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ABSTRACT 

DETECTION OF BURIED NON-METALLIC (PLASTIC AND FRP COMPOSITE) 

PIPES USING GPR AND IRT 

Jonas Kavi 
 

Pipelines are crucial in transporting petroleum products, natural gas, and water from production 

facilities to consumers under high pressure and long service life. In addition to being the primary 

means of transporting water from treatment facilities to consumers, pipelines also account for the 

transportation of more than half of the 100 quadrillions Btu of energy commodities consumed in 

the United States annually. The important role played by energy pipelines in the US economy and 

standard of living of citizens requires that these assets be safely maintained and appropriately 

expanded to meet growing demand. Pipelines remain the safest means of transporting natural gas 

and petroleum products, nonetheless, the pipeline infrastructure in the US is facing major 

challenges, especially, corrosion of steel/metallic pipes and excavation damage of onshore 

pipelines (leading to oil spills, explosions, and deaths). Problems associated with corrosion of 

metallic pipelines can be avoided by using non-corrosive materials such as PVC (Polyvinyl 

Chloride) or other plastics for water, sewer, or low pressure gas lines and Glass Fiber Reinforced 

Polymer composite (GFRP) for transporting high-pressure oil and natural gas. But buried non-

metallic pipelines such as GFRP and PVC material are not easily detectable using the conventional 

techniques employed by construction crews to detect buried metallic pipes, which can lead to 

increased excavation damage during building/construction and rehabilitation works.  

This research investigated alternative strategies for making buried non-metallic pipes (CFRP, 

GFRP, and PVC) easily locatable using Ground Penetrating Radar (GPR). Pipe diameters up to 

12" and buried with up to 4 ft. of soil cover were investigated. The findings of this study will help 

address the detection problem of non-metallic pipelines and speed the adoption of composite pipes 

by the petroleum and natural gas industry. The research also investigated the possibility of locating 

buried pipes transporting hot fluids using Infrared Thermography (IRT). 

Results from the study have shown that, using carbon fabric and aluminum foil/tape overlay on 

non-metallic pipes (GFRP or PVC for this study) before burying significantly increases the 

reflected GPR signal amplitude, thereby making it easier to locate such pipelines using GPR. The 

reflected GPR signal amplitude for pipe sections with carbon fabric or aluminum foil overlays was 



 

found to have increased by a factor of up to 4.52 times, and 2.02 times on average across all the 

pipe sections tested, from the baseline (unwrapped) pipe sections. The research also highlights the 

importance of using the correct antenna frequency for detecting buried pipes in wet soil conditions. 

Wet soils with high electrical conductivity and dielectric constants have higher radar signal 

attenuations that significantly affect the penetration depth and returned signal amplitudes from 

buried objects. A 200 MHz frequency antenna was found in this study to be ideal for locating the 

buried pipes in all soil moisture conditions. The 200 MHz antenna was able to detect buried pipes 

up to the maximum 4 ft. depth of soil cover that was studied experimentally. Numerical estimation 

using the same soil from the experiment shows that this antenna can penetrate up to a depth of at 

least 5.5 ft. in very wet clay soils with volumetric water content of 0.473. 

After evaluating the attenuation characteristics of different radar antennae, it was found that 

material/ohmic attenuation is constant across a range of antenna frequencies; the increase in GPR 

signal attenuation associated with higher antenna frequencies was found to be a result of scattering 

attenuation from subsurface inhomogeneity/clutter. Scattering attenuation is however usually 

ignored in literature, resulting in erroneous estimation of radar signal attenuation. 

Finally, laboratory study proved that, heat from a buried pipeline transporting hot fluid can 

propagate through the soil to the surface and be detected using IRT. Additionally, a 6" diameter 

steam pipe with a 6" minimum insulation and buried with 2.5 – 3 ft. of soil cover was easily 

detected in varying soil moisture conditions during different seasons throughout the year using 

IRT in the field environment. The successful application of IRT in detecting this pipe proves the 

potential for using this technique in locating buried pipes transporting hot fluids such as steam or 

petroleum products from production wells or refinery plants. 
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NOMENCLATURE 

A number of labels, terms, and acronyms are frequently used in this document for brevity. These 

terms and acronyms may be ambiguous, or they may not be familiar to all readers. The definitions 

of terms and acronyms given below apply throughout this document. 

 AC: Alternating Current 

 AC: Asbestos Cement 

 AEC: Advisory and Examining Committee 

 Amb: Ambient/room temperature  

 ASCE: American Society of Civil Engineers 

 BI: Bottom Inlet temperature (inlet temperature measured at the bottom of the pipe) 

 BO: Bottom Outlet temperature (outlet temperature measured at the bottom of the pipe) 

 CFRP: Carbon Fiber Reinforced Polymer 

 CI: Cast Iron 

 CIA: Central Intelligence Agency 

 CMP: Common Mid-Point 

 CP: Condensate Pumped pipeline or Creative Pultrusions Inc. 

 CRIM: Complex Refractive Index Model 

 CSC: Concrete Steel Cylinder 

 DC: Direct Current 

 DDB: Dortmund Data Bank 

 DI: Ductile Iron 

 DOT: US Department of Transportation 

 EIA: US Energy Information Administration 

 EM: Electromagnetic 

 EMIS: Electromagnetic Induction Spectroscopy 

 ERT: Electrical Resistivity Tomography 

 ESB: Engineering Sciences Building 

 FHWA: Federal Highway Administration 

 FRP: Fiber Reinforced Polymer 

 GFRP: Grass Fiber Reinforced Polymer 
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 GPR: Ground Penetrating Radar 

 GSSI: Geophysical Survey Systems, Inc. 

 HPS: High Pressure Steam  

 IRT: Infrared Thermography 

 MRB: Mineral Resources Building 

 NACE: NACE International 

 NaCl: Sodium Chloride 

 NTSB: National Transportation Safety Board 

 PRT: Personal Rapid Transit 

 PST: Pipeline Safety Trust 

 PVC: Polyvinyl Chloride 

 R-Value: Relative insulating value (unit of ft2·°F·h/BTU) 

 SCH: Schedule 

 SDR: Standard Dimension Ratio 

 TC: Temperature measured at the top of the pipe, midway between the inlet and the outlet 

 TI: Top Inlet temperature (inlet temperature measured at the top of the pipe) 

 TO: Top Outlet temperature (outlet temperature measured at the top of the pipe) 

 TSC: Temperature at top of the soil over mid portion of the pipe 

 USDOT: US Department of Transportation 

 USDOT-PHMSA/ PHMSA: Pipeline and Hazardous Materials Safety Administration 

 UAV: Unmanned Aerial Vehicle 

 VWC: Volumetric Water Content 

 WT: Water Temperature 

 WVU-CFC: West Virginia University Constructed Facilities Center 
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND/OVERVIEW 

The pipeline industry in the United States (U.S.) is an important component of the nation’s 

economy, and essential in the standard of living of its citizens. Energy pipelines (pipelines used in 

transporting fuel/energy products) also play an important role in ensuring the security of the nation. 

The pipeline infrastructure is the primary means of transporting water, sewage, natural gas, 

petroleum products, and the majority of hazardous liquids from production basins, points of 

generation, and the ports to areas of consumption, storage, or disposal. 

Best available data in 2015 indicates that, energy pipelines in the United States alone accounted 

for about 65% of the world’s energy pipeline network (CIA n.d.). The role played by pipelines in 

the United States cannot be overestimated; almost all natural gas in the United States and a greater 

portion of crude oil and petroleum products are transported by pipelines. 

According to data available from the U.S. Energy Information Administration (EIA), the US 

consumes about 100 quadrillions Btu of energy annually. Natural gas accounts for 28% of the 

energy commodities consumed in the United States while petroleum products account for 35% 

(Figure 1-1a). Thus natural gas and petroleum products account for about 63% of the total energy 

consumption in the United States. Natural gas is almost entirely transported by pipelines while 

over 70% of crude oil and petroleum products are transported by pipelines (Figure 1-1b). It can 

therefore be concluded that, 53% of all energy commodities consumed in the United States are 

transported by pipelines. In addition, the percentage of crude oil/petroleum products transported 

by pipelines in the United States has been increasing since 2005, while the percentage transported 

by other modes of petroleum transport have decreased over the same period as shown in Figure 1-2 

(EIA n.d., USDOT 2017).  

Natural gas consumption in the U.S. has been on the ascendancy since 2005, while coal and 

petroleum product consumption has been decreasing over the same period, with total energy 

consumption remaining almost constant (Figure 1-3). The U.S. Energy Information 
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Administration’s projection of primary energy consumption by fuel type predicts the percentage 

of natural gas consumption to increase over the coming years (Figure 1-4). Energy pipelines are 

therefore going to play an increasingly important role in the U.S. energy commodity sector 

 (a)                                                                      (b)   

Figure 1-1: (a) 2014 U.S. Primary energy consumption by source (EIA n.d.) and (b) crude oil 

and petroleum product by transportation by mode in 2009 (USDOT 2017) 

 

 
Figure 1-2: U.S. refinery receipts of crude oil by method of transportation (EIA n.d.) 
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Figure 1-3: U.S. Primary energy consumption by source (EIA n.d.)
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Figure 1-4: Primary energy consumption by type, 1980-2040 (EIA 2015) 

The importance of pipelines (particularly energy pipelines) “to the U.S. economy, [security,] and 

our standard of living requires that these assets be safely maintained and appropriately expanded 

to sustain demand.” (PHMSA 2015). 

Pipelines remain the safest means of transporting natural gas, crude oil, and petroleum products, 

nonetheless, the pipeline industry is having major challenges; including corrosion of steel/metallic 

pipes (leading to oil spills, explosions, and deaths), excavation damage (damage to existing 

pipelines during excavation work), and pipeline material/weld/equipment failure as discussed in 

Chapter 2 of this document. These pipeline incidents often result in catastrophic failures, with 

associated fatalities, injuries, property loss, and environmental contamination. The Pipeline and 

Hazardous Materials Safety Administration (PHMSA), under U.S. Department of Transportation 

(USDOT), has identified corrosion as the leading cause of failure in metallic pipelines, and 

excavation damage as the leading cause of on shore pipeline incidents (PHMSA 2015). 
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1.2 RESEARCH PROBLEM AND FOCUS 

The focus of this research is to work on a solution that can prevent excavation damage and pipe 

material failure for non-corrosive (non-metallic) pipes by making them detectable in-situ.  

The problems associated with corrosion of steel/metallic pipelines, and to some extent pipe 

material failure, can be addressed by using non-corrosive materials such as the commonly 

available and widely used PVC (Polyvinyl Chloride) or other plastics for water, sewer, or low 

pressure gas lines and advanced composite materials such as Glass Fiber Reinforced Polymer 

(GFRP) for transporting high-pressure oil and natural gas products. However, buried PVC and 

GFRP materials are not easily detectable using the available ground sensory technologies, which 

can lead to increased excavation damage of pipelines during building/construction and 

rehabilitation works. Tracer wires are employed in some applications to make non-metallic 

pipelines locatable, but these wires can break over time and render the pipeline difficult to locate. 

The inability to easily locate buried GFRP and other non-metallic pipes has limited the adoption 

of such pipe materials in the oil and gas industry. Making these pipe materials detectable when 

buried will therefore help accelerate their adoption, and hence provide solutions to the corrosion 

related pipeline failure incidents as well.  

1.3 FIBER REINFORCED POLYMER (FRP) MATERIALS AND WHY GFRP 

Fiber Reinforced Polymer (FRP) composite has emerged as alternative material in many industries 

due to its better engineering properties that are desirable to manufacturers and infrastructure 

developers. FRPs generally have high specific strength, high specific modulus, low specific 

weight, high resistance to corrosion, high fatigue strength, and low coefficient of thermal 

expansion compared to conventional materials like steel. FRPs (particularly Carbon Fiber 

Reinforced Polymers – CFRP and Glass Fiber Reinforced Polymers – GPRP) are increasingly 

being used in infrastructure development applications – both for new constructions and 

rehabilitation of aging infrastructure (Kavi 2015, GangaRao et al. 2007, Mallick 2007) – with 

tremendous benefits. There is therefore a great potential for fiber composite material application 

in the pipeline transportation industry (Rawls 2015). GFRP is less expensive compared to CFRP, 

hence GFRP is used more in infrastructure development application. 



6 

 

1.4 RESEARCH OBJECTIVES AND SCOPE 

To help address some of the major challenges associated with transportation by pipelines, this 

research is focused on investigating alternative strategies for making buried non-metallic pipelines 

easily detectable using available ground sensory technologies – Ground Penetrating Radar (GPR) 

and Infrared Thermography (IRT). The primary objectives of this research are as follows: 

1. Develop, investigate, and compare alternative strategies for locating buried pipelines 

created with Fiber Reinforced Polymer (FRP) materials – particularly Carbon and Glass 

fibers (CFRP and GFRP). 

2. Investigate the potential and feasibility for using CFRP fabric, carbon nanoparticle, or 

aluminum overlay to increase the detectability of GFRP and PVC (plastic) pipes with 

Ground Penetrating Radar (GPR).  

3. Investigate and compare the detectability of the above pipes using GPR with antennas of 

different frequencies. 

4. Investigate the possibility of detecting buried pipe transporting hot liquid, using Infrared 

Thermography (IRT). 

5. Evaluate the above strategies for making non-metallic pipelines detectable using ground 

sensory technologies, and recommend the most appropriate configuration to be used in the 

pipeline industry in order to increase the detectability of buried non-metallic pipes in the 

field. 

The above research objectives were achieved by: 

1. Producing sample CFRP pipes by wrapping carbon fabric around cardboard tubes. 

2. Using CFRP fabric, carbon nanoparticle, or aluminum overlay for GFRP and PVC (plastic) 

pipes to increase detectability by GPR. This setup includes the following pipe 

configurations: 

i. Use CFRP fabric overlay in the form of strips or rings on GFRP and PVC pipes. 

ii. Use aluminum foil/tape overlay in the form of strips or rings on GFRP and PVC pipes. 

iii. Use multiple pipe diameters for both pipe materials (GFRP and PVC).  

iv. Use carbon nanoparticle overly on a GFRP pipe. 
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3. Burying variations of the above pipes (including different pipe materials, diameters, pipe 

surface configurations, and different depth of soil cover over the buried pipes) for GPR 

investigation. 

4. Using GPR with different antenna frequencies to investigate and compare the detectability 

of the buried pipes. 

5. Burying a CFRP pipe in a wooden box filled with soil and pumping hot water through it 

over a 10 day period, while the soil surface temperature variation is recorded using Infrared 

Thermography (IRT) and thermocouples. 

6. Finally, results obtained from the above strategies were compared and the most promising 

configuration and test setting/parameters for making non-metallic pipelines detectable in 

the field using ground sensory technologies has been recommended for possible future 

implementation in the pipeline industry. 

1.5 RESEARCH SIGNIFICANCE 

Advanced non-metallic composite pipe materials such as Glass Fiber Reinforced Polymer (GFRP) 

have desirable engineering and mechanical properties that can help address some of the challenges 

encountered in the pipeline transportation industry. However, limitations such as difficulty in 

locating buried GFRP pipes are preventing the adoption of such materials in the pipeline industry.  

This research has the potential of having a significant impact on the pipeline industry. First, it will 

prevent corrosion related pipeline failures by aiding the adoption of alternative non-corrosive 

material for pipeline fabrication. In the case of GFRP pipes with carbon fabric, carbon 

nanoparticle, or aluminum foil overlays, this will provide an advanced material with better 

engineering and desirable properties such as low density, high specific strength and high specific 

modulus. Additionally, these alternative and advanced materials will be detectable in buried state 

using GPR and/or IRT, thereby preventing excavation damage of pipelines. Finally, the advanced 

materials with better engineering properties will significantly reduce the pipeline failure incidents 

caused by material damage. 

Since corrosion, excavation damage, and material failure are the major causes of all pipeline 

incidents reported to PHMSA (see Section 2-2), this research – and its subsequent implementation 

by industry stakeholders – will significantly reduce pipeline failures, and minimize the associated 
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negative impact of such failures. This research focusing on detection of buried non-metallic pipes 

will therefore play a crucial role in making the pipeline transportation infrastructure sound, 

durable, environmentally friendlier, safer, and more cost effective while minimizing leakage over 

its service life. 

1.6 RESEARCH COLLABORATION 

This research involves collaboration with other institutions, including the funding and feedback 

on industry needs from U.S. Department of Transportation – Pipeline and Hazardous Materials 

Safety Administration (USDOT-PHMSA), and supply of composite pipes from a composite 

manufacturer (Creative Pultrusions, Inc.) to enhance the implementation of the proposed research. 

This collaboration also includes public debriefing of the research findings to industry stakeholders 

which can help in future implementation of the findings of this research project in the pipeline 

industry. 

1.7 ORGANIZATION 

A brief overview of the organization of this dissertation is as follows: 

 Chapter 1 

o  This chapter gives the background and outlines the objectives of this research. 

 Chapter 2 

o This chapter provides a review of the current state of the pipeline infrastructure in the 

US. It provides summary of major challenges facing the pipeline industry, as well as 

some of the major pipeline incidents in recent times. Pipeline incident issues such as 

cause of failure, cost, injuries, fatalities, and environmental impact are discussed. 

 Chapter 3 

o This chapter reviews the most commonly used buried object detection techniques, and 

also discusses recent advances in buried non-metallic pipeline detection. Particularly, 

the use of ground penetrating radar, its advantages and limitations are discussed. 

 Chapter 4 

o The theory of ground penetrating radar and the specific concepts and parameters that 

apply to the current study are presented in this chapter. 
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 Chapter 5 

o Ground penetrating radar equipment, sensors, and data processing techniques used in 

this study are presented/discussed in this chapter 

 Chapter 6 

o This chapter presents the experimental set up for GPR testing. Materials used for the 

research, sample preparation steps, and the various test samples are discussed in detail. 

 Chapter 7 

o Ground penetrating radar testing of the buried pipe samples, test data, data processing, 

detailed result interpretation are provided in this chapter. 

 Chapter 8 

o Numerical models that help estimate soil dielectric properties from the volumetric 

water content or dielectric constant are presented. Also, computations that help explain 

the performance and penetration depths of different GPR antennae used in the study is 

presented in this chapter. 

 Chapter 9 

o This chapter investigates the potential for detecting buried pipelines transporting hot 

fluids by using infrared thermography. Infrared thermography test set up, tests, results, 

and data interpretation are presented in this chapter. 

 Chapter 10 

o A summary of the scope of work conducted to fulfill the proposed research objectives, 

and the key findings are highlighted in this chapter. Finally, the chapter provides 

recommendations for field implementation of the research results as well as 

recommendations for future work in this area. 
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CHAPTER 2 

STATE OF THE PIPELINE INFRASTRUCTURE 

2.1 INTRODUCTION 

While pipelines remain the safest means of transporting hazardous materials, there still exists 

significant room for improvement. In addition, increasing demand for these materials in homes 

and industries coupled with increasing production output require that the necessary transportation 

infrastructure be expanded and appropriately maintained to serve the need (Vealey 2016, 

PHMSA 2015). This chapter reviews some of the recent pipeline incidents that call for more efforts 

and resources to be put in making the pipeline infrastructure safer than it has been. 

2.2 PHMSA PIPELINE INCIDENTS CAUSES 

Over the past 20 years (1996-2015), there have been a total of 11,192 pipeline incidents reported 

to the PHMSA1. Out of this total, 5,663 fall under significant2 incidents, while 862 fall under the 

serious3 incidents category. PHMSA broadly groups pipeline incidents under seven (7) main 

categories (corrosion, excavation damage, incorrect operation, material/weld/equipment failure, 

natural force damage, other outside force damage, and all other causes) based on the reported cause 

of the incident. These failure causes are further broken down into different sub-categories, with 

material/weld/equipment failure having the highest number of sub-categories. 

Corrosion, excavation damage and material/weld/equipment failure are the three main leading 

causes of pipeline incidents in the United States, contributing to 66% of all energy pipeline failures 

(Figure 2-1). The following sub-sections look at these three causes of pipeline failure. 

                                                 

1 Data for all the charts/plots and tables in this chapter are obtained from the PHMSA Pipeline Incident 20 Year 

Trends, unless otherwise referenced. Links to these data are provided in the reference section as PHMSA 2016a, 

PHMSA 2016b, PHMSA 2016c, and PHMSA 2016d. 
2 PHMSA defines Serious Incidents as those including a fatality or injury requiring in-patient hospitalization. 
3 PHMSA defines Significant Incident as those including any of the following conditions: (1) Fatality or injury 

requiring in-patient hospitalization; (2) $50,000 or more in total costs, measured in 1984 dollars; (3) Liquid releases 

resulting in an unintentional fire or explosion (PHMSA 2016a). Details of PHMSA incident definitions are in 

Appendix A. 
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Figure 2-1: 20 year reported incident cause breakdown (1996-2015) 

2.2.1 Corrosion 

Corrosion is one of the leading causes of failures in oil, gas, and hazardous liquid transportation 

pipelines (both onshore and offshore) in the United States. It is also a threat to oil and gas gathering 

systems, as well as water and sewage transportation/distribution pipelines and systems. 

NACE International (NACE) and the U.S. Federal Highway Administration (FHWA) currently 

estimate the total direct cost associated with corrosion in the U.S. to be $276 billion (in 1998 

dollars). Corrosion of gas and liquid transmission pipelines represents $7 billion of this total. Gas 

distribution accounts for $5 billion, while drinking water and sewage systems represents $36 

billion.  This results in a total direct corrosion cost of $48 billion associated with transportation 

pipelines. If indirect costs associated with corrosion are added, the above amount doubles to $96 

billion per year – in 1998 dollars (Koch et al. 2002, Baker 2008). 

Corrosion of pipelines has directly resulted in major pipeline incidents/failures in recent history, 

resulting in fatalities and injuries to industry personnel and the general public, as well as financial 

losses. These pipeline failures also result in environmental contamination, with significant impact 

on terrestrial and aquatic life. 

