delaminations in each 

specimen were detected with high depth calculation accuracy between 90% and 

92%.Corrosion was detected with depth accuracy of 94%.In addition; cracks had a 

percentage accuracy did not exceed 93%. Moreover, voids were detected with depth 

calculation accuracy between 84% and 89%.  

4. For all specimens, temperature variations had no effect on GPR images. However, it had 

an effect on dielectric constant. Defects were detectable by GPR at different 

temperatures, which suggests that it could be used as a non-destructive inspection 

technique even when temperatures vary. It was also observed from dielectric constant 

values obtained at the time of data collection that the dielectric constant of each specimen 

decreased as temperature increased. 

5. There was no difference on GPR images due to concrete maturity in all concrete mixes 

except for LWC mix taking into consideration that the dielectric constant was adjusted 

for each specimen to accommodate material variations. In NWC, SCC, and HSC mixes, 

the detectable defects were visible in early and late concrete age. However, in LWC mix, 

defects were not detectable earlier than 3 months after casting concrete. Moreover, it was 

deduced that dielectric constant reduces with concrete maturity.   

6. Defects were detected in specimens regardless of the concrete type. For example, in SCC 

mix which is flowable and contains  admixtures; GPR was able to detect the same defects 

detected in NWC, HSC, and LWC mix specimens .Moreover, the model used to estimate 

the dielectric constant of each mix was compared to the dielectric obtained from 
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calibrating GPR equipment. It is suggested that the differences in dielectric constant 

obtained from the model and GPR equipment were due to the ingredient differences 

present in each mix in terms of water to binder ratio, % fine aggregate as well as % 

coarse aggregate by volume. In addition, the degree of saturation, and moisture content of 

each specimen affects the dielectric constant of each specimen. 

7. The presented case study demonstrates the application of GPR for non-destructive 

evaluation of concrete structures. GPR proved to be effective in the evaluation of 

infrastructure. It helped in obtaining construction details to help monitor the health of the 

infrastructure over time. Moreover, the GPR scan taken for Ajman Bridge acts as a 

baseline scan which could be monitored frequently to see if repair is required overtime. 

The case study was presented to improve the inspection process system in UAE. 

5.2 Recommendations for Future Work 

Advanced research in GPR may include the following: 

 Systematic investigation of the influence of reinforcement density. 

 Automated data acquisition from the structure under investigation, for example by using 

a measuring robot. 

 Automated data interpretation. 

 Combination of GPR with other testing methods such as Infrared Thermography (IT). 

 Investigation of new inspection techniques and application possibilities. 

 Development of codes of practice and standards. 
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Appendix 

The appendix consists of three sections: Appendix A, Appendix B, and Appendix C. 

Appendix A presents the detectability of a GPR sample by showing GPR scans for defected and 

non-defected specimens. Appendix B shows the effect of temperature on GPR scans for defected 

and non-defected specimens. Appendix C displays the effect of concrete age on GPR scans for 

defected , non-defected specimens and dielectric constant for different mixes. It also includes 

tables for comparison of dielectric constant. 
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Ability of GPR to Detect Common Bridge Defects  



 

83 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix A 

A. Non-Defected Specimens 
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A. Non-Defected Specimens 

 

Figure A1: GPR Scan for HSC Mix for 1R Specimen 

 

Figure A2: GPR Scan for HSC Mix for 2R Specimen 

 

Figure A3: GPR Scan for SCC Mix for 1R Specimen 
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Figure A4: GPR Scan for SCC Mix for 2R Specimen 

 

Figure A5: GPR Scan for LWC Mix for 1R Specimen 

 

Figure A6: GPR Scan for LWC Mix for 2R Specimen 
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B. Defected Specimens 

                         

                                                                          

             

Figure A7: Voids Detected by GPR 
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Figure A8: Delaminations Detected by GPR 
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Figure A9: Cracks Detected by GPR 
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Figure A10: Corrosion Detected by GPR 

    

Figure A11: Missing Bar Detected by GPR 
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Effect of Temperature on GPR Scans 
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A. Non-Defected Specimens 

 

        Figure B1: GPR scan for SCC mix for temperature 25 ˚C. 

 

           Figure B2: GPR Scan for SCC Mix for Temperature 35˚C 
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   Figure B3: GPR Scan for NWC Mix for Temperature 25 ˚C 

 

 

  Figure B4: GPR Scan for NWC Mix for Temperature 35˚C 
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       Figure B5: GPR Scan for LWC Mix for Temperature 25 ˚C 

 

 

   Figure B6: GPR Scan for LWC Mix for Temperature 35 ˚C 
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          Figure B7: GPR Scan for SCC Mix for Temperature 25 ˚C 

 

 

           Figure B8: GPR Scan for SCC Mix for Temperature 35 ˚C 
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Figure B9: GPR Scan for NWC Mix for Temperature 25 ˚C 

  

Figure B10: GPR Scan for NWC Mix for Temperature 35˚C 
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Figure B11: GPR Scan for LWC Mix for Temperature 25 ˚C 

 

 

Figure B12: GPR Scan for LWC Mix for Temperature 35˚C 
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Figure B13: GPR Scan for HSC Mix for Temperature 25 ˚C 

 

 

Figure B14: GPR Scan for HSC Mix for Temperature 35˚C 
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B. Defected Specimens 

   

 

Figure B15:  GPR Scan for HSC Mix Showing Void V1 

       

 

Figure B16: GPR Scan for HSC Mix Showing Delamination D1 
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Figure B17: (a) GPR Scan for SCC mix Showing Delamination D2 

      

 

Figure B18: a) GPR Scan for SCC Mix Showing Delamination D4 
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Figure B19: a) GPR Scan for LWC Mix Showing Crack C3 

    

 

Figure B20: a) GPR Scan for LWC Mix Showing Corrosion 
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Effect of Concrete Age on GPR Scans 
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A. Non-Defected Specimens 

     

 

Figure C1: GPR Scan for NWC Mix  

        

 

Figure C2: GPR Scan for HSC Mix  

(a) At 15 Days (b) At 90 Days 
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Figure C3: GPR Scan for SCC Mix  
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B.Defected Specimens 

        

 

Figure C4: GPR Scan for LWC Mix  

                                

 

Figure C5: GPR Scan for LWC Mix  

(a) At 15 Days (b) At 90 Days (c) Delamination D3 Induced in Specimen 
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Figure C6: (a) GPR Scan for NWC Mix  

    

 

Figure C7: GPR Scan for NWC Mix  

(a) At 15 Days (b) At 90 Days (c) Delamination D2 Induced in Specimen 

(a) At 15 Days (b) At 90 days (c) Crack C3 Induced in Specimen 
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Figure C8: GPR Scan for HSC Mix  

                

 

Figure C9: GPR Scan for HSC Mix  

(a) At 15 Days (b) At 90 Days (c) Void V1 Induced in Specimen 

(a) At 15 Days (b) At 90 Days (c) Delamination D1 Induced in Specimen 
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Figure C10: GPR Scan for SCC Mix  
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C. Dielectric Constant for Different Mixes  
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C. Dielectric constant for different mixes 

Table C1: Dielectric Constant for Different Concrete Ages in HSC Mix 

Age(days) Dielectric constant 

15  11 

30 9.5 

60 8 

90 7.5 

 

Table C2: Dielectric Constant for Different Concrete Ages in SCC Mix 

Age(days) Dielectric constant 

15  10 

30 8.5 

60 7.5 

90 6 
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Table C3: Dielectric Constant for Different Concrete Ages in LWC Mix 

Age (days) Dielectric constant 

15  12 

30 10.5 

60 8.5 

90 7 
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