11.6%

18.2%

16.1%

7.9%

31.7%

6.5%

8.1%

All Reported Incidents

All Other Causes

Corrosion

Excavation Damage

Incorrect Operation

Material/Weld/Equip Failure

Natural Force Damage

Other Outside Force Damage



12 

 

On May 19 2015, a 24-inch diameter pipeline operated by Plains Pipeline, LP ruptured in Santa 

Barbara County, California. This incident, which is as a result of external corrosion of a pipeline 

section (Figure 2-2), resulted in the release of about 2,934 barrels of heavy crude oil that 

contaminated the surrounding areas and beaches. An estimated 500 barrels of crude oil entered the 

Pacific Ocean. (Figure 2-3). A total cost of $143 million was reported for the incident (PHMSA 

2016e and 2016f). Figures 2-4 and 2-5 show corrosion products deposited on the pipe surface and 

laser scan rendering of the failure surface respectively. 

 

   

(b) The failed pipe with surrounding 

insulation and coating 

(b) The failed with surrounding insulation 

and coating removed 

Figure 2-2: External surface of the failed pipeline section (PHMSA 2016e and 2016f) 

 

   

(b) Clean-up at the rupture site (b) Clean-up at a contaminated beach 

Figure 2-3: Spilled crude oil from the rupture being cleaned (Nicholson 2015) 
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Figure 2-4: Corrosion products deposited on the pipe surface (PHMSA 2016f) 

 

Figure 2-5: Laser scanning rendering of the failure location showing the remaining wall 

thickness (PHMSA 2016f) 

 

2.2.2 Excavation Damage 

According to the U.S. Department of Transportation’s Pipeline and Hazardous Materials Safety 

Administration (PHMSA), “One of the greatest challenges to safe pipeline operations is accidental 

damage to the pipe or its coating that is caused by someone inadvertently digging into a buried 

pipeline.” (PHMSA 2014a)  Data available from PHMSA indicates that, excavation damage has 
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accounted for over 20% of all significant natural gas and hazardous liquid pipeline incidents over 

the past 20 years. About one-third (33%) of all serious pipeline incidents were caused by 

excavation damage over the same time period. On gas distribution systems, excavation damage is 

the leading cause of failure; it accounted for more than 36% of all significant pipeline incidents 

and more than 34% of all serious pipeline incidents, this is substantially greater than any other 

cause of pipeline failure. Excavation damage also accounted for over 32% of all serious incidents 

in both gas transmission and hazardous liquid pipelines since 1996, making it the number one 

cause of failure on those pipeline systems. Of all causes of pipeline failure, fatalities and injuries 

are most likely to occur with excavation damage (see Figure 2-16 in Section 2.2.4). Thus 

excavation damage is a major cause (second leading cause) in significant pipeline incidents and 

the leading cause of serious pipeline incidents, resulting in many deaths and injuries, as well as 

substantial property damage. 

In addition to fatalities, injuries, and property damage, pipeline incidents caused by excavation 

damage also result in significant costs, environmental damages/contaminations, and unintentional 

fire or explosions (PHMSA 2017, PST 2015). Excavation damage mostly results in immediate 

pipeline failure due to line hits with excavation equipment; however, there have been failures that 

resulted from mechanical damage inflicted on the pipeline from previous excavation damage 

(Baker 2009). In the delayed failure mode, damage to pipeline coating can allow accelerated 

corrosion to occur; a combination of the resulting corrosion and the physical damage to the pipe 

material from any accompanying dents or scrapes can result in increased potential for future 

failure. “Unreported mechanical damage can have serious consequences” (Baker 2009), as was the 

case of the Edison, New Jersey, and Bellingham, Washington natural gas and gasoline explosions 

respectively (Baker 2009). According to the Pipeline Safety Trust (PST), “The threat from 

excavation damage is larger then [sic] the PHMSA data implies” (PST 2015). 

Excavation/mechanical damage of pipelines can be caused by any of the typical forms of 

excavation including digging, grading, trenching, boring, etc. These activities are usually 

undertaken during highway maintenance, general construction, and many farming activities, as 

well as new home construction and routine homeowner activities (PHMSA 2014a). For this reason, 

PHMSA, pipeline industry stakeholders, regulators and safety advocates/organizations encourage 

anyone planning an excavation work to make the required “One-Call” (call 811) before digging. 
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This enables pipeline/utility owners and operators to locate and mark all buried facilities (including 

pipelines) around the site before the excavation activity to prevent accidents related to excavation 

damage. Figures 2-6 and 2-7 show some of the recent pipeline incidents that resulted from 

excavation damage in Thomson, GA and Cleburne, TX respectively in 2010. 

 

  

  

Figure 2-6: Excavation damage explosion (DOT 2011) 
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(a) Natural gas burning from 36" diameter pipeline        (b) Ruptured section of the pipeline 

Figure 2-7: Natural gas pipeline explosion from excavation damage (NTSB 2013) 

2.2.3 Material/Weld/Equipment Failure 

Pipeline incidents attributed to material, weld, or equipment failure tend to be broad, with many 

sub-categories of cause of failure. Some of these sub-categories are attributed to defective material 

manufacturing and/or fabrication process, inadequate construction and installation methods and 

technologies used. Majorities of pipeline incidents in this category are as a result of 

fitting/equipment failure and joints/welds failure. 

Of all failures in the PHMSA pipeline incident database, failures caused by material/weld/ 

equipment failure are the most common. Failures under this category have the highest total 

reported cost of all pipeline incidents between 1996 and 2015 (the cost is particularly influenced 

by the San Bruno explosion in 2010, which resulted in over $558 million in reported cost). The 

devastating impact of the San Bruno natural gas pipeline incident is illustrated by Figures 2-8 

and 2-9. 
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Figure 2-8: Aftermath of natural gas pipeline explosion in San Bruno, CA (SacBee 2010) 

 

  

(a) A massive fire in San Bruno, CA            (b) Picture of a burned car in front of several 

              (SacBee 2010)                                         destroyed houses (NTSB 2011) 

Figure 2-9: Details of the aftermath of natural gas pipeline explosion in San Bruno, CA 

 



18 

 

2.2.4 PHMSA Pipeline Incident Summary 

An analysis of the pipeline incidents reported to the PHMSA between 1996 and 2015 indicates 

that, out of the total 11,192 incidents, 51% (5,663) fell under significant incidents while only 8% 

(862) fell under serious incidents (Figure 2-10). However, serious incidents (and hence significant 

incidents) accounted for almost all of the fatalities and injuries reported – 96% and 98% 

respectively. When it comes to the total reported cost associated with these incidents, significant 

incidents accounted for 97% even though it was only about half of the number of reported 

incidents, while serious incidents contributed a smaller share of 11% as shown in Figure 2-10.  

Figures 2-11 through 2-14 show details of these parameters according to the year of report. In 

2002, PHMSA changed the definition for a reportable hazardous liquid incident from “Loss of 50 

or more barrels (8 or more cubic meters) of hazardous liquid or carbon dioxide” to “Release of 5 

gallons (19 liters) or more of hazardous liquid or carbon dioxide” (PHMSA 2014b). This resulted 

in sharp increase in “All Incidents” shown in Figure 2-11. This change however did not affect the 

significant and serious incidents reported. It is further observed from Figures 2-12 and 2-13 that, 

serious incidents (and hence significant incidents) accounted for 100% of fatalities and injuries in 

most years, while significant incidents accounted for almost all of the reported cost (Figure 2-14). 

 

Figure 2-10: Category summary of PHMSA pipeline incidents 
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(a) Line plot of reported incidents 

 

 

 

(b)  Bar plot of reported incidents 

Figure 2-11: Number of reported incidents for each category by year 
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Figure 2-12: Number of fatalities reported for each category by year 

 

 

Figure 2-13: Number of injuries reported for each category by year 
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Figure 2-14: Total cost reported for each category by year 

 

As has already been shown in Figure 2-1 and reproduced here (in Figures 2-15) for easy reference, 

and in Figure 2-16 below,  the reported pipeline incidents are mostly dominated by corrosion, 

excavation damage, and material/weld/equipment failure: while excavation damage is the leading 

cause of injuries and fatalities in pipeline incidents. 

 
Figure 2-15: Percentage of pipeline incidents caused by different categories 
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Figure 2-16: Casualties associated with different causes of pipeline failure 

 

Pipeline incidents caused by material/weld/equipment failures are the most expensive, accounting 

for 34.4% of total reported cost over the past 20 years (Figure 2-17). This is closely followed by 

natural force damage, which accounted for 27.0% of the total reported cost. As shown in 

Figure 2-18, these two leading categories were greatly influenced by the pipeline incidents in 2005 

and 2010 for natural force damage and material/weld/equipment failures respectively. The high 

cost reported for material/weld/equipment failure in 2010 was predominantly caused by two major 

incidents - the Pacific Gas and Electric Company natural gas transmission pipeline explosion in 

San Bruno, California (NTSB 2011); and the Enbridge Incorporated hazardous liquid pipeline 

rupture in Marshall, Michigan (NTSB 2012). These two incidents resulted in 84% of the total 

reported cost for 2010, and 21% of the 20 year total cost. On the other hand, the cost reported for 

natural force damage in 2005 was from a series of pipeline failures caused by heavy rains/floods, 

high winds, and earth movements – mostly in the outer continental shelf – which made up 81% of 

total reported cost for 2005 and 15% of the 20 year total cost shown in Figure 2-17. Corrosion of 

pipelines also contributed significantly to the total cost, accounting for 13.9% over the same 20 

year period. 
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Figure 2-17: Total cost reported for each failure category over the last 20 years 

 

 

Figure 2-18: Total cost reported for each failure category by year 
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Similarly, corrosion, excavation damage and material/weld/equipment failure accounted for the 

top three highest percentages of total barrels of hazardous liquid4 spilled and net barrels lost 

(Figures 2-19 and 2-20). 

 

Figure 2-19: Total barrels of hazardous liquid spilled per failure category 

 

 

Figure 2-20: Net barrels of hazardous liquid lost per failure category 

                                                 

4 “Barrel data appears only for Hazardous Liquid incidents. Net Barrels Lost is the difference between Total Barrels 

Released and Barrels Recovered” (PHMSA 2016b, 2016c, 2016d). 
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Since this study seeks to make significant impact in preventing pipeline incidents caused by 

corrosion, excavation damage and pipe material failure (these have also been identified as the top 

three leading causes of pipeline failure), a summary of how the above categories affect the overall 

pipeline industry in terms of failure losses is given in Table 2-1. 

Table 2-1: Corrosion, excavation damage and material failure contribution to pipe incidents 

Cause of Failure 
No. of 
Incidents 

Fatalities Injuries Cost 
Barrels 
Spilled 

Barrels 
Lost 

Corrosion 18.2 % 6.1 % 5.2 % 13.9 % 20.5 % 15.9 % 

Excavation Damage 16.1 % 38.2 % 32.4 % 7.2 % 19.6 % 25.0 % 

Material/Weld/Equip Failure 31.7 % 5.5 % 10.3 % 34.4 % 29.3 % 32.6 % 

Total 66.0 % 49.8 % 47.9 % 55.5 % 69.4 % 73.5 % 

 

2.3 WATER AND SEWAGE PIPELINES 

Though water and sewage pipeline incidents do not frequently result in immediate fatalities and 

injuries as hazardous or energy pipelines, these incidents have serious consequences on the lives 

of people. Some of the recent water and sewage pipeline incidents resulted from corrosion of 

metallic pipelines and aging infrastructure. This leads to water main breaks resulting in loss of 

treated water and/or contamination of water delivered to consumers. The America Society of Civil 

Engineers graded the aging water infrastructure a D, with an estimated 240,000 water main breaks 

per year and loss of about “six billion gallons of treated drinking water” (ASCE 2017) each day. 

A study on water main breaks found corrosion to be a major cause of these breaks. In the same 

study, PVC pipes were found to have the lowest break rate of all pipe materials evaluated 

(Folkman 2018). Figure 2-21 shows comparison of failure rate of the different pipe materials. 

Making buried PVC pipes easily locatable and increasing their adoption rate in the water and 

sewage infrastructure will help reduce water main breaks. 
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Figure 2-21: Break rates of different pipe materials (Folkman 2018) 

2.4 CONCLUSIONS 

This chapter reviewed the current state of the pipeline infrastructure in the US. The challenges 

discussed and the necessity for a sound infrastructure to serve pipeline transportation needs require 

significant investment into infrastructure development, monitoring and maintenance. The 

remainder of this dissertation will explore ways to aid in this process by making advanced 

materials for building resilient pipelines locatable in-situ.  
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CHAPTER 3 

RECENT ADVANCES IN NON-METALLIC PIPELINE DETECTION 

3.1 INTRODUCTION  

Subsurface object/feature detection has been a subject of interest in many fields of study for several 

centuries now. From the use of dowsing rods in the early ~1400s (Hansen 1982) for locating 

underground water, to the utilization of more advanced techniques such as ground penetrating 

radar, x-ray, and acoustic/seismic systems for detecting pavement thickness and moisture 

variations in a medium among many others in current applications, subsurface profiling has come 

a long way; both in the scope of the technologies employed and the fields/areas of application. 

This chapter reviews the commonly used subsurface object detection techniques, and their 

application and performance for non-metallic pipeline detection. 

3.2 BURIED OBJECT DETECTION TECHNIQUES 

As mentioned earlier, several techniques have been employed over the years for detecting 

buried/subsurface objects. Some of these techniques, including Ground Penetrating Radar, 

Infrared Thermography/Systems, X-Ray Backscatter, Dowsing, Acoustic/Seismic Systems, 

Electromagnetic Induction/Conductivity (Buried Metal Detection), Magnetometer Surveys, and 

Electrical Resistivity Tomography or Surface Resistivity are still widely used in industry today. 

3.2.1 Dowsing 

Dowsing (also called witching) is the oldest of the subsurface object location techniques still in 

use today. Dowsing is generally regarded as a problem solving technique which utilizes “motor 

automatism in conjunction with a mechanical instrument to obtain information otherwise unknown 

to the dowser” (Hansen 1982). Dowsers (a term used for people using the dowsing technique) use 

dowsing rods or witching sticks to identify hidden objects; the rods move in response to the 

presence of buried/hidden objects that the dowser wishes to locate. In recent applications to buried 

utility locating, the L-shaped diving rods are used. One L-shaped rod is held in each hand by the 

dowser while moving around to locate buried objects, the two rods move inwards to cross each 
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other when the dowser walks over a buried utility line. Though recent literature on this technique 

is scarce, multiple practitioners have confirmed they have been using it to successfully locate 

buried pipes. 

One of the major limitations with this techniques is its inability to determine the depth at which 

objects are buried. It can also not be used to determine the diameter of buried objects. 

3.2.2 Geomagnetic Surveying 

Geomagnetic Surveying is a geophysical method that uses an instrument called magnetometers to 

measure changes in the earth’s magnetic field (measurement of magnetic field direction, gradient, 

or intensity) that are caused by the magnetic properties of underlying material or changes in the 

subsurface structure. This technique is also sometimes referred to as magnetometer surveys. 

Magnetometers are sensitive instruments, allowing subtle variations in the local magnetic field to 

be detected – which may indicate the presence of buried objects (Allred et al. 2004, Mariita 2007) 

or other subsurface anomalies. There are different types of commercial magnetometers available. 

Gradiometer magnetometers employ two magnetometers, mounted a short distant apart, to 

measure magnetic field gradient between the two magnetometers. This allows for the removal of 

background noise and diurnal magnetic fluctuations since they measure magnetic field gradient 

rather than total magnetic field. Geomagnetic surveying can be used in a variety of geophysical 

survey applications, including investigation of archaeological sites, mapping of geologic structures 

such as rock formations, locating steel well casings, buried steel tanks, steel pipes, and other 

metallic debris (Allred et al. 2004, Mariita 2007). 

An investigation by Allred et al. (2004) found that, magnetometer survey was not able to locate 

buried agricultural drainage pipes located at depths between 0.5 and 1 m (1.5 – 3 ft.). Portable 

one-hand operated magnetic locaters, suitable for locating utility lines and other ferrous objects, 

are available in several models. However, these are only able to locate ferrous/magnetic objects. 

Geomagnetic surveying/magnetic locaters are therefore not suitable for locating buried 

non-metallic pipelines. 
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3.2.3 Electromagnetic Induction (EMI) 

Electromagnetic induction (and Electromagnetic Induction Spectroscopy, EMIS) works on the 

principle that, an electrically conductive or magnetically permeable object exposed to a low-

frequency electromagnetic field produces a secondary electromagnetic field. The secondary field 

can be measured and used to classify the object. During EMIS surveys, an electromagnetic (EM) 

field (called the primary field) is transmitted into the ground by a transmitter coil, this generates a 

secondary EM field in the ground. The secondary EM field then propagates through the ground 

back to the surface. A receiver coil on the EM sensor detects and measures both the primary and 

secondary fields, which are then used to determine the presence or absence of a subsurface object. 

The electromagnetic induction principle forms the basis of metal detectors commonly used for 

locating metallic utility lines (Won et al. 2001, Allred et al. 2004). 

EMI/metal detectors has been successfully used in various metallic target application, including 

unexploded ordnance characterization (Huang and Won 2003, Won et al. 2001) and detection of 

metallic natural gas pipelines. 

This technique however has little success when it comes to detection of non-metallic targets. EMI 

has been explored by Allred et al. (2004) for detecting non-metallic agricultural drainage lines and 

found to be ineffective. 

3.2.4 Electrical/Surface Resistivity 

The electrical resistivity (also known as Electrical Resistivity Tomography, ERT) method for 

subsurface profiling typically employs four electrodes, placed in contact with the ground/medium 

being evaluated. A known direct current (DC) is applied to the medium through two of the 

electrodes, while the resulting potential is measured between the remaining two electrodes. The 

value of the applied current, the measured potential, and the spacing between the electrodes is 

combined to obtain the electrical resistivity of the medium. This technique can be used to measure 

both lateral and vertical changes in electrical resistivity of the ground. This electrical resistivity 

distribution of the ground can then be used to determine physical conditions of the subsurface, 

such as the presence of voids, depth of bedrock, degree of saturation, salty water, geologic 

formations, buried objects, among many other features (Johnson 2003, Munk and Sheets 1997). 
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The electrical resistivity technique has been employed in locating underground mine voids 

(Johnson 2003, Sheets 2002), groundwater exploration (Mohamaden and Ehab 2017, Asry et al. 

2012, Zhu et al. 2011), and study of geological structures (Carrière et al. 2013).  

ERT is however a low resolution technique, it works well in estimating the large geologic features 

but has little success in locating small features. It was not able to locate agricultural drainage pipes 

buried between 0.5 and 1 m (1.5 – 3 ft.) depths when investigate by Allred et al. (2004). Because 

of its low resolution output, it is difficult to characterize the exact location, size, and depth of a 

feature of interest using ERT. This is evident when the resistivity result of an underground mine 

in Figure 3-1 is compared with the boring result of the same mine in Table 3-1 showing the location 

of voids. 

 

 

Figure 3-1: Electrical resistivity result for an underground mine (Sheets 2002) 
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Table 3-1 Drillers’ descriptions of borings along resistivity survey line (Sheets 2002) 
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3.2.5 Tracer Wires 

Tracer wires have been employed over the years to make detecting buried utilities easier. 

Conductive tracer wires are laid alongside (either above or below) a utility line to make this 

technique work. An electrical contact is made with one end of the tracer wire so an electric signal 

can be transmitted through it, a handheld receiver is then moved along the ground to detect the 

resulting magnetic field generated by the buried tracer wire. The received magnetic field is then 

interpreted to provide pipe location information. Moving the receiver along the tracer wire helps 

to map it out, and hence detect the utility line (Costello et al. 2007, Satterfield 2006, Cist and 

Schutz 2001) 

Major weakness of this technique is that, tracer wires may break over time due to corrosion, or 

they may get torn during back-fill of pipe trenches. When breaks occur, the transmitted electrical 

current will stop at the break point, and the ability to locate pipelines beyond the break will be 

adversely affected. In some instances, the tracer wires completely disappeared in the soil due to 

decades of corrosion activity. In addition, the tracer wire technique cannot determine the depth at 

which pipes are buried. 

3.2.6 Infrared Thermography (IRT) 

Infrared thermography operates on the principle of energy/heat transfer from hotter to colder 

regions within an object. Object and feature detection using this technique is based on the variation 

of electromagnetic radiations reflected or emitted by the object of interest and its surroundings. 

Different materials have different thermal characteristics, and this affects the rate of energy flow 

through and from the material. An infrared sensor/camera is used to measure the variations in 

energy emitted from an object, which is converted into a thermographic image, representing 

thermal characteristics of the object. This helps to locate subsurface objects such as missing/poor 

insulation, delaminations, voids, and pipelines. Infrared thermography is one of the widely used 

nondestructive testing techniques for infrastructure monitoring (Dalrymple 2014, Sakagami et al. 

2014, Mitani and Matsumoto 2012, Taillade et al. 2012, Spring et al. 2011, Ghosh and Karbhari 

2011, Halabe and Dutta. 2010, Costello et al. 2007). 
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Most infrastructure applications of IRT (such as bridge deck monitoring, testing fiber reinforced 

polymer wraps, and locating underground voids) rely on solar heating of the object of interest. In 

other cases where solar heating is insufficient, other active heat source is required. 

Literature on the use of IRT for buried pipeline detection is scarce, however, it is anticipated that 

the technique can be applied in detecting buried pipelines transporting hot fluids. Other pipelines 

not transporting hot fluids may also be detected if their content has significant difference in thermal 

properties relative to the surrounding soil, and there is enough solar heating to produce a radiation 

contrast (limited to very shallow depths). As with the tracer wire technique, IRT cannot detect the 

depth at which objects are buried. However, IRT is a non-contact technique, hence direct access 

to the pipeline may not be required for mapping. In addition, IR cameras also come in portable 

form factors, which offer a great potential for it to be mounted on UAVs (Unmanned Aerial 

Vehicles) or to be integrated into UAV inspection systems. This study investigates the use of IRT 

for detecting buried pipelines carrying hot fluids in a later chapter. 

3.2.7 Ground Penetrating Radar (GPR) 

Ground penetrating radar is one of the geophysical survey methods with a long history of 

application in a wide variety of fields. GPR is an electromagnetic method, and hence relies on the 

electromagnetic properties of the test medium for object detection. A transmitting antenna sends 

radar pulse into the test medium during a GPR application, the pulse signal propagates through the 

medium and is partly reflected by subsurface boundaries having different electromagnetic 

properties.  Part of the incident signal which was not reflected is transmitted deeper into the 

medium or attenuated. The reflected signal propagates back to the surface and is detected by a 

receiving antenna. Characteristics of the received signal (including signal strength, phase, and time 

of flight) are interpreted to detect subsurface objects. 

GPR is a very versatile technique which has been successfully employed in many infrastructure 

monitoring and geophysical survey applications, including buried pipe/utility and container 

detection (Prego 2017, Sagnard et al. 2016, Porsani et al. 2012, Bowders 1982), defect detection 

(Alani et al. 2013, Hing and Halabe 2010), measuring pavement thickness (AL-Qadi and Lahoouar 

2005), locating reinforcing steel in concrete (Razinger 2017, Dalrymple 2014), archaeological 

investigation (Barone et al. 2011 and 2010), detection of landmines (Metwaly 2007), snow 
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thickness measurement and/or subgracial topography detailling (Lamsters et al. 2016, Paolo et al. 

2015), tree root detection (Hirano et al 2009, Butnor et al. 2001 & 2003), irrigation and soil water 

content  monitoring (Takahashi et al. 2012, Wijewardana and Galagedara 2010), cracks in concrete 

or pipe wall, (Najafi 2010, Ékes et al. 2011), and underground/concrete void detection (Trela et al. 

2015, Munk and Sheets 1997). Some of these applications of GPR are reviewed further in 

Section 3.3 of this chapter. 

GPR surveys offer several advantages over the other subsurface object locating methods reviewed. 

A GPR survey provides high resolution continuous profile of the subsurface. This makes it possible 

to find the exact location of buried objects, together with accurate determination of buried depth 

and object size. GPR data can also be collected and viewed in a variety of forms, including single 

trace waveforms, cross section of the subsurface, and 3D views. 

3.2.8 Advantages and Limitations, and why GPR 

From the reviews above, it is evident that GPR offers the best nondestructive testing option for 

buried utility detection. In addition to its versatility, it produces data with the highest resolution, 

making it possible to detect exact location and depth of buried objects. GPR also offers the option 

to collect and view data in a variety of forms, which aids in data interpretation and subsurface 

object detection. 

Electrical resistivity method is a slow process that produces low resolution data, making it difficult 

to deduce the depth, location, and extent of the subsurface object. While a tracer wire technique 

can be accurate if it works (that is, if the wire is not broken due to corrosion), the location might 

be off if there is a differential lateral displacement between the wire and the pipe. Techniques like 

dowsing, tracer wire, infrared thermography, acoustic systems, geomagnetic surveys, and 

electromagnetic induction do not provide depth information. 

Finally, some of the above methods only work on ferrous or metallic objects, while GPR can work 

on any material provided there is sufficient dielectric contrast between the object of interest and 

its surrounding material. 
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3.3 USE OF GPR IN BURIED NON-METALLIC OBJECT DETECTION 

While GPR is a versatile technique that is widely successful in locating underground objects and 

features, locating buried non-metallic materials continue to be a challenge in most soil conditions. 

Bowders (1982) investigated the use of GPR for locating buried containers of various material 

types and sizes. The author was able to locate 55, 30, 5, and 2 gallon steel drums (diameters of 

about 23, 18, 13, and 9 inches respectively) buried with 3.5 feet of soil cover using a 120 MHz 

antenna. The steel drums are represented by the hyperbolic features around a depth of 3.5 feet in 

the GPR printout in Figure 3-2(a). The author was also able to detect 30 gallon steel drums buried 

with 11, 6, 3, and 1 feet depth of soil cover Figure 3-2(b). 

    
         (a) Different diameter steel drums at 3.5 ft.       (b) 30 gallon steel drums at different depths 

Figure 3-2: GPR printout showing hyperbolic features from steel drums  

Buried 40 gallon plastic drums at 11, 6, 3, and 1 feet depths could not be detected since plastic is 

transparent to radar waves. Two plastic drums, one filled with fresh water and the other filled with 

salt water (in the ratio of 1 lb. of salt in 4 gallons of water) and buried at 2 ft. depth were however 

detected by GPR due to the water having very high dielectric constant and being conductive 

compared to the surround sand medium. The pipe content was therefore reflective to radar waves, 

thereby making it detectable (the plastic drum material could not be detected, but their content was 

detected using GPR). 
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It should be noted that, Bowders’ test was carried out in a nearly ideal conditions for GPR testing 

(the test site was level, with no vegetation and miscellaneous debris, and “consisted of a relatively 

uniform sandy soil of low water content” (Bowders 1982). The sand was almost dry, with in-situ 

water content of 2% and an 8% degree of saturation. In addition, there were no buried utilities 

(pipelines and cables) or overhead wires within 1000 feet of the test area; this helped in limiting 

background noise from nearby objects in the GPR survey data.  GPR was able to penetrate up to a 

depth of 11 feet (3.5m) in this soil, when 80 MHz and 120 MHz frequency antennae were used 

Bowders (1982). 

Allred et al. (2004) researched on detecting buried agricultural drainage lines (made of clay tile or 

corrugated plastic tubing), and were able to detected the pipes down to about 1 m (3 ft.) depth, 

achieving an average success rate of  81%. Some of this test result is shown in Figure 3-3. 

      

(a) Profile perpendicular to drainage pipes                            (b) Amplitude map 

Figure 3-3:  GPR data from agricultural drainage pipes (Allred et al. 2004) 

3.4 CHALLENGES IN DETECTING NON-METALLIC OBJECTS 

It can be inferred from the previous section that, locating buried non-metallic object is a challenge; 

even in the most favorable soil conditions. Buried non-metallic pipelines may be detectable if their 

content makes it possible. However, this cannot be relied on since the content might not always 

make this possible. For instance, fresh water in its natural state has a dielectric constant of about 



37 

 

80, while that of natural gas is less than 2 (two5). Also, 1 lb. of salt in 4 gallons of water gives a 

concentration of about 0.5M (assuming NaCl) which has a dielectric constant of about 75 at 20°C 

(Gavish and Promislow 2016). This means that the high dielectric constants of fresh water and salt 

water reflect radar waves and make it possible to locate buried pipes with such contents. However, 

the low dielectric constant of natural gas will not reflect much radar waves, and hence will be 

undetectable. In addition, changes in soil properties such as increase in silt and clay content, as 

well as higher soil water and electrical conductivity makes it more difficult to locate buried 

materials using GPR.  

3.5 CONCLUSIONS 

From the review of the buried object location techniques commonly used in field applications 

today, GPR has been found to be the most promising technique to be used in this research. In 

addition to locating buried objects, GPR can also be used to determine the depth at which the object 

is buried. 

However, detection of buried non-metallic objects in most soil conditions is still a problem when 

using GPR. As presented in the review, 22" diameter plastic drums (40 gallon drums) could not be 

detected at 1 ft. depth in dry sand (which is an ideal condition for GPR application). Thus, this 

research will investigate strategies for making non-metallic pipelines easily locatable using GPR. 

The study will involve detection of 3" diameter non-metallic pipes buried at 2 ft. depth and 12" 

diameter non-metallic pipe at 4 ft. depth in wet clay soil using GPR.

                                                 

5 Methane, which is the primary component of natural gas – typically about 94% – has a dielectric constant less than 

2, while that of the remaining components; ethane, propane, butane, pentane, hexane, nitrogen, and carbon dioxide 

carbon dioxide all fall under 1.8 (sources: Enbridge Gas, Dortmund Data Bank - DDB, The Engineering ToolBox).  
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CHAPTER 4 

GROUND PENETRATING RADAR (GPR) THEORY 

4.1 INTRODUCTION 

The ground penetrating radar method operates by transmitting electromagnetic energy from an 

antenna into a material, and measuring the reflected signal response from subsurface features. 

Reflected signal amplitude, phase, and elapsed time of the received signal are all recorded by the 

receiving antenna. Record of reflections from different depths into a material produces a signal 

trace, which helps in locating subsurface features. As a GPR signal travels through a material, it 

undergoes attenuation (losses – which results in reduction in signal amplitude), refraction (when 

signal travels through different materials), and reflection from interfaces among other changes. 

Figure 4-1 illustrates the simplified path of a GPR signal from the transmitting antenna through a 

media and back to the receiving antenna. The theory behind the application of GPR is summarized 

in this chapter. 

 

Figure 4-1:  Propagation path of electromagnetic wave from transmitter to receiver 



39 

 

4.2 PROPAGATION VELOCITY 

Propagation of electromagnetic waves through a medium such as soil is characterized by the 

electromagnetic properties of the medium; such as the dielectric permittivity ε, the magnetic 

permeability μ, and the electrical conductivity σ.  The dielectric permittivity is in turn affected by 

several material properties, including “electromagnetic properties of solid particles, porosity, 

moisture content, and salt/ionic content” (Halabe et al. 1995). The electromagnetic wave velocity, 

v, through a non-conductive/slightly conducting medium is given by; 

𝑣 =
1

√휀𝑚
′ 𝜇𝑚

=
1

√휀𝑜휀𝑟
′ 𝜇𝑜𝜇𝑟

                                                         (41) 

where εm' and μm are the dielectric permittivity and magnetic permeability (absolute) of the 

medium/material, εo = 8.854 x 10-12 F/m is the dielectric permittivity of vacuum/free space, 

εr' = εm /εo is the relative dielectric permittivity (sometimes referred to as dielectric constant) of the 

medium, μo = 4π x 10-7 H/m is the magnetic permeability of vacuum/free space, and μr = μm /μo is 

the relative magnetic permeability of the medium. 

Magnetic properties for slightly conducting mediums, that is, non-magnetic materials such as most 

soils, are taken as being equal to that for vacuum, resulting in μm = μo and μr =1 (Takahashi et al. 

2012, Reynolds 2011, Halabe et al. 1995, Halabe et al. 1993). For such mediums, Equation 4-1 

becomes; 

𝑣 =
𝑐

√휀𝑟
′

                                                                          (42) 

𝑐 =
1

√휀𝑜𝜇𝑜

                                                                      (43)  

where c ≈ 3 x 108 m/s is the velocity of electromagnetic waves in vacuum (speed of light).  

The electromagnetic properties of materials (ε, μ, and σ), - both absolute and relative for ε and μ - 

are complex in general, and can be expressed as (Most of the theory from hence forward will 

involve the relative form of dielectric permittivity and magnetic permeability, hence the subscript 

“r” in relative dielectric permittivity and relative magnetic permeability will be dropped from 

hence forward for brevity. Other subscripts will be used to denote quantities that are not relative): 
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휀 = 휀′ + 𝑖휀′′                                                                    (44) 

𝜇 = 𝜇′ + 𝑖𝜇′′                                                                   (45) 

𝜎 = 𝜎′ + 𝑖𝜎′′                                                                   (46) 

where ε, μ, and σ are the complex relative dielectric permittivity, complex relative magnetic 

permeability, and complex conductivity respectively. ɛ' and ɛ" are the real and imaginary parts of 

the complex relative dielectric permittivity. The real part of dielectric (ɛ'), called the polarization 

term, reflects material polarization property while the imaginary part (ɛ"), called polarization loss, 

“reflects energy loss in the dielectric material caused by delay in material’s response to the applied 

field” (Pal 2015) or polarization lag.   

Similarly, μ' and μ" are the real and imaginary parts of the complex relative magnetic permeability. 

The real part (μ') reflects polarization property of the material by measuring the “amount of 

magnetic moments that become aligned with the applied magnetic field” (Pal 2015). Additionally, 

it reflects the amount of energy stored by the magnetic moments when an external magnetic field 

is applied. The imaginary part (μ"), called polarization loss, “reflects energy loss in the magnetic 

material caused by delay in material’s response to the applied field” (Pal 2015). For dispersive 

materials, the values of ɛ', ɛ", μ' and μ" are frequency dependent. 

The conductivity terms, σ' and σ" are related to ohmic conduction and faradaic diffusion 

respectively (Takahashi et al. 2012).  

In general, the propagating velocity of electromagnetic wave through an electrically conducting, 

frequency independent, dielectrically lossless medium with uniform magnetic properties is given 

by (Cassidy 2009, Goodman and Piro, 2013): 

𝑣 =
𝑐

(
휀′𝜇′

2 [√1 + (
𝜎′

𝜔휀𝑜
 휀 

′)
2

 
+ 1])

1
2⁄

                                              (47) 

Where,  

ω = 2πf is the angular frequency (rad/s) 

f  is the signal frequency (Hz) 



41 

 

The propagating velocity for a dielectrically lossy material, having complex conductivity and 

complex permittivity but non-complex magnetic permeability, can be obtained by using a real 

effective permittivity (휀𝑚
𝑒,′

) and real effective conductivity (𝜎 
𝑒,′) in place of σ' and 휀𝑚

′  (and 휀𝑚
𝑒,′/휀𝑜 

for ε') in Equation 4-7 (Cassidy 2009, Pal 2015, Takahashi et al. 2012). 

휀𝑚
𝑒,′ = 휀𝑚

′ +
𝜎′′

𝜔
                                                                 (48) 

𝜎 
𝑒,′ = 𝜎′ + 𝜔휀𝑚

′′                                                               (49) 

The effective parameters in Equations 4-8 and 4-9 account for the combined electromagnetic 

energy loss and storage mechanisms of conductivity and permittivity relaxation, “and represent 

currents that are either in phase (𝜎 
𝑒,′) or out of phase (휀𝑚

𝑒,′
) with the electric field during the 

polarization and relaxation processes” (Cassidy 2009). 

The complex relative permittivity, ɛ, defined in Equation 4-4 assumed that the static electrical 

conductivity of a material is negligible, thus it considered only displacement charges. Thus, the 

effective complex relative permittivity (휀 
𝑒), which considers both free and displacement charges 

can be defined as: 

휀 
𝑒 = (휀′ +

𝜎′′

𝜔휀𝑜
) + 𝑖휀′′ + 𝑖 (

𝜎′

𝜔휀𝑜
) 

       = (휀′ +
𝜎′′

𝜔휀𝑜
) + 𝑖 (휀′′ +

𝜎′

𝜔휀𝑜
)                                            (410) 

The conductivity component of effective permittivity (Equations 4-8 and 4-10) is considered 

frequency independent, and having only real value in most applications.  

Hence the effective relative permittivity becomes (Cassidy 2009, Pal 2015, Takahashi et al. 2012): 

휀 
𝑒 = 휀′ + 𝑖 (휀′′ +

𝜎′

𝜔휀𝑜
) 

𝑜𝑟       휀 
𝑒 = 휀 + 𝑖 (

𝜎′

𝜔휀𝑜
)                                                    (411) 
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The loss term (imaginary part) in equation 4-11 accounts for both polarization loss and energy loss 

due to static electric conductivity. The effective loss factor, 휀𝑒𝑓𝑓
′′ , can be defined by expressing 휀 

𝑒 

as: 

휀 
𝑒 = 휀′ + 𝑖휀𝑒𝑓𝑓

′′                                                                (412) 

where  

휀𝑒𝑓𝑓
′′ = (휀′′ +

𝜎′

𝜔휀𝑜
)                                                          (413) 

Complex effective electrical conductivity can also be alternatively expressed to define the effective 

loss factor, 𝜎𝑒𝑓𝑓
′ , accounting for energy losses due to both polarization and static conductivity 

(Pal 2015): 

𝜎𝑒 = 𝑖𝜔휀𝑚 = 𝜎𝑒𝑓𝑓
′ + 𝑖𝜎′′                                                     (414) 

where  

𝜎𝑒𝑓𝑓
′ = 𝜎′ + 𝜔휀𝑚

′′                                                                 (415) 

𝜎′′ = 𝜔휀𝑚
′                                                                  (416) 

휀𝑚
′ = 휀𝑜

 휀′                                                                 (417) 
  

4.3 SIGNAL AMPLITUDE 

GPR signals undergo transformations such as attenuation (absorption of energy), scattering, 

reflection, and refraction as the signal travels through a dielectric medium. As such, the signal 

amplitude decreases with increase in travel distance. The amplitude of a one dimensional 

electromagnetic wave propagation is given by (Halabe et al. 1993): 

𝐴 (𝑥, 𝑡) = 𝐴𝑜𝑒𝑖(𝑘𝑥−𝜔𝑡) = 𝐴𝑜𝑒−𝑘𝐼𝑥𝑒𝑖(𝑘𝑅𝑥−𝜔𝑡)                                    (418)  

where; 

         Ao is the initial signal amplitude 

         A(x,t) is the signal amplitude at a distance x and time t 

         k is the wave number - complex if the medium is conductive, and is related to ɛ as follows: 
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𝑘 = 𝑘𝑅 + 𝑖𝑘𝐼 =  𝜔√휀𝑚𝜇𝑚  =  𝜔√(휀𝑚
′ + 𝑖휀𝑚

′′ )𝜇𝑚                                    (419) 

where; 

kR is the real part of complex wave number, also called phase coefficient (rad/m) 

kI is the imaginary part of complex wave number, also called attenuation coefficient (Np/m) 

μm = μo = 4π x 10-7 H/m  

휀𝑚
′′ = 𝜎′/𝜔 

 

kR and kI are expressed as (Cassidy 2009, Halabe et al. 1993): 

𝑘𝑅 = 𝜔√
휀𝑚

′ 𝜇𝑚

2
(√1 + (

𝜎′

𝜔휀𝑚
′

)
2

 

+ 1)          =
𝜔

𝑣
=

2𝜋

𝜆
               (420) 

𝑘𝐼 = 𝜔√
휀𝑚

′ 𝜇𝑚

2
(√1 + (

𝜎′

𝜔휀𝑚
′

)
2

 

− 1)                                             (421) 

where λ is the wavelength of the radar wave. 

In a highly conducting medium (i.e., ɛm"/ ɛm' >> 1), Equations 4-20 and 4-21 become (Halabe et 

al. 1993): 

𝑘𝑅 = 𝑘𝐼 = √
𝜔𝜇𝑚𝜎′

2
                                                       (422) 

 

In a slightly conducting medium (i.e., ɛm"/ ɛm' << 1), Equations 4-20 and 4-21 become (Halabe et 

al. 1993): 

𝑘𝑅 = 𝜔√휀𝑚
′ 𝜇𝑚                                                           (423) 

𝑘𝐼 =
𝜎

2
√

𝜇𝑚

휀𝑚
′

                                                               (424) 
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4.4 LOSS FACTOR AND SKIN DEPTH 

The loss components of a dielectric material are described by parameters such as the loss tangent 

(tan δ) and skin depth (dp).  The skin depth is the depth/distance that a plane wave has to travel for 

its amplitude to reduce to 1/e, or 37% of its original value. The skin depth is inversely proportional 

to the attenuation coefficient/factor, dp = 1/ kI (Reynolds 2011). This is useful in estimating the 

penetration depth and the likely amplitude of any GPR signal reflections (Cassidy 2009). When 

round-trip wave propagation is considered, the wave amplitude reduces to 13.5% of the original 

signal amplitude (0.372 = 0.135). The loss tangent describes the ratio of the imaginary and real 

parts of the complex effective permittivity. It also relates electromagnetic energy loss factor 

(σ' + ωεm") to energy storage (ωεm' + σ"). The parameters help in assessing how ‘lossy’ a dielectric 

material is, and its attenuation effects on an electromagnetic wave (Cassidy 2009, Takahashi et al. 

2012). 

𝑡𝑎𝑛 𝛿 =
휀𝑚

′′

휀𝑚
′

=
휀 

′′

휀 
′

=
𝜎′ + 𝜔휀′′휀𝑜

𝜔휀′휀𝑜 + 𝜎′′
=

𝜎′ + 𝜔휀𝑚
′′

𝜔휀𝑚
′ + 𝜎′′

                                  (425) 

For a material that is relatively dry and low in conductivity (ɛ" and σ" are small), the loss tangent 

is approximated as (Cassidy 2009, Takahashi et al. 2012): 

𝑡𝑎𝑛 𝛿 =
𝜎′

𝜔휀𝑚
′

=
𝜎′

𝜔휀𝑜
 휀 

′
                                                                (426) 

And the electromagnetic wave velocity for such a medium is given previously by equation 4-1. 

The skin depth (also known as penetration depth), dp, is given by: 

𝑑𝑝 =
1

𝑘𝐼
=

1

𝜔√
휀𝑚

′ 𝜇𝑚

2 (√1 + (
𝜎′

𝜔휀𝑚
′ )

2

 
− 1)

                                      (427) 

which can be approximated as given in Equation 4-28 provided the loss tangent is considerably 

less than one: 

𝑑𝑝 =
2√휀𝑟

′

377𝜎
                                                                 (428) 
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Equation 4-28 is only valid when the loss tangent is ‘considerably’ less than one. The value of skin 

depth will be overestimated if the simplified equation is used while the condition is not satisfied. 

Reynolds (2011) provides a graph to help determine when this condition is met. The graph is 

modified to include other antenna frequencies of interest, and shown in Figure 4-2. The theoretical 

conductivity values (mS/m) for when the factor is equal to one is shown on the left side of the 

vertical axis. “The observed conductivity for the condition of being much less than unity to apply 

should be of the order of 0.05 of the theoretical conductivity” (Reynolds 2011) as shown on the 

right side of the vertical axis. Thus, if for example, the observed true conductivity is 15 mS/m and 

a 900 MHz radar antenna is being used for a test, then the full form of the skin depth must be 

considered, unless the relative dielectric permittivity is greater than or equal to 6. 

 

Figure 4-2: Conditions under which the loss tangent << 1 

4.5 TRANSMISSION AND REFLECTION 

Ground penetrating radar methods depend on detection of reflected signal from objects or 

interfaces. The amplitude of reflected signal depends on the reflection coefficient and the incident 

signal amplitude. In the case of subsurface objects/features, the incident signal amplitude is 
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controlled by the reflection, transmission, and attenuation properties of the overlaying material. 

For an electromagnetic wave travelling in slightly conducting media, (from medium 1 to medium 

2 as shown in Figure 4-3), the reflection and transmission coefficients –R1,2 and T1,2 – for signal 

amplitude between the media can be expressed as (Takahashi et al. 2012, Halabe et al. 1993): 

𝑅1,2 =
√휀1

′ − √휀2
′

√휀1
′ + √휀2

′
                                                                 (429) 

𝑇1,2 = 1 + 𝑅1,2 =
2√휀1

′

√휀1
′ + √휀2

′
                                                 (430) 

Where the subscripts 1 and 2 denote the first and second medium at the interface.   

 

Figure 4-3:  Reflection and transmission of incident electromagnetic wave at an interface  

As illustrated in Figure 4-3, the direction of wave travel changes at the media interface (i.e., the 

wave is refracted) in accordance with Snell’s law – Equation 4-31). 

sin 𝜃1

𝑣1
=

sin 𝜃2

𝑣2
                                                                 (431) 

If v2 is greater than v1, then there is a maximum angle called the critical angle for medium 1 beyond 

which the electromagnetic wave cannot propagate from medium 1 to medium 2. In this case, the 

incident signal is completely reflected - a condition referred to as total internal reflection. When 

the incident wave is at the critical angle, the refracted wave travels along the boundary between 
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the two media, and forms an angle of 90° with the normal (Figure 4-4) (Reynolds 2011, 

Annan 2009). 

 

Figure 4-4:  Refraction of incident electromagnetic wave at the interface between two media 

4.6 DIELECTRIC CHARACTERISTICS OF COMMON SOIL MATERIALS 

For certain GPR applications, material properties provided in Table 4-1 (adapted from Cassidy 

2009, Goodman and Piro 2013, Davis and Annan 1989, and Daniels 2004) and the assumption of 

low-loss condition can be combined to appropriately estimate the GPR wave velocity, attenuation, 

and wave length in a material (Cassidy 2009). For a more accurate and/or detailed characterization 

of most porous material (e.g. soils), the material is considered as a mixture of its various 

components (mixture of solid particles/grains, air, and water/pore fluid). An appropriate mixing 

model is then selected to estimate the effective dielectric permittivity of the mixture. 

4.6.1 Dielectric Models 

There are a number of empirical relations for estimating the effective dielectric permittivity of 

mixtures; most of these relations rely on water content and porosity of the mixture to calculate the 

dielectric constant. This is because the dielectric permittivity of water is significantly higher than 

that of most dry soils, as such the dielectric permittivity of soils is primarily controlled by the 

presence of water in the pore space. 

One of the widely used basic dielectric models (ε-θ relationships) is the Topp equation (Topp et 

al. 1980), which requires selection of appropriate polynomial coefficients for accurate results. A 

general form of the formula for mineral soils is provided below. 
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Table 4-1: Relative dielectric constants and conductivity of common subsurface materials 

Material 

Relative permittivity, ε Conductivity(mS/m) 

Cassidy 

2009 

Goodman & 

Piro 2013 

Daniels 

2004 

Davis & 

Annan 

‘89 

Cassidy 

2009 

Goodman & 

Piro 2013 

Daniels 

2004 

Davis & 

Annan 

‘89 

Air  1 1 1 1 0 0 0 0 

Clay – dry  2 – 20   2 – 6 
5 – 40 

1 – 100 
1 100 – 

1E3 
2 – 1000 

Clay – wet  15 – 40 12 5 – 40 
100 – 1000 

100 100 – 

1E3 

Concrete – dry  4 – 10 
7 

4-10   1 – 10 
0.1 

1 – 10  

Concrete – wet  10 – 20 10 – 20   10 – 100 10 – 100  

Freshwater /Distilled 78 – 88 81 81 80 0.1 – 10 0.1 – 10 0.001 – 10 0.01 – 0.5 

Seawater  81 – 88 81 81 80 4000 4000 100000 30000 

Freshwater ice  3 4 4 
3 – 4 

1 – 1E-6 1 0.1 – 1 
0.01 

Seawater ice  4 – 8   4 – 8 10 – 100  10 – 100 

Permafrost  2 – 8 8 4 – 8   0.1 – 10 1 0.01 – 10  

Granite – dry  5 – 8 5 5 4 – 6 

1E-3 – 1E-

5 1E-5 

1E-5 – 1E-

3 0.01 – 1 

Granite – wet 5 – 15 7 1 – 10 1 – 10 

Limestone – dry  4 – 8   7 4 – 8 

1E-3 – 1E-

7 

 1E-5 – 1E-

3 0.5 – 2 

Limestone – wet  6 – 15   8 10 – 100  10 – 100 

Sandstone – dry  4 – 7   2 – 5   1E-3 – 1E-7 

 1E-3 – 

0.01 

 

Sandstone – wet  5 – 15 6 5 – 10   0.01 – 0.001 40 0.1 – 10  

Shale – dry   4 – 9    1 – 10  

Shale – saturated  6 – 9   9 – 16   10 – 100  1 – 100  

Sand – dry  3 – 6 9 2 – 6 3 – 5 0.0001 – 1 1 1E-4 – 1 0.01 

Sand – wet  10 – 30   10 – 30 20 – 30 0.1 – 10  1 – 10 0.1 – 1.0 

Sand – coastal, dry  5 – 10       0.01 – 1    

Soil – sandy, dry  4 – 6 2.5 4 – 10   0.1 – 100 0.14 0.1 – 10  

Soil – sandy, wet  15 – 30 25 10 – 30   10 – 100 7 10 – 100  

Soil – loamy, dry  4 – 6 2.5 4 – 10   0.1 – 1 0.11 0.1 – 1  

Soil – loamy, wet  10 – 20 19 10 – 30   10 – 100 21 10 – 100  

Soil – clayey, dry  4 – 6 2.4 4 – 10   0.1 – 100 0.3 10 – 100  

Soil – clayey, wet  10 – 15 15 10 – 30   100 – 1000 50 1 – 1E3  

Soil – average  16       5    

Asphalt   6 2 – 12    1 1 – 100  

Basalt   8      10   

Copper   1      5800   

Silicon   12      1   

Snow   1.4 6 – 12    1E-4 1E-3 – 0.01  

Iron   1      1E9   

Wood (dry)   3      3   

Sand   8      3   

Shales       5 – 15    1 – 100 

Silts       5 – 30    1 – 100 

Coal, dry     3.5     1 – 10  

Coal, wet     8     1 – 100  

Salt, dry     4 – 7 5 – 6   0.1 – 10 0.01 – 1 
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휀𝑟
′ = 3.03 + 9.3𝜃 + 146𝜃2 − 76.7𝜃3                                              (432) 

where θ is the volumetric water content of the soil. 

For clay or organic rich soils, Equation 4-32 is considered inappropriate, and a site specific 

calibration may be required (Friedman 1998, Cassidy 2009, Zegelin et al. 1992). Topp et al. (1980) 

also provided a calibration of Equation 4-32 and selection of polynomial coefficients for organic 

soils as given by: 

휀𝑟
′ = 1.74 − 0.34𝜃 + 135𝜃2 − 55.3𝜃3                                              (433) 

Equation 4-33 is considered to be applicable “for soils with higher water content or organic matter” 

(Porretta and Bianchi 2016): 

Many other ε-θ relationship models have been developed by various researchers, some of which 

are reviewed by Porretta and Bianchi (2016), and Mukhlism and Saputra (2013). Some of the ε-θ 

models are presented in Equations 4-34 through 4-41 

Roth et al. (1992) developed the following model from experiment conducted on mineral soils: 

휀𝑟
′ = 2.87 − 11.1𝜃 + 276𝜃2 − 272𝜃3                                              (434) 

And for organic soils: 

휀𝑟
′ = 0.97 + 10.9𝜃 + 87.4𝜃2 − 28.0𝜃3                                              (435) 

The original equation for organic soils in the literature by Roth et al. had coefficient of the second 

term to be negative (-10.9θ), this however did not conform to the data and plots presented in the 

same paper. It was realized after investigation that, changing the coefficient to positive (+10.9θ) 

as presented in Equation 4-35 made the equation conform to the plot presented in the original 

literature. Detailed comparison between the original (erroneous) equation and the corrected 

equation (Equation 4-35) are shown in Figure 4-5. 

Ferré et al. (1996) developed a simple square root averaging model for ε-θ relationship as presented 

in Equation 4-36. The author also showed that this relation (Equation 4-36) conforms to the Topp 

equation for mineral soils.
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        (a) Original plot showing the fitted line (Roth et al. 1992)                 (b) Plot overlaid with the original and corrected equations 

Figure 4-5:  Organic soil model by Roth et al. showing original and corrected fitted lines 
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𝜃 = 0.1181√휀𝑟
′ − 0.1841                                              (436) 

∴  휀𝑟
′ = (

𝜃 + 0.1841

0.1181
)

2

                                                (437) 

Schaap et al. (1996) also developed a ε-θ relationship model from experiments conducted on 

organic soil floor samples. This model similar to Equation 4-36: 

𝜃 = 0.136√휀𝑟
′ − 0.119                                                 (438) 

∴  휀𝑟
′ = (

𝜃 + 0.119

0.136
)

2

                                                  (439) 

Ledieu et al. (1986) proposed another form of this ε-θ relationship as provided by Porretta and 

Bianchi (2016): 

𝜃 = 0.1138√휀𝑟
′ − 0.1758                                                 (440) 

∴  휀𝑟
′ = (

𝜃 + 0.1758

0.1138
)

2

                                                  (441) 

The most popular mixing model formulation for GPR applications is the Complex Refractive Index 

Model (CRIM). This estimates the effective dielectric permittivity of a mixture by taking into 

account the properties of its constituents. This model is simple, and has been found to be robust 

and accurate (Cassidy 2009). The general form of the CRIM formula is written as: 

휀𝑚𝑖𝑥
𝑒 = (∑ 𝑓𝑖√휀𝑖

𝑛

𝑖=1

)

2

                                                               (442) 

where: 

         휀𝑚𝑖𝑥
𝑒  = relative complex effective permittivity of the mixture 

         fi       = volume fraction of the ith component 

         휀𝑖      = relative complex effective permittivity of the ith component 

A three component model is appropriate for soils in most cases, which results in formula given 

below: 
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휀𝑚𝑖𝑥
𝑒 = [(𝜙𝑆√휀𝑤) + ((1 − 𝜙)√휀𝑠) + (𝜙(1 − 𝑆)√휀𝑔)]

2

                          (443) 

where: 

         휀𝑚𝑖𝑥
𝑒  = complex relative effective permittivity of the mixture 

         ϕ      = porosity of the mixture 

         S      = degree of saturation 

         휀𝑠, 휀𝑤, 휀𝑔 = relative permittivities of solids, water, and gas/air components respectively 

 

Thus, using Equation 4-43 and known properties of a given soil, the relative dielectric permittivity 

can be computed. This can greatly help in analyzing and interpreting GPR data. 

4.6.2 Inverse Models 

Similar to the models used to estimate dielectric constant from volumetric water content 

measurements, a number of inverse models exist for computing volumetric water content from 

dielectric data. These relations are useful in estimating the water content of the soil from GPR 

survey data if the depth to target or dielectric constant of the soil is known.  

Topp et al. (1980) provided a model for the inverse ε-θ relation for mineral soils, based on the 

same experimental data used to derive Equation 4-32: 

𝜃 = −5.3𝑥10−2 + 2.92𝑥10−2휀𝑟
′ − 5.5𝑥10−4휀𝑟

′ 2
 + 4.3𝑥10−6휀𝑟

′ 3
                (444)  

Roth et al. (1992) proposed another inverse ε-θ relation from experimental data. The relationship 

proposed by Roth et al. for mineral soils is given by: 

𝜃 = −0.0728 + 0.0448휀𝑟
′ − 0.00195휀𝑟

′ 2
+ 0.0000361휀𝑟

′ 3
                   (445)  

And for organic soil material, they proposed: 

𝜃 = −0.0233 + 0.0285휀𝑟
′ − 0.000431휀𝑟

′ 2
+ 0.00000304휀𝑟

′ 3
                 (446) 

Yet another model is provided by Curtis (2001), based on experiment conducted on a wide range 

of soil textures as: 

𝜃 = −0.0286 + 0.02435휀𝑟
′ − 0.0003421휀𝑟

′ 2
+ 0.00000237휀𝑟

′ 3
              (447) 
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Other models are provided by Ferré et al. (1996), Schaap et al. (1996), and Ledieu et al. (1986); 

these have already been presented in Equations 4-36, 4-38, and 4-40 respectively. Equations 4-36, 

4-38, and 4-40 are simpler, and therefore could also be used to calculate dielectric constant from 

soil volumetric water content without resorting to complicated solvers or trial-and-error approach 

as shown in Equations 4-37, 4-39, and 4-41. 

4.7 CONCLUSIONS 

The theory behind the application of GPR, and how to estimate the various parameters has been 

evaluated in this chapter. Some of the equations presented will be used later in Chapter 8 to 

calculate parameters for the experimental work done in this study. 
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CHAPTER 5 

GPR EQUIPMENT, SENSORS, AND DATA PROCESSING 

5.1 INTRODUCTION 

A versatile GPR equipment with changeable antenna set-up, and capable of operating with 

different antenna frequencies was used in this research in order to evaluate the appropriate choice 

of antenna for buried non-metallic pipe detection. This chapter describes the GPR equipment and 

the antenna frequencies used, soil moisture sensors used, as well as the data processing techniques 

employed to enhance the obtained GPR data for easier interpretation and buried pipe identification.  

5.2 GPR EQUIPMENT 

The GPR system used in this study was the SIR-20 model manufactured by Geophysical Survey 

Systems, Inc. (GSSI). SIR-20 is a versatile, high-performance dual channel GPR data acquisition 

system, with operating temperature of -10°C to 40°C. The system can operate with either 120V 

AC or 12V DC power supply, and can be mounted on a cart, a vehicle, or used without any mount. 

A cart mounted set-up was used during this study.  A 200 MHz antenna with a specified penetration 

depth of up to 9 m or 30 ft. (in dry sand) and a 400 MHz antenna with a specified penetration depth 

of up to 4 m or 12 ft. (in dry sand) were evaluated with this system. In addition to these antenna 

frequencies, a 900 MHz antenna with a specified penetration depth of up to 1 m or 3 ft. was also 

evaluated at the beginning of the study and found to be inadequate in achieving the expected 

penetration depth in the wet soil medium in the study. The quoted penetration depths depend on 

the complex dielectric permittivity of the soil medium, and therefore can be significantly lower in 

soils with high moisture contents and high clay content. The GPR system and antennae used in 

this study are shown in Figure 5-1. 

The GPR system has survey wheels with optical encoder for tracking horizontal distance along the 

ground surface. A survey wheel attached to the GPR cart is used to track distance when the 

400 MHz antenna is used, while the 200 MHz antenna has a survey wheel attached to the antenna 

for horizontal distance measurement as shown in Figure 5-2. Physical dimensions and depth 

specifications of the GPR antennae used are summarized in Table 5-1. 
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Figure 5-1: SIR-20 GPR system and antennae used for testing 

 

Figure 5-2: 200 MHz GPR antenna with survey wheel 

 

200 MHz 

400 MHz 

GPR System 
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Table 5-1: GPR antenna specifications* 

Antenna 
Frequency 

Dimensions (L x W x D) Weight Depth Range 

cm inches kg lb. m ft. 

200 MHz 60 x 60 x 30 24 x 24 x 12 20.5 45 0-9 0-30 

400 MHz 30 x 30 x 17 12 x 12 x 6.5 5 11 0-4 0-12 

900 MHz 33 x 20 x 8 . 13 x 7.5 x 3.5 2.3 5 0-1 0-3 

*From antenna brochure provided by GSSI, Inc. 

5.3 SOIL MOISTURE AND ELECTRICAL CONDUCTIVITY SENSOR  

Soil moisture content, electrical conductivity, and dielectric constant affects the penetration depth 

of GPR signals, as well as the amplitude of any returned signals from subsurface objects. GS3 

sensors manufactured by Decagon Devices, Inc. were used to measure soil volumetric moisture 

content, electrical conductivity, and temperature. These parameters enable dielectric constant of 

the soil medium to be computed, which is very useful in accurate determination of the depth at 

with objects are buried from GPR data. Figure 5-3 shows one of the GS3 sensors used in this study, 

and the data logger for recording the sensor data. Specifications of the GS3 sensor, including 

accuracy and resolution are given in Table 5-2. Details on the sensor arrangement and 

measurements can be found in Section 6.4 in Chapter 6 and Section 7.2 in Chapter 7 respectively.  

 

    

     (a)  Soil moisture and conductivity sensor                                 (b) Data logger 

Figure 5-3: Sensor for measuring soil moisture, conductivity, and dielectric 
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Table 5-2: GS3 sensor specifications* 

Parameter 

Volumetric Water 

Content, VWC or θ 

(m3/m3) 

Dielectric Constant, 

ε 

Electrical 

Conductivity (mS/m) 

Temperature 

(°C) 

Range 0.0 to 1.0 1 to 80 0 to 2500 -40 to +60 

Accuracy ±0.03 ±1   from 1 to 40 

±15% from 40 to 80 

±5% from 0 to 500 
±10% from 500 to 2500 

±1 

Resolution 0.002 from 0.0 to 0.4 

0.001 from 0.4 to 1.0 

0.1   from 1 to 20 

<0.75 from 20 to 80 

0.1 0.1 

*From soil moisture sensor specifications provided by Decagon Devices, Inc. 

5.4 GPR DATA PROCESSING TECHNIQUES 

A number of data processing operations were undertaken to improve the GPR data and make it 

easier for interpretation and identification of buried non-metallic pipes. All data processing 

methods discussed here were accomplished using RADAN™ 76. Some of these data processing 

techniques are briefly explained below. 

5.4.1 Background Removal 

System noise from the GPR equipment or reflections from smaller subsurface objects such as soil 

particles, air voids, gravels, etc. can appear in a radargram as background noise. These can 

sometimes make it difficult to see reflections from the target being investigated. These noises are 

usually uniform throughout the GPR data and can therefore be removed to improve the visibility 

of subsurface objects. In some of the data presented in this study, it was necessary to perform 

background noise removal on the GPR data to improve visibility of the buried pipes. 

5.4.2 Peaks Extraction 

Reflections from buried objects in a GPR surveys result in higher amplitude signal traces that are 

recorded by the receiving antenna. However, signals from buried objects are sometimes difficult 

to interpret because of noise in the medium (reflections from other unwanted objects, signal 

interference from nearby objects such as cell phones and overhead electric lines among many 

                                                 

6 RADAN™ 7 is a GPR data post-processing software developed by Geophysical Survey Systems, Inc. (GSSI) 
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others). Peaks extraction enables a specified number of peaks/maximum amplitudes to be extracted 

along the entire depth of the GPR scan data while “muting” all other received data along the depth. 

Performing this procedure over the entire length of the GPR data may reveal patterns that make it 

easier to identify buried non-metallic pipes in an otherwise difficult to interpret data. 

5.4.3 Horizontal Scaling 

This study involves scanning 65 ft. long trenches to locate buried non-metallic pipe samples, and 

up to 5 ft. depth of penetration. This usually results in data that is very long, requiring continues 

scrolling, thus making it difficult to see the overall picture along the entire length of the trenches. 

The long data are also difficult to fit into a report without losing the vertical resolution/depth 

information or distorting the data. Horizontal scaling (by stacking) enables a number of successive 

scans to be averaged and the results stacked together to reduce the file size/length and makes it 

easier to evaluate the entire data. 

5.4.4 Amplitude Extraction 

Amplitude extraction makes it possible to obtain amplitudes of reflected signals from buried 

objects in a GPR data for comparative analysis. This technique was employed to analyze the 

amplitudes of reflected signals from the different pipe samples evaluated in this study. The 

obtained amplitude values were then analyzed to identify the best performing pipe samples that 

could be implemented in industry.   

5.5 CONCLUSIONS  

A brief description of the GPR equipment, antennae, and some of the data processing techniques 

used in this study has been present in this chapter. The following chapter will discuss the 

experimental set up for the study. 

  



59 

 

CHAPTER 6 

EXPERIMENTAL SET UP FOR GPR TESTING 

6.1 INTRODUCTION  

This research involved investigating the detectability of buried PVC, GFRP, and CFRP pipes with 

different external surface finishes using GPR in different soil moisture conditions. This chapter 

provides a brief description of the research procedure, together with the specimen types and 

configuration, preparation of sample pipe sections, and a description of the pipe layout and site 

conditions for GPR testing. 

6.2 RESEARCH PROCEDURE 

In order to determine the detectability of different pipeline materials buried at various depths using 

Ground Penetrating Radar (GPR), thirty-nine (39) pipe samples with different external surface 

configurations were prepared and buried in the field. Pipeline materials investigated in this 

research include Polyvinyl Chloride (PVC), Glass Fiber Reinforced Polymer (GFRP), and Carbon 

Fiber Reinforced Polymer (CFRP). A 12" diameter steel pipe was also buried to serve as a control 

specimen. The pipe samples were all 5 ft. long, and capped at both ends to prevent ground water 

from filling them when buried since the objective is to locate the pipe material without the 

assistance of the pipe content.  

All pipe caps were made of plastic; caps for 12" diameter steel, CFRP, and GFRP pipes with 

carbon fabric, nanoparticle, or aluminum foil overlays had metal straps around them. Plastic straps 

were used for the pipe caps in case of the GFRP control pipes (12" and 10" diameter) to ensure 

that these control pipes did not have any metallic content. It should be noted that the metal straps 

are very small (~ 0.5" wide by 1/16" thick) and are not expected to interfere with GPR signals at 

2 ft. of burial depth or deeper. Caps for the PVC pipes and smaller diameter GFRP and CFRP 

pipes did not need any straps because the caps were tight fitting. 

The pipe segments were buried in four separate trenches, with soil cover of 2 ft., 3 ft., and 4 ft. 

above the pipes. These buried pipe segments were scanned with GPR in different soil moisture 
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conditions and the results compared to determine the most promising pipe surface configuration 

to improve GPR detection. 

6.3 PIPE PREPARATION 

Pipe samples used in this research are of 12", 6", and 3" diameters and made from PVC, GFRP, 

and CFRP materials. A 10" diameter GFRP pipe which was used for high pressure testing was also 

used in this study. Sample preparation of the various pipe segments for GPR testing is elaborated 

below.  

6.3.1 PVC Pipes 

The 12" diameter PVC pipes for testing were obtained by cutting 14 ft. long SDR-35 pipes into 

5 ft. long segments. The pipes were then capped to prevent ground water from filling them after 

burying since the objective was to establish the pipe detectability without the help of GPR 

reflections from any water inside the pipes. Finally, the surfaces of two of the pipes were sanded 

to enable adequate bonding with CFRP fabric wrap as will be discussed later in Section 6.3.4.1.  

The 12" diameter PVC pipes are shown in Figures 6-1 and 6-2. 

Similar to the 12" diameter PVC pipes, 14 ft. long SDR-35 and 10 ft. long schedule 40 (SCH 40) 

pipes were cut to obtain the 5 ft. long 6" and 3"diameter pipe samples respectively. The 6" and 3" 

diameter pipes were also capped, and the surfaces of some of them were sanded to enable adequate 

bonding with GFRP and CFRP fabric (Figure 6-3). 
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Figure 6-1: The 14' long 12" diameter PVC pipe being cut 

 

   

                       (a)                                                                           (b) 

Figure 6-2: The 12" diameter PVC pipe (a) after cutting, and (b) after capping 
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                (a) Surface of 3" diameter PVC pipe being sanded            (b) Some of the capped pipes 

Figure 6-3: The 3" diameter PVC pipes 

 

6.3.2 GFRP Pipes 

The 12" diameter GFRP pipes used in this study were supplied by the manufacturer in 5 ft. long 

segments (Figure 6-4). The pipes were capped to keep ground water out of the pipes after burying. 

The external surfaces of some of the pipes were sanded to ensure adequate bonding with CFRP 

fabric wrap. Fiber and section properties of the GFRP pipes are given in Table 6-1. 

The 10" diameter GFRP pipes used in this study were supplied by the manufacturer in 48 inch 

long segments - these set of pipes were being used for high burst pressure testing. One of the 10" 

diameter pipes was capped and buried for GPR testing.  

The 3" diameter GFRP pipes for the study were manufactured in the WVU Constructed Facilities 

Center (WVU-CFC) by wrapping two layers of  24 oz. biaxial (0/90) stitched GFRP fabric around 

3" diameter PVC pipes (the PVC pipes serving as molds in this process). This increased the outside 

diameter of the GFRP pipes above the standard 3" PVC pipe dimension. Details of the GFRP fabric 

and the resin (matrix) system used in manufacturing the 3" GPRP pipe is shown in Table 6-1. The 

manufacturing process and a completed GFRP pipe are illustrated in Figure 6-5. 
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(a) GFRP pipes from the manufacturer                               (b) Capped pipes 

Figure 6-4: The 12" diameter GFRP pipes 

 

Table 6-1: Material and section properties of CFRP and GFRP pipes/fabrics 

Pipe 

Section 

Wall 

Thickness (in) 

Fiber 

Material 

Fiber Mat Fiber Weight 

(oz. /sq. yd.) 

Matrix 

Material 

12" GFRP          3/8 E-Glass 45/90/-45 - Polyurethane 

10" GFRP          3/8 E-Glass Filament wound - Vinyl Ester 

  3" GFRP           ** E-Glass 0/90 24 Vinyl Ester 

12" CFRP           ** Carbon 0/90/±45 28 Vinyl Ester 

  CFRP 

Strip/Ring 
            * Carbon 0/90/±45 28 Vinyl Ester 

  3" CFRP       5/16 Carbon             - - - 
      

* One layer of fabric was used.  
** Two layers of fabric were used.  
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                (a) Manufacturing process                                     (c) Completed pipe 

Figure 6-5: Manufacturing a 3" diameter GFRP pipe 

6.3.3 CFRP Pipes 

The 12" diameter CFRP pipe used in this study was also fabricated in the WVU Constructed 

Facilities Center (WVU-CFC) by wrapping two layers of quad-axial (0/90/±45) stitched CFRP 

fabric around a 12" diameter cardboard tube (the cardboard tube served as a mold in this process). 

Details of the CFRP fabric and the resin system used in manufacturing the 12" CPRP pipe is shown 

in Table 6-1. The pipe was finally capped to keep ground water out of it after burying. 

Figures-6-6(a) and 6-6(b) show the CFRP fabric and the completed 12" diameter CFRP pipe 

respectively 

The 3" diameter CFRP pipes used in this study were supplied by the manufacturer in 6 ft. long 

segments (Figure 6-7). The pipes were first cut into 5 ft. long segments to keep the lengths 

consistent with the other pipes, they were then capped to keep ground water out of them after 

burying.  

(b) Manufacturing process 
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(a) Roll of CFRP fabric                                      (b) The completed pipe 

Figure 6-6: 12" diameter CFRP pipe 

 

 

Figure 6-7: The 3" diameter CFRP pipes 

6.3.4 Creating Dielectric Contrast Between Non-Metallic Pipes and Surrounding Soil 

Non-metallic pipe materials (such as PVC and GFRP) buried underground are generally not 

detectable using GPR in most soil conditions.  This is because PVC and GFRP pipe materials have 

similar dielectric constant as most soils, and are generally transparent to radar waves and hence do 

not reflect the incident waves in most soil conditions. In order to make these pipe materials 

detectable using GPR after burying, we have to create a contrast between the dielectric constants 

of the pipes and the surrounding soil. Three different approaches were adopted to create dielectric 
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contrast between the pipe materials and the sounding soil – using CFRP rings and strips, aluminum 

rings and strips, and carbon nanoparticle overlay. 

6.3.4.1 Creating Dielectric Contrast Using CFRP Rings and Strips 

Carbon fiber, like steel, is an electrical conductor and as such does not allow transmission of radio 

waves like GPR signal. GPR signal incident on carbon fiber material is reflected back to a receiver 

(unlike the surrounding soil, which absorbs and/or allows the signal to travel through it), thereby 

making the material detectable underground. 

Dielectric contrast between both the PVC and GFRP pipes, and the surrounding soil was created 

by wrapping the pipes with CFRP fabric in two different configurations. The first configuration 

involved wrapping 3" wide CFRP fabric around three of the PVC pipe samples (one each of 12", 

6", and 3" diameters) and two of the GFRP pipe samples (12" and 3"diameter) in the form of rings, 

at a clear spacing of 3". The second configuration involved wrapping CFRP fabric strip along the 

full lengths (excluding pipe caps in most cases) of three PVC and two GFRP pipe samples. For the 

12" diameter pipes, the widths of the strips were up to half the circumference of the pipes. The 

width of the CFRP strips were up to ¾ of the circumference of the 6" diameter pipes, and the strips 

covered almost the entire circumference in the case of the 3" diameter pipes. This was to ensure 

part of the CFRP strip remains at the top of the pipe after burying even if the pipe rotates during 

backfilling. Figure 6-8(a) and (b) show the 6" diameter PVC pipe with the 3" wide CFRP rings 

and the 12" diameter PVC pipe with the CFRP strip respectively.    

6.3.4.2 Creating Dielectric Contrast Using Aluminum Rings and Strips  

Aluminum is also an electrical conductor, and hence prevents the transmission and attenuation of 

radio waves like GPR signal. GPR signal incident on an aluminum material is reflected, thereby 

making the material distinctive from the surrounding soil, resulting in aluminum being detectable 

underground.  

Similar to the CFRP fabric, aluminum foil was wrapped around some of the PVC and GFRP pipes 

(in strips and rings) to create a dielectric contrast between the pipes and the surrounding soil when 

buried. The first configuration involved wrapping 2.83" wide aluminum foil rings around three 

PVC pipe samples (12", 6", and 3" diameters) and two GFRP pipe samples (12" and 3" diameters), 
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at a clear spacing of 3". The second configuration involved wrapping aluminum foil strip along 

the lengths of three PVC pipes and two GFRP pipe samples similar to the CFRP fabric strips. 

Figure 6-8(c) and (d) show a 12" diameter GFRP pipe with aluminum rings, and a 12" diameter 

GFRP pipe with aluminum strip along the length respectively. The aluminum foil overlays will be 

especially useful for PVC pipes since these foils are readily available in hardware stores and can 

be bonded to already manufactured PVC pipes (which are also readily available in hardware 

stores). 

    
                 (a)                                  (b)                                    (c)                               (d) 

Figure 6-8: Pipe configurations: (a) 6" diameter PVC with carbon fabric rings, (b) 12" diameter 

PVC with carbon fabric strip, (c) 12" diameter GFRP with aluminum rings, and (d) 12" diameter 

GFRP with aluminum strip 

6.3.4.3 Creating Dielectric Contrast Using Carbon Nanoparticle Overlay 

Just like carbon fabric, carbon nanoparticles are also good electrical conductors, and therefore do 

not allow the transmission and attenuation of radio waves like GPR signal. It is anticipated that, 

interconnection between carbon nanoparticles in an overlay will be able to reflect incident GPR 

signal, and make the buried material detectable as a result. 

A 12" diameter GFRP pipe was coated with a mixture of carbon nanoparticle and Vinyl Ester 

matrix up to a quarter of the pipe circumference, and through the entire length of the pipe 

(excluding caps) as shown in Figure 6-9. This is expected to create a dielectric contrast between 

the pipe and the surrounding soil when buried.  
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Figure 6-9: 12" diameter GFRP pipe with carbon nanoparticle overlay 

Some of the PVC and GFRP pipes were not wrapped (these are labelled as “Unwrapped” in 

Figure 6-12), and were used as control specimens during GPR detectability testing of the samples.  

As stated earlier, a total of thirty-nine, 5 ft. long pipe segments were prepared using different pipe 

materials (CFRP, GFRP, and PVC), different pipe diameters (12", 6", and 3"), different surface 

finishes (CFRP ring, CFRP strip, aluminum ring, aluminum strip, carbon nanoparticles, and 

unwrapped/control), and buried at different depths (2 ft., 3 ft., and 4 ft. of soil cover above the top 

of the pipe). Pipes with CFRP, aluminum, or carbon nanoparticles overlays are expected to be 

easier to detect using GPR (compared to the control samples) because of their higher dielectric 

permittivity leading to higher reflection coefficient. In addition, the bigger diameter pipes buried 

with less depth of soil cover should be easier to detect compared to smaller diameter pipes and 

pipes at deeper depths.  

6.4 PIPE BURYING 

Pipe specimens prepared for GPR testing were buried at a site located on the WVU campus. The 

site, which was selected by WVU-CFC in consultation with the Facilities Management at WVU, 

is near the Engineering Sciences Building (ESB) and is marked with the red polygon on 

Figure 6-10. Utility lines close to the allocated site were first marked to prevent excavation damage 

of the lines during pipe burying. The site and the marked utility lines are shown in Figure 6-11.  
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Figure 6-10: The site for pipe burying and monitoring (source: Google Maps) 

The pipe samples were buried in 4 separate 65 ft. and 36 ft. long trenches, spaced at 12 ft. apart. 

12" diameter and 5 ft. long PVC, CFRP, and GFRP pipes were buried at a depth of 4 ft. in one of 

the trenches (total trench depth of 5 ft.). The second trench had 3" diameter pipes buried at a depth 

of 2 ft. (total trench depth of 27"). Two different diameter pipes, 12" and 6", were buried in the 

third trench, both diameters buried at a depth of 3 ft. to the top of the pipe. The fourth trench is 36 

ft. long, and contains 12" diameter GFRP, PVC, Steel, and 10" diameter GFRP pipes buried with 

2 ft. of soil cover. Eleven pipes were buried in each of the first three trenches, with 1 ft. spacing 

between each subsequent pipe as shown in Figure 6-12 and 6-14(a). Six pipes were buried in the 

final trench, with 1 ft. spacing between subsequent pipes and 2 ft. spacing between pipes at the 

middle of the trench. The layout of the pipes, including the pipe material, diameter, pipe surface 

configuration and depth of burial are shown in Figures 6-12 and 6-13.  

Additionally, five GS3 soil sensors (Figure 6-14b) manufactured by Decagon Devices, Inc. were 

buried along the trenches at different depths to measure soil properties throughout the testing 

period. Two of the sensors were buried at 4 ft. depth along the 12" diameter pipes, two were buried 

at 2 ft. depth along the 3" diameter pipes and one was used to measure soil properties at various 

locations on the ground surface. Wires connecting the soil sensors to a data logger were run 

through 1" diameter PVC conduits before burying to prevent the wires from getting damaged 
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during compaction of backfill (Figure 6-15). These sensors enabled quantitative determination of 

volumetric water content, electrical conductivity, temperature, and dielectric constant of the soil 

during the testing period. The above parameters from the GS3 sensor enabled accurate estimation 

of the depth of soil cover over the pipes using GPR. Theses soil parameters are also used in 

numerical computations in order to make comparison between the GPR field results and the 

theoretical estimations as presented in Chapter 8.  

  

 

Figure 6-11: The located site on WVU campus for pipe burying, with utility lines marked 
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  Steel plates buried at a depth of 3" 

  12" diameter pipes buried at a depth of 48" (Total trench depth of 60") 

  12" diameter pipes buried at a depth of 36" (Total trench depth of 48") 

   6" diameter pipes buried at a depth of 36" (Total trench depth of 42") 

   3" diameter pipes buried at a depth of 24" (Total trench depth of 27") 

  GFRP pipe with CFRP fabric strip over half of the pipe circumference. Similar naming scheme applies to the other 

pipes in the layout 

 

Figure 6-12: Pipe layout for GPR testing
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Steel plates buried at a depth of 3" 

12" diameter pipes buried at a depth of 24" (Total trench depth of 36") 

10" diameter pipes buried at a depth of 24" (Total trench depth of 34") 

                    Trench placed at 12' spacing away from the 3' deep pipe trench. 

Figure 6-13: Pipe layout for GPR testing (short trench) 

 

 

     
                                     (a)                                                                            (b) 

Figure 6-14: (a) Arrangement of pipes in the trench, (b) soil moisture and resistivity sensor

 

Figure 6-16 (a) shows trenching for the 12" and 10" diameter pipes buried with 2 ft. depth of soil 

cover, while  Figure 6-16 (b and c) show the 12" and 6" diameter pipes placed at 3 ft. depth (to the 

top of the pipe) in the trench and the pipes being covered with backfill. Figure 6-16(d) shows some 

of the 12" diameter pipes placed in the trench at 4 ft. depth (to the top of the pipe). Two 1 ft. wide 
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steel plates were buried at about 3" depth (one at each end of the trench) to mark the beginning 

and end of each trench for GPR testing. The steel plates were buried at a distance of 3 ft. away 

from the nearest pipe segments at each end of the trench to avoid interference with GPR signal 

from the buried pipes. 

Finally, the trenches were backfilled and compacted, the ground surface was levelled and then 

seeded with grass (Figure 6-17) to restore the initial field condition before GPR testing. Levelling 

the ground and seeding with grass was done to ensure the site mirrors actual field conditions for 

buried pipes that need to be detected in the pipeline industry using GPR. Thus the results obtained 

from GPR testing will give an indication of the applicability of the developed techniques in the 

pipeline industry. Levelling and seeding the ground also helps to ensure lawn keeping operations 

at the site are not interrupted by this study. 

                                             

 

 

 

 

 

 

 

 

 

 

 

 

                                           (a)                                                      (b)  

Figure 6-15: (a) Soil sensors with data wires running through conduits to protect the wires, (b) 3" 

diameter pipes and sensors in the 27" deep trench 
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                (a)                                  (b)                               (c)                                  (d) 

Figure 6-16: Pipe samples being buried 

 
 

  
                                     (a)                                                                            (b) 

Figure 6-17: (a) The site being seeded, (b) the field restored to initial condition 

 

A summary of the pipe samples, materials, surface configuration, pipe diameter, and depth of soil 

cover over buried pipes is presented in Table 6-2. Several GPR field tests of the buried pipes were 

conducted under varying weather and soil moisture conditions, after the grass was allowed to grow 

to restore the field to its initial condition. These GPR test results are discussed in the next chapter. 

Comparison of the results for the various buried pipes serves to determine the suitable pipe surface 

configurations for easier detection of buried non-metallic pipes. 
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Table 6-2: Summary of pipe samples and configurations 

  Pipe Diameters with Each Surface Configuration   

Pipe 
Materials 

Soil Cover 
Depth 

(ft.) 
Control 

CFRP Aluminum Carbon 
Nano-

particle 
Total 

Strip Ring Strip Ring 

CFRP 
4 12"           1 

2 3"           1 

GFRP 

4 12" 12" 12" 12" 12"   5 

3 12" 12" 12"       3 

2 12", 10", 3" 12", 3" 3" 3" 3" 12" 9 

PVC 

4 12" 12" 12" 12" 12"   5 

3 12", 6"  6"  6" 12", 6" 12", 6"   8 

2 3" 3" 3" 12", 3" 3"   6 

Steel 2 12"           1 

                  

Total    12 7 6 7 6 1 39 

 

6.5 CONCLUSIONS 

This chapter summarized the sample preparation and material properties of the pipe specimens 

used in the GPR detectability testing. The following chapter presents the field testing results and 

analysis of the obtained data.  
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CHAPTER 7 

GPR TEST RESULTS AND DATA ANALYSIS 

7.1 INTRODUCTION 

Different pipe material samples (CFRP, GFRP, and PVC) with different external surface finishes 

were buried at a test site as explained in Chapter 6. Multiple GPR surveys were carried out during 

this study to evaluate the detectability of the different pipe configurations. The results of these 

tests and analyses conducted on the data are presented in the following sections. 

7.2 GPR TEST RESULTS 

GPR tests were conducted under different soil moisture conditions (indicated by the changing soil 

volumetric water content and dielectric constant for each test), and using different antennae 

frequencies (200 MHz and 400 MHz). A 900 MHz antenna was also evaluated at the beginning of 

the study and found to be inadequate in achieving the expected penetration depth in the wet soil 

medium in this study. Scans were carried out in both the longitudinal direction along the pipe 

trenches, and transverse direction across the trenches/pipes. Some of the test data, labelled as 

Dataset I through Dataset III are presented below. GPR survey for Dataset I was conducted in a 

relatively dry soil in the summer months, with average volumetric water content up to 2 ft. depth 

of 0.290 m3/m3; survey for Dataset II was conducted in a relatively wet soil in the winter months, 

with average volumetric water content up to 2 ft. depth of 0.473 m3/m3; while survey for Dataset 

III was conducted in spring months, with average volumetric water content up to 2 ft. depth of 

0.343 m3/m3. Detailed average soil properties for the dataset presented are given in Table 7-1. 

Table 7-1: Average soil dielectric properties during data collection 

Depth 

Up to 
Dataset I Dataset II Dataset III 

 

VWC, θ 

(m3/m3) 

Diel. 
ε 

Cond. 

(mS/m) 

VWC, θ 

(m3/m3) 

Diel. 
ε 

Cond. 

(mS/m) 

VWC, θ 

(m3/m3) 

Diel. 
ε 

Cond. 

(mS/m) 

2' 0.290 13.42 10.94 0.473 26.77 17.08 0.343 16.60 12.47 

3' 0.315 15.09 11.43 0.473 26.75 16.97 0.363 18.12 12.86 

4' 0.341 16.76 11.92 0.473 26.73 16.85 0.383 19.65 13.25 
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7.2.1 900 MHz Antenna Data 

Figure 7-1 shows a longitudinal GPR scan over the full length of the trench with 3" diameter pipes 

buried at 2 ft. depth of soil cover using the 900 MHz antenna. Average soil dielectric constant and 

electrical conductivity (up to 2 ft. depth) for this data were 19.76 and 14.13 mS/m respectively. As 

can be seen in the figure, none of the buried pipes could be identified in the GPR scan. Further 

tests were conducted and it was concluded that the 900 MHz antenna is inadequate for this study. 

The remainder of this chapter will focus on data obtained from the deeper penetrating 200 MHz 

and 400 MHz antennae. 

 

Figure 7-1: Longitudinal scan over 3" diameter pipes at 2 ft. depth using 900 MHz antenna 

7.2.2 Dataset I 

Raw data from longitudinal scans over the four trenches for Dataset I using 200 MHz antenna are 

shown in Figure 7-2(a) through (d) for comparison. Figures 7-3 through 7-6 show comparisons 

between the raw and the processed scans from each trench using “Peaks extraction” data 

processing technique in RADAN™ 7. Extracting reflected signal peaks in the GPR data makes it 

easier to see the buried pipes. Data from radar scan using the 400 MHz antenna over the 12" and 

10" diameter pipes buried with 2 ft. of soil cover is shown in Figure 7-7.  

With the exception of the 3" diameter pipes buried with 2 ft. of soil cover, good GPR signal 

reflections were recorded from pipes buried in all the other trenches as shown in Figure 7-2. Good 

signal reflection from the buried pipes in this dataset can be attributed to the relatively dry soil 

under which the data was collected (compared to the other datasets). These reflected signals made 

it possible to detect the buried pipes with varying levels of clarity and signal strengths. It is 

observed from Dataset I (Figures 7-2 through 7-6) that, carbon fabric and aluminum foil 

wraps/overlays on the pipe sections improve detectability with GPR. It is also observed that, 

carbon fabric strips and aluminum strips along the full length of the pipe sections generally produce 

better results compared to aluminum rings and carbon fabric rings; this will be explained further  
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(a) Longitudinal scan along the full length of 12" and 6" diameter pipes with 3 ft. of soil cover 

  
(b) Longitudinal scan along the full length of 12" diameter pipes with 4 ft. of soil cover 

 
(c) Longitudinal scan along the full length of 3" diameter pipes with 2 ft. of soil cover 

 
(d) Longitudinal scan along the full length of 12" and 10" diameter pipes with 2 ft. of soil cover 

Figure 7-2: Dataset I - Longitudinal scans over the pipe trenches using 200 MHz antenna 
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(a) Longitudinal scan along the full length of 12" and 6" diameter pipes with 3 ft. of soil cover 

 
(b) Peaks extraction processing used to make buried pipes in scan (a) more visible 

Figure 7-3: Longitudinal scan over the 3 ft. deep trench for Dataset I using 200 MHz antenna 

 
(a) Longitudinal scan along the full length of 12" diameter pipes with 4 ft. of soil cover 

 
(b) Peaks extraction processing used to make buried pipes in scan (a) more visible 

Figure 7-4: Longitudinal scan over the 4 ft. deep trench for Dataset I using 200 MHz antenna 
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(a) Longitudinal scan along the full length of 3" diameter pipes with 2 ft. of soil cover 

 
(b) Peaks extraction processing used to make buried pipes in scan (a) more visible 

Figure 7-5: Longitudinal scan over the 2 ft. deep trench for Dataset I using 200 MHz antenna 

 
(a) Longitudinal scan along the full length of 12" and 10" diameter pipes with 2 ft. of soil cover 

 
(b) Peaks extraction processing used to make buried pipes in scan (a) more visible 

Figure 7-6: Longitudinal scan over the 2 ft. deep trench for Dataset I using 200 MHz antenna 
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(a) Longitudinal scan along the full length of 12" and 10" diameter pipes with 2 ft. of soil cover 

 
(b) Background noise removal applied to the scan in (a) 

 
(c) Peaks extraction processing used to make buried pipes in scan (a) visible 

Figure 7-7: Longitudinal scan over the 2 ft. deep trench for Dataset I using 400 MHz antenna 
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in Section 7.2.5. GPR signal reflections from some of the pipe sections will also be evaluated 

individually for better clarity. Only data from the 12" and 6" diameter pipes buried with 3 ft. of 

soil cover, and 12" and 10" diameter pipes buried with 2 ft. of soil cover will be evaluated for 

brevity. However, conclusions drawn from this detailed evaluation applies to pipes in the other 

trenches.  

As shown in Figure 7-2(a) and 7-3 for Dataset I, all the buried pipes with 3 ft. of soil cover (with 

the exception of 12" diameter PVC pipe without any overlay and 12" diameter PVC pipe with 

aluminum foil rings) can be detected with varying levels of clarity in the raw data when scanned 

with the 200 MHz radar antenna. Particularly, pipe sections with CFRP and aluminum foil overlays 

appear prominently, and with higher signal strengths. These are easily detected compared to pipes 

without any overlay. Among the pipes with CFRP or aluminum foil overlays, CFRP and aluminum 

foil strips along the full length of the pipes are generally easier to detect compared to CFRP and 

aluminum foil rings around the pipes. Extracting reflected signal peaks during post processing 

makes it easier to locate the buried pipes as shown in Figure 7-3(b). Peak extraction also makes it 

possible to locate pipes that were otherwise not visible in the raw GPR scan. 

Figures 7-8 through 7-18 show details of each pipe in Figure 7-2(a), including the B-Scan to the 

left and A-Scan to the right of each figure. The depth of soil cover over the pipes was also 

accurately estimated from the GPR data as shown in Figures 7-8 and 7-9, where the measured pipe 

depth of 37.00" and 37.10" using GPR signal correlates very well with the actual pipe depth of 

3 ft. (36"). Measurement of soil dielectric constant using buried sensors during GPR surveys 

enabled these depths to be estimated. Reflections from both the top and bottom of some of the 

pipes make it possible to estimate the diameters of such pipes as shown in Figure 7-8. However, 

since the diameter of the pipe is estimated from the electromagnetic wave velocity, which is based 

on the average soil dielectric constant, there is the possibility for the estimated diameter to be less 

than the actual diameter. This is because, the dielectric constant of the overlying soil medium is 

significantly more than the dielectric constant of air in the pipe. The above statements apply even 

more to Dataset II (presented later) where the dielectric constant of the soil is much higher than 

that of air (26.75 for the soil up to 2 ft. and 1 for air). Furthermore, the wavelength (and pulse 

width) of the radar wave for this test is higher than the actual pipe diameter, hence reflection from 

the bottom of the pipe overlaps with reflection from the top of the pipe. This results in the signal  



83 

 

 

Figure 7-8: Longitudinal GPR scan (left) and A-Scan (right) over Unwrapped 12" GFRP pipe 

 

Figure 7-9: Longitudinal GPR scan (left) and A-Scan (right) over 12" CFRP Ring GFRP pipe 

peak of the bottom reflection being shifted, and hence affecting the estimated diameter. 

The unwrapped 12" diameter GFRP shows up well in the GPR scan at 3 ft. depth (Figure 7-8) and 

is detected with clean reflected signal from the top and bottom of the pipe.  

Figure 7-9 shows the GPR scan at 3 ft. depth over 12" diameter GFRP pipe with CFRP Ring. This 

pipe shows up prominently in the GPR scan and is detected with clean reflected signal from the 

top of the pipe. Good/prominent reflection from the top of the pipe will make it possible to locate 

the pipe with GPR irrespective of the content of the pipe.  
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Figure 7-10: Longitudinal GPR scan (left) and A-Scan (right) over 12" CFRP Strip GFRP pipe 

 

Figure 7-11: Longitudinal GPR scan (left) and A-Scan (right) over 12" Unwrapped PVC pipe 

Figure 7-10 shows the GPR scan at 3 ft. depth over 12" diameter GFRP pipe with CFRP Strip at 

the top. This pipe also shows up very well in the GPR scan and is detected with clean reflected 

signal from the top of the pipe.  

GPR scan over the unwrapped 12" diameter PVC pipe is shown in Figure 7-11; this pipe produced 

a very poor GPR signal reflection which makes it very difficult to detect the pipe in the raw GPR 

data.  
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Figure 7-12: Longitudinal GPR scan (left) and A-Scan (right) over 12" Al. Foil Ring PVC pipe 

 

Figure 7-13: Longitudinal GPR scan (left) and A-Scan (right) over 12" Al. Foil Strip PVC pipe 

Figures 7-12 and 7-13 show the GPR scan over the 12" diameter PVC pipe with aluminum foil 

rings and aluminum foil strip respectively. The PVC pipe with aluminum foil rings produced a 

better reflected signal in the radar scan compared to the unwrapped pipe shown in Figure 7-11. 

The PVC pipe with aluminum foil strip at the top produced the best reflected radar signal (clean 

signal with highest amplitude) among the three PVC pipes in Figures 7-11 through 7-13. This 

makes it a lot easier to identify the pipe in the GPR scan.  
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Figure 7-14: Longitudinal GPR scan (left) and A-Scan (right) over 6" Unwrapped PVC pipe 

 

Figure 7-15: Longitudinal GPR scan (left) and A-Scan (right) over 6" Al. Foil Ring PVC pipe 

Figure 7-14 shows the GPR scan at 3 ft. depth over 6" diameter unwrapped PVC pipe. This pipe 

produced a fairly good radar reflection that covers only a short section of the pipe. Thus the pipe 

is only visible over the short span that produced GPR reflection.  

The 6" diameter PVC pipe with aluminum foil rings also produced a fairly good reflection, but 

this reflection is recorded over the entire length of the pipe (Figure 7-15). Thus, it will be easier to 

locate this pipe using GPR than the one without any wrap.  
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Figure 7-16: Longitudinal GPR scan (left) and A-Scan (right) over 6" Al. Foil Strip PVC pipe 

 
Figure 7-17: Longitudinal GPR scan (left) and A-Scan (right) over 6" CFRP Ring PVC pipe 

Figures 7-16 shows the GPR scan over the 6" diameter PVC pipe with aluminum foil strip at the 

top; this pipe shows up prominently in the GPR scan due to the very strong radar reflection 

produced. This pipe, with aluminum foil strip, produced the best reflected radar signal (clean signal 

with highest amplitude) among the three 6" diameter PVC pipes in Figures 7-14 through 7-16.  

Figures 7-17 shows the GPR scan over the 6" diameter PVC pipe with CFRP rings; this pipe also 

shows up prominently in the GPR scan with very strong reflected radar signals. This pipe can also 

be easily located in the GPR scan.  
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Figure 7-18: Longitudinal GPR scan (left) and A-Scan (right) over 6" CFRP Strip PVC pipe 

Finally, GPR scan over the 6" diameter PVC pipe with CFRP strip at the top is shown in 

Figure 7-18. This pipe produced radar reflection with the highest amplitude among all the 6" 

diameter PVC pipes buried at 3 ft. depth (it also produced highest amplitude reflection among all 

pipes buried at 3 ft. depth in this dataset). The amplitude of the reflected radar wave for this pipe 

was higher than what the radar system could record, resulting in the clipped signal as shown in the 

A-Scan to the right of Figure 7-18. 

Thus, by focusing on the GPR scan over the 6" diameter PVC pipes shown in Figures 7-14 through 

7-18, it can be seen that pipe sections with CFRP and aluminum foil overlays appear prominently, 

with higher signal strengths. These are easily detected in the GPR scans compared to pipes without 

any overlay. Among the pipes with CFRP or aluminum foil overlays, CFRP and aluminum foil 

strips along the full length of the pipes produced higher amplitude reflections, making the pipes 

easier to detect compared to CFRP and aluminum foil rings around the pipes. In addition, CFRP 

rings/strips produced higher reflected signal amplitudes compared to aluminum foil rings/strips. 

As shown in Figures 7-2(d) and 7-6, for Dataset I, all the 12" and 10" diameter pipes with 2 ft. of 

soil cover are detectable in the raw data with varying levels of clarity when scanned with the 200 

MHz radar antenna. Similar to the previous discussions, the GFRP pipe with CFRP strip at the top 

and the PVC pipe with aluminum foil strip at the top are prominently visible. Returned signal from 

the 12 inch diameter GFRP pipe with no external wrap is also very good, however, reflection from 

top of the pipe is very short, or not continuous over the entire length of the pipe (only signal 
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reflection from the bottom of the pipe is continuous through the length of the pipe). The GFRP 

pipe with carbon nanoparticle overlay produced a good but very short (or discontinues) reflection 

from the top of the pipe as shown in Figure 7-2(d). The 10 inch diameter GFRP and the steel 

produced weak reflections, with the steel pipe being a bit more visible in the GPR B-Scan shown 

in Figure 7-2(d).  

Figures 7-19 through 7-24 show details of each of the 12" and 10" diameter pipes buried with 2 ft. 

of soil cover. The depth of soil cover over the pipes was also accurately estimated from the GPR 

data as shown in Figures 7-19 and 7-20, where the measured pipe depth of 24.6" and 25.00" using 

GPR signal correlates very well with the actual pipe depth of 2 ft. (24"). Reflections from both the 

top and bottom of some of the pipes in this trench also make it possible to estimate the diameter 

of such pipes as shown in Figures 7-19 and 7-20. The limitations of using this method to estimate 

pipe diameter as discussed previously (including different dielectric constant for the content of the 

pipe and the overlaying soil, and wavelength and pulse width of the radar wave being bigger than 

the actual pipe diameter) still applies. 

Figure 7-19 shows the GFRP pipe with CFRP strip at the top; the pipe is detected with clean 

reflected signal from the top and bottom of the pipe. Prominent reflection from the top of the pipe 

will make it possible to locate the pipe with GPR irrespective of the content of the pipe. It was also 

possible to estimate the pipe diameter because of reflections from both the top and bottom of the 

pipe.  

Figure 7-20 shows the GFRP pipe without any surface wrap; the pipe is detected with short and 

weaker signal from the top (compared to the pipe bottom reflection) and continuous, stronger 

reflection from the bottom. Though the pipe is detected using the combination of top and bottom 

reflections in this case, it will be difficult to locate the pipe if its content absorbs the radar signal 

and makes it impossible to obtain reflections from the bottom of the pipe. It was also possible to 

estimate the pipe diameter from the recorded GPR signal reflections for this pipe. 
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Figure 7-19: Longitudinal GPR scan (left) and A-Scan (right) over 12" CFRP Strip GFRP pipe 

 
Figure 7-20: Longitudinal GPR scan (left) and A-Scan (right) over Unwrapped 12" GFRP pipe 
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Figure 7-21: Longitudinal GPR scan (left) and A-Scan (right) over C. Nano p. 12" GFRP pipe 

 
Figure 7-22: Longitudinal GPR scan (left) and A-Scan (right) over Al. Foil Strip 12" PVC pipe 

Figure 7-21 shows the GFRP pipe with carbon nanoparticle overlay; this pipe produced a good but 

very short reflection (reflection not continuous over the pipe length) from the top of the pipe. This 

signal is weaker than the one produced by the GFRP pipe without any surface wrap in Figure 7-20. 

Thus the carbon nanoparticle overlay did not improve the detectability of the buried GFRP pipe.  

Figure 7-22 shows the PVC pipe with aluminum foil strip at the top; this pipe produced a very 

good reflection from the top of the pipe, thus making it possible to locate the pipe. The prominent 

reflection from the top of this pipe will also make it possible to locate the pipe with GPR 

irrespective of the content of the pipe. 
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Figure 7-23: Longitudinal GPR scan (left) and A-Scan (right) over Unwrapped 10" GFRP pipe 

 

Figure 7-24: Longitudinal GPR scan (left) and A-Scan (right) over 12" Steel pipe 

Figure 7-23 shows the 10" GFRP pipe with no external surface wrap; this pipe produced a weak 

but continues reflection from the top of the pipe. The continuous reflection made it possible to 

locate the pipe in this test. However, the weak reflection means the pipe might not be detected at 

depths beyond the 2 ft. investigate in this test. At deeper depths, the weak reflected signal from 

this pipe will attenuate and completely dissipate in the overlaying soil and therefore will not be 

detected by the receiving radar antenna. 

Figure 7-24 shows the steel pipe used as control specimen; this also produced a weak but 

continuous reflection from the top of the pipe, and hence made it possible to locate the pipe in this 
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test. Reflections from the steel pipe are more defined compared to the 10 inch diameter GFRP pipe 

(Figure 23), with the ends of the steel pipe clearly visible in the GPR B-Scan (left side of 

Figure 7-24). 

Figure 7-7(a) shows the raw GPR scan from all the 12" and 10" diameter pipes buried with 2 ft. of 

soil cover scanned using the 400 MHz antenna (for Dataset I), and Figures 7-7(b) and 7-7(c) show 

the data in Figure 7-7(a) processed using background noise removal and peaks extraction 

respectively. It is difficult to identify any pipe in Figures 7-7(a) and 7-7(b), but extracting the 

reflected signal peaks makes it possible to see the GFRP pipe wrapped with CFRP strip and the 

GFRP pipe with no external surface wrap. The PVC pipe with aluminum foil strip at the top is also 

faintly visible in the processed data in Figure 7-7(c). Thus, the 400 MHz antenna is less effective 

in locating the buried pipes at 2 ft. depth or deeper when scanned in the longitudinal direction 

along the pipes. Conducting scans in the transverse direction across the pipes however makes it 

possible to detect the buried pipes at 2 ft. depth using the 400 MHz antenna, though with less 

clarity compared to results from the 200 MHz antenna. This is because, the 400 MHz radar antenna 

has higher signal attenuation compared to the 200 MHz antenna. Thus greater portion of the 

transmitted signal is lost; signal attenuation for the different antennae will be explained later in 

Section 8.4 of Chapter 8. Details of the three pipes identified in the Figure 7-7(c) are provided in 

Appendix B.1; this includes the raw data, data with background noise removed, and the data with 

signal peaks extracted respectively in each figure. Appendix B.4 also includes results for transverse 

scans over the buried pipes using 400 MHz antenna. 

7.2.3 Dataset II 

Figure 7-25 shows the GPR scan data over the four trenches for Dataset II using the 200 MHz 

antenna. GPR survey for this data was conducted in a relatively wet soil in the winter months, with 

the ground surface covered with snow up to a depth of 3.75". Soil properties measured during this 

survey were higher than that for Dataset I as already shown in Table 1-1. 

Similar to Dataset I, the addition of CFRP and aluminum foil overlays in the form of strips at the 

top of the pipes and rings around the pipes significantly improved the detectability of these pipes 

using GPR. The application of carbon nanoparticle coating on a pipe did not improve on the 

detectability of such pipes in this dataset.  In the case of 3" diameter pipes buried with 2 ft. of soil 
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cover, most of the pipe sections are not visible in the raw data shown in Figure 7-25(c). The data 

was thus processed by extracting reflected signal peaks to make it easier to identify buried pipes 

in the scan. After the peaks extraction process, all the pipe sections with CFRP or aluminum foil 

overlays are visible in the radar data as shown in Figure 7-26(b). The pipe sections without any 

CFRP/aluminum foil overlay (Unwrapped GFRP and Unwrapped PVC) remained invisible even 

after the peaks extraction process. A combination of background noise removal and peaks 

extraction did not make these unwrapped pipe sections visible. It should be noted that the 3" 

diameter pipes buried with 2 ft. of soil cover did show very well even in the raw GPR data when 

scanned in the transverse direction across the pipes as will be shown later in Dataset III. 

Figure 7-27 shows results from the 3" diameter pipes buried with 2 ft. of soil cover scanned in the 

longitudinal direction using the 400 MHz antenna. In Figure 7-27, (a), (b), and (c) show the raw 

GPR scan data, data with background noise removal applied, and data with background noise 

removal and peaks extraction applied respectively. None of the buried pipes are visible in 

Figure 7 27(a through c) even after different data processing techniques, including background 

noise removal, peaks extraction, and combination of both have been applied. 

GPR results from the 12" and 10" diameter pipes buried at 2 ft. depth and scanned using the 

400 MHz are shown in Figure 7-28. Similar to Figure 7-27, (a), (b), and (c) in Figure 7-28 show 

the raw GPR scan data, data with background noise removal applied, and data with background 

noise removal and peaks extraction applied respectively. It is difficult to identify the buried pipes 

in the raw data as shown in Figure 7-28(a). However, performing background noise removal on 

the raw data (Figure 7-28b) makes it possible to identify three of the pipes; the GFRP pipe with 

carbon fabric strip, the 12" diameter GFRP pipe with no wrap/overlay, and the steel control pipe. 

All the buried pipes were visible (as shown in Figure 7-28c) after extracting reflected signal peaks 

from the GPR data in Figure 7-28(b).  

This result reinforces the fact that, the 400 MHz antenna is less effective in locating the buried 

pipes at 2 ft. depth and deeper because of the higher signal attenuation compared to the 200 MHz 

antenna. Scanning the pipes in the transverse direction using the 400 MHz antenna however 

produces a better result as shown in Appendix B.4. 
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(a) Longitudinal scan along the full length of 12" and 6" diameter pipes with 3 ft. of soil cover 

 
(b) Longitudinal scan along the full length of 12" diameter pipes with 4 ft. of soil cover 

 
(c) Longitudinal scan along the full length of 3" diameter pipes with 2 ft. of soil cover 

 
(d) Longitudinal scan along the full length of 12" and 10" diameter pipes with 2 ft. of soil cover 

Figure 7-25: Dataset II - Longitudinal scans over the pipe trenches using 200 MHz antenna 
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(a) Longitudinal scan along the full length of 3" diameter pipes with 2 ft. of soil cover 

 

 (b) Peaks extraction processing used to make buried pipes in scan (a) more visible 

Figure 7-26: Longitudinal scans over 3" diameter pipes at 2 ft. deep using 200 MHz antenna 
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(a) Longitudinal scan along the full length of 3" diameter pipes with 2 ft. of soil cover 

 

(b) Background noise removal applied to the scan in (a) 

 
(c) Peaks extraction processing applied to data in (b) 

Figure 7-27: Longitudinal scan over 3" diameter pipes at 2 ft. deep using 400 MHz antenna 
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(a) Longitudinal scan along the full length of 12" and 10" diameter pipes with 2 ft. of soil cover 

 

(b) Background noise removed from figure in (a) 

 

(c) Signal reflection peaks extracted from (b) 

Figure 7-28: Longitudinal scans over 12" and 10" diameter pipes at 2 ft. deep using 400 MHz antenna 
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(a) Longitudinal scan along the full length of 12" and 10" diameter pipes with 2 ft. of soil cover 

 
(a) Reflection details marked in the longitudinal scan from (a) 

Figure 7-29: Reflection details marked on 12" and 10" diameter pipes with 2 ft. of soil cover 

Table 7-2: Description of features marked in Figure 7-29 

Feature/ 

Label 
Object/Pipe Type Result Description 

Steel plates 1 ft. wide steel plates Appear prominently in the GPR scans 

A GFRP pipe with CFRP strip Produced very strong reflection from both the top (A) and bottom (A1) 

of the pipe, pipe was clearly detected A1 Reflection from bottom of pipe 

B GFRP pipe with no wrap (12" diameter)  The pipe produced very weak reflection over sections of the pipe (B). 

Very strong reflection recorded from the bottom of the trench (B1) B1 Reflection from bottom of trench 

C GFRP pipe with carbon nanoparticle coating Produced weaker reflection than D (over short section of pipe), from 

both the top (C) and bottom (C1) of the pipe. Portion of pipe detected C1 Reflection from bottom of pipe 

D PVC pipe with aluminum strip Produced strong, continuous reflection, pipe was detected 

E GFRP pipe with no wrap (10" diameter) Produced strong reflection over sections of the pipe, pipe was detected 

F Steel pipe Produced strong continuous reflection, pipe was detected 
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Figure 7-29 shows details of the pipes and other features identified in this scan from the 12" and 

10" diameter pipes with 2 ft. of soil cover. Description of the features marked A through F in 

Figures 7-29(b) are summarized in Table 7-2. Detailed radar data for these features are provided 

in Appendix B.2. 

The GPR result presented in Dataset II indicates that snow cover on the ground surface does not 

hinder the detection of buried pipes using GPR. The results obtained in the GPR survey for this 

dataset (with the ground covered with snow up to 3.75") is similar to what was obtained for Dataset 

I which did not have any snow cover on the ground surface. 

7.2.4 Dataset III 

GPR survey results over the four trenches using the 200 MHz antenna for Dataset III are shown in 

Figure 7-30. This survey was carried out in the spring, with the measured soil properties during 

the survey already shown in Table 1-1. Results in this dataset correlates well with the two datasets 

discussed previously, with CFRP and aluminum foil overlays improving the detectability of buried 

non-metallic pipes while carbon nanoparticle coating did not provide any noticeable benefit in pipe 

detectability using GPR.



101 

 

 
(a) Longitudinal scan along the full length of 12" and 6" diameter pipes with 3 ft. of soil cover 

 
(b) Longitudinal scan along the full length of 12" diameter pipes with 4 ft. of soil cover 

 
(c) Longitudinal scan along the full length of 3" diameter pipes with 2 ft. of soil cover 

 
(d) Longitudinal scan along the full length of 12" and 10" diameter pipes with 2 ft. of soil cover 

Figure 7-30: Dataset III - Longitudinal scans over the pipe trenches using 200 MHz antenna 
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For most GPR applications in locating buried utility lines, scans are performed perpendicular to 

the expected direction of the utility line. Thus, for Dataset III, scans were also performed 

perpendicular to the direction of the pipes for comparison. Figure 7-31 (a through k) shows GPR 

scans over the buried pipes in the first three trenches (65 ft. long trenches), while scans over the 

fourth trench (36 ft. long trench) is shown in Figure 7-32 (a through f). Each transverse scan in 

Figure 7-31 was performed over all the three trenches, starting from the 3 ft. deep trench and 

ending over the 2 ft. deep trench (or from the top line of pipes to the bottom line of pipes according 

the layout given in Figure 6-12 in Chapter 6). Subsequent scans (from a through k) were conducted 

starting from the left side to the right side of the layout in Figure 6-12 in Chapter 6.  

Looking at Figure 7-31 (g through k), it is evident that, the PVC pipes (6", 12", and 3" diameters 

from left to right on each figure) without any wrap (Unwrapped PVC in Figure 7-31g) produced 

the weakest radar reflections among all the scans from g through k. Contrary to the unwrapped 

PVC pipes, the PVC pipes with aluminum foil or CFRP strips (Figures 7-31 i and k) produce the 

strongest radar reflections among all the scans from g through k. The PVC pipes with CFRP strips 

also produced reflections with higher amplitudes at the apex of the hyperbola reflection 

(Figure 7-31k) compared to the PVC pipes with aluminum foil strips (Figure 7-31i). Radar 

reflections from the PVC pipes with aluminum foil or CFRP rings produced mixed results 

(Figure 7-31 h and j), with some of the reflections having higher amplitudes compared to those 

obtained from the unwrapped PVC while amplitudes of the remaining reflections are comparable 

in magnitude to the ones obtained from the unwrapped PVC pipes.  

The mixed results from pipes with aluminum foil or CFRP rings can be attributed to the fact that, 

the path of the radar antenna axis might have been between two rings for some of the pipes. Hence 

the radar hyperbolas for such pipes were produced from reflections off the bare PVC or GFRP 

pipe rather than off the CFRP/aluminum rings. Using spiral wraps around the pipes instead of 

parallel rings will ensure there is always part of the wrap at every section along the length of the 

pipe, this could help address the problem associated with parallel rings.  

The same observation made for Figure 7-31 (g through k) also applies to Figure 7-31 (a through f), 

though this is less obvious since the surface configurations of the pipes in each scan shown in 

Figure 7-31 (a through f) are not the same. Thus, pipe sections with the same surface configuration 

have to be identified from multiple scans before the comparisons can be made.
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(a) 12" dia. Unwrapped GFRP at 3', 12" dia. CFRP at 4', and 3" dia. CFRP at 2' 

  
(b) 12" dia. CFRP Ring GFRP at 3', 12" dia. Unwrapped GFRP at 4', and 3" dia. Unwrapped GFRP at 2' 

  
(c) 12" dia. CFRP Strip GFRP at 3', 12" dia. Al. Foil Ring GFRP at 4', and 3" dia. Al. Foil Ring GFRP at 2' 

 
(d) 12" dia. Unwrapped PVC at 3', 12" dia. Al. Foil Strip GFRP at 4', and 3" dia. Al. Foil Strip GFRP at 2' 
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(e) 12" dia. Al. Foil Ring PVC at 3', 12" dia. CFRP Ring GFRP at 4', and 3" dia. CFRP Ring GFRP at 2' 

 
(f) 12" dia. Al. Foil Strip PVC at 3', 12" dia. CFRP Strip GFRP at 4', and 3" dia. CFRP Strip GFRP at 2' 

 
(g) 6" dia. Unwrapped PVC at 3', 12" dia. Unwrapped PVC at 4', and 3" dia. Unwrapped PVC at 2' 

 
(h) 6" dia. Al. Foil Ring PVC at 3', 12" dia. Al. Foil Ring PVC at 4', and 3" dia. Al. Foil Ring PVC at 2' 
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(i) 6" dia. Al. Foil Strip PVC at 3', 12" dia. Al. Foil Strip PVC at 4', and 3" dia. Al. Foil Strip PVC at 2' 

 
(j) 6" dia. CFRP Ring PVC at 3', 12" dia. CFRP Ring PVC at 4', and 3" dia. CFRP Ring PVC at 2' 

 
(k) 6" dia. CFRP Strip PVC at 3', 12" dia. CFRP Strip PVC at 4', and 3" dia. CFRP Strip PVC at 2' 

Figure 7-31: Transverse scans over the pipes in 65 ft. long trenches using 200 MHz antenna for Dataset III 
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                        (a) GFRP pipe wrapped CFRP fabric                                                       (b) Unwrapped GFRP pipe 

         
                (c) GFRP pipe with carbon nanoparticle overlay                                 (d) PVC pipe wrapped with Aluminum foil strip 

          
                 (e) Unwrapped GFRP pipe (10″ diameter)                                                                       (f) Steel pipe 

Figure 7-32: Transverse scans over the pipes in 36 ft. long trench using 200 MHz antenna for Dataset III 
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Figure 7-32 shows transverse scans (using 200 MHz antenna) over the 12" and 10" diameter pipes 

buried with 2 ft. of soil cover. Similar to the other GPR scans already discussed, pipe sections with 

CFRP/aluminum foil strip at the top (Figure 7-32 a and d) produced GPR reflections with high 

amplitudes. The pipe with CFRP strip produced the highest amplitude radar reflection, followed 

by the one with aluminum foil strip. The GFRP pipe with no surface wrap and the steel pipe 

(Figure 7-32 b and f) also produced good radar reflections, with the amplitude of reflection from 

the steel pipe being higher. The GFRP pipe with carbon nanoparticle coating produced a very weak 

reflection, while no noticeable reflection was recorded from the 10" diameter GFRP pipe with no 

surface wrap. Transverse scans for these 12" and 10" diameter pipes buried with 2 ft. of soil cover 

recorded from Datasets I and II are shown in Appendix B.3. 

7.2.5 Performance of Surface Configurations 

From the discussion of GPR test results presented in the three datasets above, the performance of 

the various pipe surface configurations investigated in this study can be summarized as follows: 

i. Carbon fabric and aluminum foil overlays improved detectability of buried non-metallic 

pipes by GPR. 

ii. Carbon fabric and aluminum foil strips along the full length of the pipe performs better 

than carbon fabric and aluminum foil ring at regular spacing around the pipes. 

iii. Carbon fabric overlays on pipes generally perform better than aluminum overlays. 

Performance of carbon fabric and aluminum foil in improving the detectability of the buried 

non-metallic pipes can be attributed to the fact that, carbon fabric and aluminum are good electrical 

conductors, hence they reflect the incident radar waves significantly better than the non-conducting 

pipe material and the surrounding soil. These higher amplitude reflections from the overlays are 

recorded by the receiving antenna, and hence making it possible to locate the buried pipes. 

The performance of strips versus rings can be evaluated in two parts and explained by the following 

observations. For GPR scans conducted along the length of the pipe (longitudinal scans), 

significant portion of the antenna’s electromagnetic beam will fall on the long strips (about 4.5 ft. 

long strips, excluding pipe cabs) and be reflected, as opposed to the 3 inch wide rings which only 

cover small portion of the antenna beam. For scans conducted perpendicular to the pipe direction 

(transverse scans), the rings produced very good results when the antenna is centered over a ring. 
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Results produced by pipes with rings around them when the survey antenna is centered over a ring 

are comparable to the results obtained from pipes with strips along the full. For situations when 

the antenna is centered between two rings during a transverse scan, the results were very poor 

(comparable to results from non-metallic pipes without any wraps) because reflections or 

non-thereof were produced by the non-metallic pipe materials rather than by the overlays. 

Carbon fabric overlays on buried pipes performed better in terms of detectability with GPR 

compared to aluminum foil overlays because the carbon fabrics used were far thicker than the 

aluminum foil. Increasing the thickness of aluminum overlay around the pipes (or wrapping pipes 

with aluminum sheets) can improve their detectability when buried, as well as increase the 

durability of the overlay. However, this approach is not practically feasible for buried pipe 

detection. 

The above observations (i through iii) are illustrated by comparing the returned radar signal 

amplitude from five different 6" diameter PVC pipes buried with 3 ft. of soil cover as shown in 

Figure 7-33 (GPR results in Dataset I were used for this plot). Peak amplitude of reflected radar 

signal from all the other pipe sections investigated were plotted and shown in Figures 7-34 and 

7-35.  In Figures 7-34 and 7-35, 3"@2' means 3 inch diameter pipes buried with 2 ft. of soil cover. 

Similar naming schemes are used for all the other pipes shown in these plots. It is seen in 

Figures 7-34 and 7-35 that, data points for pipes without any surface configuration (shown in red) 

are always lower than data points for all the pipes with CFRP or aluminum foil overlays (with the 

exception of 12" diameter GFRP pipes buried with 3 ft. of soil cover, where signal from the 

unwrapped pipe is slightly higher than that from GFRP pipe wrapped with CFRP strip). It is also 

observed that, signals from the GFRP pipe with carbon nanoparticle overlay and the steel pipe 

buried at 2 ft. depth are the lowest. The addition of carbon fabric or aluminum foil overlays was 

found to increase the reflected signal amplitude by up to 4.52 times, and 2.02 times on average 

across all the pipe sections tested. 
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Figure 7-33: Comparison of returned radar signal amplitude from different pipe configurations 
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Figure 7-34: Comparison of returned radar signal amplitude from GFRP pipe configurations 

 

 

Figure 7-35: Comparison of returned radar signal amplitude from PVC pipe configurations 
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7.3 DETERMINATION OF DEPTH 

In addition to finding the locations of buried pipes, another parameter that is of importance to 

pipeline asset managers, operators, or construction crews is the depth at which the pipeline is 

buried. Thus accurate estimation of the burial depth is essential in GPR surveys. Depth to a buried 

target can be estimated by multiplying half of the two way travel time (two way travel time from 

GPR antenna to buried object and back to the antenna) by the GPR wave velocity. A number of 

methods can be employed in estimating the wave velocity, and hence pipe depth, from GPR data, 

three of such methods are described below. 

7.3.1 Depth Estimation Using Soil Dielectric Constant 

During GPR surveys, the amplitudes of reflected waves are recorded as a function of the elapsed 

time between the transmission and receiving of the reflected waves. While the amplitude of the 

reflected waves are used to determine the presence of buried objects, the travel time can be used 

to estimate the depth to that buried object by means of the velocity of the radar wave. As discussed 

in Chapter 4, velocity (v) of radar waves can be estimated using the dielectric constants of the 

medium being investigated. Thus, if the dielectric constant of the soil (or medium under 

investigation) is known, the signal velocity can be calculated using Equation 4-2 provided in 

Chapter 4. The velocity and signal travel time (two way travel time) can then be combined to 

obtain the depth, d, of subsurface of objects (Equation 7-1). 

𝑑 =
𝑣𝑡

2
=

𝑐𝑡

2√휀𝑟
′

                                                                          (71) 

where c ≈ 3 x 108 m/s is the velocity of electromagnetic waves in vacuum (speed of light).  

           t = two way travel time of radar signal (s) 

           εr' = dielectric constant of the soil/medium 

Most GPR survey systems have applications that can automatically calculate the depth to buried 

objects if the correct dielectric constant is provided by the user. In this research, dielectric constant 

of the soil was measured using GS3 soil sensors. This was then used in estimating the depth to the 

buried pipes as presented in Section 7.2. 
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7.3.2 Depth Estimation Using GPR Hyperbolic Fitting 

Reflections from buried circular objects appear as hyperbolas in GPR data/radargram when the 

survey is conducted perpendicular to the length of the object. Distance from the antenna to the 

buried object becomes increasingly longer when the antenna is moved away from the pipeline, 

compared to when the antenna is directly above the pipe. The longer path of the radar wave from 

the antenna to the buried pipe and back to the antenna is indicated by the longer travel time (t1 > t0) 

as shown in Figure 7-36. This is because the GPR signal spreads out from the antenna into the 

medium under investigation with a conical footprint. This results in producing a reflection 

hyperbola with the apex directly at the location of the buried pipe. The shape of this hyperbola is 

dependent on the soil dielectric constant and the depth at which the object is located. The radar 

wave velocity can be estimated from the hyperbola using Equation 7-2. 

𝑣 =
2(𝑥)

√𝑡1
2 − 𝑡0

2
 , 𝑥 = 𝑥0 −  𝑥1                                           (72) 

And the depth to target will be: 

𝑑 =
𝑣𝑡

2
=

2(𝑥0 −  𝑥1)(𝑡0 − 𝑡𝑔)

√(𝑡1 − 𝑡𝑔)2 − (𝑡0 − 𝑡𝑔)2
                                             (73) 

For data with time-zero correction already applied, tg will be 0. 

 
Figure 7-36: Circular reflector and associated hyperbolic feature 
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Figure 7-37: Velocity estimation using hyperbolic feature in GPR data (pipe 6"@3') 

 

Table 7-3: Target depth estimated using hyperbolic fitting 

Pipe 
Label 

Nominal 
Depth (ft) 

Distance, x (ft) Time, t (ns) Velocity, 
v (ft/ns) 

Estimated 
Depth (in.) 

% 
Error x0 x1 t0 t1 tg 

6"@3' 3 4.035 2.556 33.04 35.96 4.55 0.22366 38.23 6.20 

12"@4' 4 16.660 15.785 40.58 41.40 4.06 0.22487 49.27 2.65 

12"@2' 2 29.854 28.535 27.44 31.25 4.55 0.19192 26.36 9.82 

3"@2' 2 2.604 1.625 24.51 26.38 4.95 0.22364 26.25 9.36 

 

Figure 7-37 and Table 7-3 show sample velocity and depth determination from experimental GPR 

data in Figures 7-31(k) and 7-32(a) using the hyperbolic fitting method. 

This method of estimating GPR wave velocity is sometimes likely to result in errors since 

inaccuracies in picking the travel times could have high effects on the estimated velocity. Thus, 

care must be taken to minimize errors associated with picking the travel time from the GPR 

hyperbola. For the sample velocity and depth calculations shown above, errors associated with the 

estimated depths are all less than 10%. 
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7.3.3 Depth Estimation Using Common Mid-Point (CMP) Method 

Another method that can be used to estimate the velocity of radar waves and depth of subsurface 

object is the Common Mid-Point (CMP) method. Two separate antenna to serve as transmitter and 

receiver are required for this method (as opposed to a monostatic antenna). During CMP survey, 

the transmitting and receiving antennae are placed at equal distances away from a common 

mid-point and the GPR data is recorded. The antennae are then moved out at equal distances from 

the common mid-point in each step (Figure 7-38), with GPR data recorded and the process repeated 

until the survey is complete. 

 

Figure 7-38: Common Mid-Point (CMP) technique 

From Figure 7-38; 

(
𝑥

2
)

2

+ 𝑑2 = (
𝑣𝑡

2
)

2

   →   𝑡2 = (
1

𝑣2
) 𝑥2 + (

2𝑑

𝑣
)

2

                        (74) 

Thus the slope of a t2 against x2 plot (Figure 7-39) can be used to obtain the wave velocity. 

𝑠𝑙𝑜𝑝𝑒 =
1

𝑣2
 → 𝑣 = √

1

𝑠𝑙𝑜𝑝𝑒
                                                (75) 
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Figure 7-39: Plot for estimating velocity from CMP survey 

A simplified variant of the CMP method involves taking only two data points as shown in 

Figure 7-40. The transmitter and receiver are first placed at the common mid-point and the GPR 

data is recorded, the antennae are then moved apart at equal distances from the mid-point as before 

and the GPR data is recorded again. 

 

Figure 7-40: The simplified Common Mid-Point (CMP) technique 

It can be shown from Figure 7-40 that (GSSI 2017); 

𝑣 =
𝑥

√𝑡𝑥
2 − 𝑡𝑑

2
                                                            (76) 

With the GPR wave velocity estimated, the depth to the buried/subsurface object can now be 

calculated using the two way travel time as before. 
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7.4 CONCLUSIONS  

From the GPR test data presented in this chapter, it is evident that, the use of CFRP and aluminum 

foil/tape overlays (in the form of rings and strips) improve the detectability of buried non-metallic 

pipe sections such as GFRP and PVC. In cases where the buried unwrapped GFRP and PVC pipes 

were detectable (albeit with faint and difficult to interpret signals), the addition of carbon or 

aluminum foil overlays significantly increased the strength/amplitude of the reflected GPR signal 

and made it easier to identify the pipe sections. CFRP and aluminum foil overlays performed 

significantly better in making the buried non-metallic pipes detectable because these overlays are 

electrical conductors, hence they reflect the incident radar waves much better than the non-

conducting pipe material and the surrounding soil. 

Production of stronger and easier to interpret signals from buried non-metallic pipes with carbon 

fabric or aluminum foil overlays also implies that, the depth of pipe burial can be increased beyond 

the 4 ft. maximum depth evaluated in this research and still obtain adequate signal strength using 

GPR. Maximum penetration depths for GPR surveys in different types of soils and different soil 

moisture contents are evaluated in the next chapter. 

Carbon fabric overlays (strips/rings) were observed to produce stronger radar signal reflections 

from buried pipes compared to aluminum foil overlays. It was observed that carbon fabric and 

aluminum foil strips bonded to the top of the pipes generally produce better/stronger signals 

compared to carbon fabric and aluminum foil rings around the non-metallic pipe sections. The 

performance of strips versus rings can be explained by the following observations. For GPR scans 

conducted along the length of the pipe, significant portion of the antenna’s electromagnetic beam 

will fall on the long strips (about 4.5 ft. long strips, excluding pipe cabs) and be reflected, as 

opposed to the 3 inch wide rings which only cover small portion of the antenna beam. For scans 

conducted perpendicular to the pipe direction, the rings produced good results comparable to the 

strips when the antenna is centered over a ring. For situations when the antenna is centered between 

two rings, the results were very poor (comparable to results from non-metallic pipes without any 

wraps) because reflections or non-thereof were produced by the non-metallic pipe materials. 

The addition of carbon nanoparticle coating on a GFRP pipe was however not found to provide 

any noticeable benefit in making the non-metallic pipe detectable using GPR. This can be 
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attributed to the lack of interconnection between the individual nanoparticles to form a continuous 

conductor in the overlay.  

Furthermore, it was found from the GPR testing that, snow cover on the ground surface does not 

hinder the performance of GPR in detecting the buried pipes. This can be attributed to the fact that, 

the dielectric constant and electrical conductivity of snow are very low, hence the GPR signal 

travels through the snow cover without much attenuation. 

Finally, it was observed that, 200 MHz GPR antenna performed significantly better in locating the 

buried pipes compared to the 400 MHz and 900 MHz antennae. This is because signal from the 

higher frequency antennae attenuates significantly more with respect to travel distance compared 

to the lower frequency antenna. The attenuation characteristics of these antennae will be evaluated 

in the next chapter. The 400 MHz antenna performed well in locating the pipes buried with 2 ft. 

of soil cover, especially when scanned in the transverse direction (which is the primary 

mode/direction of scanning during utility locating surveys). 
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CHAPTER 8 

NUMERICAL COMPUTATIONS 

8.1 INTRODUCTION 

Successful GPR surveys and accurate interpretation of GPR data requires adequate knowledge/ 

estimation of the soil dielectric properties. This also requires adequate estimation of the effect of 

soil properties on the radar wave propagation. Thus, in addition to soil dielectric properties, 

parameters such as phase coefficient (kR), attenuation coefficient (kI), skin depth (dp), and 

wavelength (λ) are important in GPR surveys and data interpretation. This chapter provides 

numerical modelling of soil dielectric constant (ε') from volumetric water content, VWC (θ), and 

vice versa. Computation of phase and attenuation coefficients, wavelength, skin depth, among 

other parameters that provides extra information and interpretation of the experimental GPR data 

is also provided. 

8.2 SOIL DIELECTRIC MODELLING 

Dielectric constant is one of the most important material properties in GPR surveys. It is the 

primary parameter used in estimation wave propagation velocity and the depth at which objects 

are buried. The dielectric constant is also used, together with other material properties in estimating 

other GPR survey parameters such as attenuation and penetration depth. Accurate determination 

of dielectric properties of materials is therefore important in GPR survey applications. 

Decagon GS3 soil moisture sensors were used to measure volumetric moisture content, electrical 

conductivity, dielectric constant, and temperature of the soil at 0, 2, and 4 ft. depths in the field 

during this experiment. For dielectric constant measurements, the GS3 sensors use a 

capacitance/frequency domain technology, with a measurement frequency of 70 MHz. Data was 

collected occasionally between September 2016 and September 2018, some of the data are 

summarized in Table 8-1. Prolonged rainy spells were experienced during the testing period, thus 

most of the test was conducted in wet soil conditions. Data for soil VWC below 0.208 was 

therefore obtained by taking a block of soil from the field and allowing it dry under normal 
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laboratory conditions while the dielectric properties were continuously measured. A plot of the 

soil dielectric constant versus the volumetric water content is shown in Figure 8-1. A third order 

polynomial function (Equation 8-1) was fitted to the experimental ε - θ data in this study. This 

function modelled the data accurately (passing through all the field data points and overlapping 

the original line connecting the data points) with an R2 value of 1.000. Though Equation 8-1 fitted 

the data accurately, it should be noted that, this model was developed based on volumetric water 

content values between 0.119 and 0.489; thus the model might not work properly for data outside 

this range. This limitation is evident in the slightly negative ε' that will be produced by this model 

if the θ value is 0. 

휀𝑟
′ = −0.0267 + 61.576𝜃 − 127.88𝜃2 + 247.25𝜃3                                        (81) 

The field data (and Equation 8-1) was compared to the dielectric models presented in Section 4.6.1 

in Chapter 4 as shown in Figure 8-2. Equation 4-33, which is the Topp et al. (1980) model for 

organic soils is the closest to the data, especially at higher VWC, while Equations 4-32, 4-37, and 

4-41 are closer to the data at lower VWC.  

Equation 4-34, which is the Roth et al. model for mineral soils, under-predicts by an average of 

9.4% (minimum 0.7% and maximum 16.7%) when volumetric water content is below 0.185 and 

over-predicts by an average of 18.8% (minimum 0.5% and maximum 27.8%) when volumetric 

water content is above 0.185. Equations 4-32, 4-37, and 4-41 over-predict by an average of 

18 – 22%, while the remaining models (Equations 4-33, 4-35, and 4-39) under-predict by an 

average of 14 – 34%. 
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Table 8-1: Measured soil dielectric properties 

Test Date Depth (ft.) 
Volumetric 

Water Content,  

θ (m3/m3) 

Conductivity 

(mS/m) 

Dielectric 

Constant, ε' 

27-Sep-16 

0 

0.339 14.88 15.9 

2-Nov-16 0.399 10.91 19.84 

26-Apr-17 0.394 18.41 19.52 

17-May-17 0.346 15.24 16.28 

31-May-17 0.388 18.10 19.04 

29-Jun-17 0.297 9.89 13.56 

4-Aug-17 0.285 7.82 12.92 

1-Sep-17 0.308 12.26 14.13 

11-Sep-17 0.307 9.63 14.08 

6-Oct-17 0.235 10.33 10.58 

20-Jan-18 0.465 15.35 25.74 

2-May-18 0.275 8.80 12.46 

30-Jul-18 0.382 19.96 18.79 

18-Sep-18 0.479 25.19 27.56 

27-Sep-16 

2 

0.366 15.00 17.57 

2-Nov-16 0.396 17.36 19.67 

26-Apr-17 0.41 16.37 20.72 

17-May-17 0.419 16.02 21.39 

31-May-17 0.416 15.76 21.16 

29-Jun-17 0.406 14.55 20.39 

4-Aug-17 0.417 16.37 21.29 

1-Sep-17 0.395 14.24 19.57 

11-Sep-17 0.388 14.33 19.05 

6-Oct-17 0.345 11.56 16.25 

20-Jan-18 0.482 18.82 27.79 

2-May-18 0.411 16.13 20.74 

30-Jul-18 0.361 12.23 17.28 

18-Sep-18 0.489 21.54 28.86 

27-Sep-16 

4 

0.458 21.39 25.04 

2-Nov-16 0.463 20.28 25.50 

26-Apr-17 0.476 22.33 27.06 

17-May-17 0.47 20.28 26.35 

31-May-17 0.474 21.16 26.75 

29-Jun-17 0.461 19.01 25.28 

4-Aug-17 0.464 18.81 25.62 

1-Sep-17 0.456 17.45 24.75 

11-Sep-17 0.456 17.64 24.77 

6-Oct-17 0.442 16.02 23.44 

20-Jan-18 0.473 18.81 26.66 

2-May-18 0.465 16.72 25.74 

30-Jul-18 0.456 13.10 24.79 

18-Sep-18 0.479 14.76 27.36 
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Figure 8-1:  Experimental dielectric constant versus VWC 

 

Figure 8-2:  Comparison between dielectric models and experimental data 
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For the purpose of making it easier to quickly estimate dielectric constant from volumetric water 

content measurements in the field, two other functions that are simpler than Equation 8-1 were 

fitted to the data. These are a quadratic and a linear function (Equations 8-2 and 8-3), with R2 

values of 0.996 and 0.979 respectively. These two equations proposed in this study are slightly 

less accurate, but are convenient for quick computations in the field. In addition, all three 

models/functions presented in this section are only applicable for VWC between 0.119 and 0.489. 

The three models are summarized in Table 8-2 and plotted in Figure 8-3 

휀𝑟
′ = (

𝜃 + 0.1953

0.1312
)

2

                                                      (82) 

휀𝑟
′ = 58.482𝜃 − 2.332                                                  (83) 

 

Table 8-2: Dielectric models derived from experimental data 

 Dielectric Models 

No. Model R² Equation Number 

1 휀𝑟
′ = −0.0267 + 61.576𝜃 − 127.88𝜃2 + 247.25𝜃3 1.000 8-1 

2 휀𝑟
′ = (

𝜃 + 0.1953

0.1312
)

2

 0.996 8-2 

3 휀𝑟
′ = 58.482𝜃 − 2.332 0.979 8-3 
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Figure 8-3: Comparison between the three dielectric models and experimental data 

8.3 INVERSE DIELECTRIC MODELLING 

While accurate estimation of dielectric constant is very important for GPR surveys, there are times 

when there is the need to estimate other soil properties such as volumetric water content from GPR 

data or dielectric constant measurements. Dielectric constant can be estimated from GPR data if 

the depth to the target object is known, or it can be determined using the Common Mid-Point 

(CMP) survey approach. The depth to buried objects can also be estimated using any of the 

methods discussed in Section 7.3 of Chapter 7. 

The experimental volumetric water content measurement data is plotted against the dielectric 

constant as shown in Figure 8-4. 
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Figure 8-4:  Experimental VWC versus dielectric constant 

 

 

Figure 8-5:  Comparison between inverse dielectric models and experimental data 
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As with the dielectric model in the previous section, a third order polynomial function 

(Equation 8-4) was fitted to the inverse ε'- θ data. This function also modelled the data accurately 

(passing through all the field data points and overlapping the original line connecting the data 

points) with an R2 value of 1.000. Though Equation 8-4 fitted the data accurately, it should be 

noted that, this model was also developed based on dielectric constant values between 6.02  and 

28.86, and volumetric water content values between 0.119 and 0.489; thus the model might not 

work properly for data outside this range.  

𝜃 = −0.0737 + 0.0364휀𝑟
′ − 0.00074휀𝑟

′ 2
+ 0.00000547휀𝑟

′ 3
                 (84) 

The field data (and Equation 8-4) was compared to the inverse dielectric models presented in 

Section 4.6.2 in Chapter 4 as shown in Figure 8-5. Equation 4-46, which is the Roth et al. (1992) 

model for organic soils is the closest to the data. This equation only over-predicts by an average 

of 2.2%, with maximum over-prediction of 11.7% and maximum under-prediction of 1.97% 

compared to the field data. Equation 4-38 over-predicts by an average of 36% (maximum of 80%), 

while Equation 4-40 under-predicts by an average of 15%. All the other remaining models under-

predict by an average of 13%. 

For the purpose of making it easier to quickly estimate volumetric water content (VWC) from 

dielectric constant measurements in the field, two other functions that are simpler than 

Equation 8-4 were fitted to the data. These are a radical and a linear function (Equations 8-5 and 

8-6), with R2 values of 0.996 and 0.979 respectively. Similar to Equations 8-2 and 8-3 from the 

forward model, the two other equations proposed in this study (Equations 8-5 and 8-6) are slightly 

less accurate, but are convenient for quick computations in the field.  In addition, all three 

models/functions presented in this section may only be applicable for dielectric constant values 

between 6.02 and 28.86, and VWC between 0.119 and 0.489. The three models are summarized 

in Table 8-3 and plotted in Figure 8-6 

𝜃 = 0.1312√휀𝑟
′ − 0.1953                                                    (85) 

𝜃 = 0.0167휀𝑟
′ + 0.0460                                                      (86) 
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Table 8-3: Inverse dielectric models derived from experimental data 

 Inverse Dielectric Models 

No. Model R² Equation Number 

1 𝜃 = −0.0737 + 0.0364휀𝑟
′ − 0.00074휀𝑟

′ 2
+ 0.00000547휀𝑟

′ 3
 1.000 8-4 

2 𝜃 = 0.1312√휀𝑟
′ − 0.1953 0.996 8-5 

3 𝜃 = 0.0167휀𝑟
′ + 0.0460  0.979 8-6 

 

 
Figure 8-6: Comparison between the three inverse dielectric models and experimental data 

Finally, the ε-θ data and model from this experiment (Equation 8-1) was compared to secondary 

data from previous researches, as compiled by Muklisin and Saputra (2013). The plot provided by 

Muklisin and Saputra (2013) is overlaid with the model from this experiment, represented by the 

thick red curve at the center of the plot as shown in Figure 8-7. Equation numbers in parentheses 

represent equations found in Muklisin and Saputra (2013), while the members in square brackets 

represent equations as they appear in this document. The closest models to the data from this 

research are Equations 4-33 and 4-46, which are models for organic soils presented by Topp et al. 

(1980) and Roth et al. (1992) respectively. 
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Figure 8-7: Comparison between experimental data/model and secondary data and models 

8.4 SIGNAL AMPLITUDE AND ATTENUATION 

The amplitude of an electromagnetic wave at a distance x and time t as it travels through a medium 

has been explained with Equation 4-18 in Chapter 4. The signal amplitude and phase depends on 

the attenuation coefficient, kI, and the phase coefficient, kR. For all data produced through this 

study, ɛ"/ɛ' (or ɛm"/ɛm') was found to be much less than 1 for antenna frequencies 50 MHz and 
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above (or 20 MHz and above for most of the test), that is, the soil medium was slightly conducting. 

This implies the simplified equations for kI and kR, that is Equations 4-23 and 4-24, can be used in 

place of their full form if frequency of the survey antenna is 50 MHz and above. It can be seen 

from Equations 4-24 that, the material/ohmic attenuation coefficient does not depend on the 

frequency of GPR antennae used for the survey. However, both the full and simplified forms of 

the equation will be used for computations in this chapter to show their similarities. Figures 8-8 

and 8-9 show comparisons of material attenuation variations between the full and simplified 

attenuation equations for GPR antenna frequencies from 1 to 2500 MHz. Material attenuation 

coefficients plotted in Figures 8-8 and 8-9 were computed from average soil properties up to 4 ft. 

depth recorded for Dataset II (dielectric constant is 26.73, conductivity is 16.85 mS/m). As shown 

in the figures, the simplified equation gives a constant attenuation coefficient, which is equal to 

that of the full form for all antenna frequencies above 50 MHz.  

Table 8-4 shows material attenuation values for the three antenna frequencies used for field testing 

in this study. The table shows material attenuation coefficients associated with the soil properties 

recorded for the GPR datasets presented in Chapter 7. As shown in the table, using the 

simplified/constant attenuation expression is accurate, with average errors of only 0.050%, 

0.013%, and 0.002% for the 200 MHz, 400 MHz, and 900 MHz antennae respectively. An error 

of less than 5% in the estimation of kI is acceptable for field computations. 

Table 8-4: Material attenuation values for the GPR datasets 

Depth 
up to 
(ft.) 

Dataset 
Number 

Cond. 
(mS/m) 

Diel. 

ε 

Material Attenuation, kI (rad/m) Percentage Error (%) 

Full Equation Simplified 
(For all 

Frequencies) 

[(Simplified-Full)/Full]x100 

200 
MHz 

400 
MHz 

900 
MHz 

200 
MHz 

400 
MHz 

900 
MHz 

2 

I 10.94 13.42 0.5622 0.5624 0.5625 0.5625 0.067 0.017 0.003 

II 17.08 26.77 0.6216 0.6218 0.6218 0.6218 0.041 0.010 0.002 

III 12.47 16.60 0.5762 0.5764 0.5765 0.5765 0.057 0.014 0.003 

3 

I 11.43 15.09 0.5539 0.5542 0.5542 0.5543 0.058 0.014 0.003 

II 16.97 26.75 0.6178 0.6180 0.6180 0.6181 0.041 0.010 0.002 

III 12.86 18.12 0.5688 0.5690 0.5691 0.5691 0.051 0.013 0.003 

4 

I 11.92 16.76 0.5482 0.5484 0.5484 0.5485 0.051 0.013 0.003 

II 16.85 26.73 0.6137 0.6138 0.6139 0.6139 0.040 0.010 0.002 

III 13.25 19.69 0.5622 0.5624 0.5625 0.5625 0.046 0.011 0.002 
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Figure 8-8: Variation of material attenuation coefficient with antenna frequency 

 

 

Figure 8-9: Variation of material attenuation coefficient with lower antenna frequencies 
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The results in Figures 8-8, 8-9, and Table 8-4 indicates that material/ohmic attenuation genially 

does not increase with antenna frequency in most GPR applications as commonly implied in 

literature.  

Contrary to ohmic attenuation (kI), scattering attenuation (ksca) associated with inhomogeneity in 

the soil medium or clutter from subsurface objects such as gravels was found to increase with 

increasing antenna frequency. This means increase of total attenuation (kT) with antenna frequency 

is controlled by scattering attenuation of the medium. Table 8-6 shows detailed attenuation 

components (including scattering due to air pockets and gravels, as well as material/ohmic 

attenuation) associated with the three antennae used for GPR testing in this study. The GPR signal 

attenuations shown in Table 8-5 were based on the average soil properties up to 4 ft. depth recorded 

for Dataset II. These soil properties, together with the dielectric properties of gravel and air used 

in this computation are summarized in Table 8-5. Scattering attenuation due to presence of air 

pockets and gravels in the soil were computed using “PyMieScatt” (Sumlin et al. 2018), an 

implementation of Equations 8-1 through 8-7 (Bohren and Huffmanin 1940, Annan 2009, Frezza 

et al. 2017), in an open source Python Mie Scattering module. 

Figure 8-10 shows a plot of the variation of the different components of total attenuation computed 

in this study for antenna frequencies 1 MHz to 2.5 GHz.  

Table 8-5: Material properties for scattering attenuation computation 

Material 
Name 

Dielectric 
Constant, ε 

Conductivity 
(mS/m) 

Particle 
Diameter 

(mm) 

Air 1.00 0.00 8 

Gravels 5.25 0.0001 20 

Soil Medium 26.73 16.85 NA 

 

Table 8-6: Components of total signal attenuation 

Antenna 
Frequency 

Scattering Attenuation Material 
Attenuation, 

kI or (M) 

Total 
Attenuation,  
kT = kI + ksca 

Air Pockets, 
(A) 

Gravels, (G) 
Combined, 
ksca = (A+G) 

200 MHz 0.040318 0.125452 0.165770 0.613665 0.779436 

400 MHz 0.288914 0.396081 0.684996 0.613850 1.298846 

900 MHz 1.099720 0.453330 1.553050 0.613899 2.166949 
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𝑘𝑠𝑐𝑎 =  
𝑁𝐶𝑠𝑐𝑎

2
                                                                  (8 − 1) 

where ksca is the scattering attenuation 

           N is the number of particles per unit volume 

           𝐶𝑠𝑐𝑎 is the scattering cross section of scatter particles 

𝐶𝑠𝑐𝑎 = 𝐶𝑎6𝑓4 =
2𝜋

𝑘2
∑(2𝑛 + 1)(|𝑎𝑛|2 + |𝑏𝑛|2)                                (8 − 2)

∞

𝑛=1

 

                = 𝜋𝑎2
2

𝑥2
∑(2𝑛 + 1)(|𝑎𝑛|2 + |𝑏𝑛|2)                        (8 − 3)

∞

𝑛=1

 

𝑥 = 𝑘𝑎 =
2𝜋𝑁𝑎

𝜆𝑣
=

2𝜋𝑎

𝜆
                                                     (8 − 4) 

𝑎𝑛 =  
𝜇𝑚2𝑗𝑛(𝑚𝑥)[𝑥𝑗𝑛(𝑥)]′ − 𝜇1𝑗𝑛(𝑥)[𝑚𝑥𝑗𝑛(𝑚𝑥)]′

𝜇𝑚2𝑗𝑛(𝑚𝑥)[𝑥ℎ𝑛
(1)(𝑥)]

′

− 𝜇1ℎ𝑛
(1)(𝑥)[𝑚𝑥𝑗𝑛(𝑚𝑥)]′

                         (8 − 5) 

 

𝑏𝑛 =  
𝜇1𝑗𝑛(𝑚𝑥)[𝑥𝑗𝑛(𝑥)]′ − 𝜇𝑗𝑛(𝑥)[𝑚𝑥𝑗𝑛(𝑚𝑥)]′

𝜇1𝑗𝑛(𝑚𝑥)[𝑥ℎ𝑛
(1)(𝑥)]

′

− 𝜇ℎ𝑛
(1)(𝑥)[𝑚𝑥𝑗𝑛(𝑚𝑥)]′

                              (8 − 6) 

𝑚 =
𝑘1

𝑘
=

𝑁1

𝑁
                                                                   (8 − 7) 

 

where  

C is a constant  

a is the radius of the scattering particle 

f is the frequency of the electromagnetic wave 

k is the wave number  

N, N1 are the refractive indices of the soil medium and particle respectively 

λv, λ is the wavelength of the electromagnetic wave in vacuum and in the soil medium 

respectively 
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Figure 8-10: Variation of components of attenuation with antenna frequency 

As shown in Table 8-6, the total GPR signal attenuation increases with antenna frequency, which 

will result in less returned signal amplitude from subsurface objects for higher frequency antennae. 

A plot of the remaining signal amplitude (%) as the wave travels through the soil is shown in 

Figure 8-11 for the three antenna frequencies used for the experimental work in this study (200, 

400, and 900 MHz). The total attenuation coefficients in Table 8-6 and Equation 4-18 were used 

in computing the remaining signal amplitude. For two way travel of radar wave to the buried pipe 

and back, the reflection coefficient on top of the pipe is assumed to be 1.0 in this computation. 

Table 8-7 summarized the remaining signal amplitude for a two way travel to and from a pipe 

buried at 4 ft. depth in this study based on the total attenuation coefficients in Table 8-6. For some 

of the other field tests, the soil properties will result in higher attenuation coefficients and hence 

lower remaining signal amplitude after the two way travel. 

The results in Figure 8-11 and Table 8-7 (together with different power output of the different 

antennae) explains why the 200 MHz radar antenna was able to detect the buried pipes at all the 
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depths studied while the 400 MHz and 900 MHz antennae were not successful in locating the 

buried pipes. 

 

Figure 8-11: Decay of signal amplitude with travel distance 

Table 8-7: Remaining signal amplitude after two way travel to 4 ft. depth 

Antenna 
Frequency  

Remaining Signal Amplitude for Two Way 
Travel to 4' (%) 

200 MHz 14.96 

400 MHz 1.21 

900 MHz 0.51 

8.5 ANTENNA PERFORMANCE AND PENETRATION DEPTH  

To help evaluate the performance of the different antennae used for this study in different soil 

properties, the total attenuation coefficient (kT) was computed for five different soil types (based 

on soil moisture content and composition). The attenuation coefficients will also help estimate the 

penetration depths of the various antennae. Total attenuation coefficients were computed for the 
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three datasets presented in Chapter 7, together with coefficients for dry clay soil and dry sandy 

soil. The dry clay soil is the same soil in which the pipes were buried; the soil dielectric properties 

were measured after a block of the soil was allowed to dry in normal laboratory atmosphere. The 

dry clay and dry sand represent the type of soil medium in which the maximum penetration depths 

stated for each antenna are expected to be achieved. Variation of attenuation coefficient, kT, for 

the different soil types is presented in Figure 8-12. As evident in Figure 8-12, the dry clay soil and 

dry sand have very little attenuation coefficients compared to the wet clay soils (Datasets I 

through III).  

 

Figure 8-12: Variation of attenuation coefficient for different soil types 

Variation of skin depth, dp, across antenna frequencies for soils in the three datasets presented is 

shown in Figure 8-13. The skin depth, which is the distance a plane wave has to travel (one way 

travel) for its amplitude to reduce to 37%, decreases with increasing antenna frequency, and gives 

an indication of how each antenna performs with respect to depth. The skin depths shown in 

Figure 8-13 are based on the total signal attenuation, kT. 
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Figure 8-13: Variation of skin depth with antenna frequency for different soil types 

The maximum penetration depths for the three antenna frequencies used in this study were 

estimated for four different soil types and plotted as shown in Figure 8-14. The soils types 

evaluated in the penetration depth estimation include the wet clay soils in Datasets II and I (Clay 

soil A and Clay soil B), dry clay soil (Clay soil C) and dry sandy soil (Sandy Soil). To estimate 

the maximum penetration depths for antennae in different soil types, the attenuation coefficients 

in Figure 8-12 and Equation 4-18 in Chapter 4 were used. The estimated penetration depth takes 

into consideration the two way travel time/distance of radar waves from the transmitting antenna 

to a target and be reflected back to the receiving antenna. This estimation of depth also considered 

geometric spreading losses (also called geometric attenuation) of the radar wave as it travel from 

the transmitter into the subsurface. 

The maximum penetration depths shown in Figure 8-14 are also the maximum depths at which 

buried pipes wrapped with carbon fabric (strips or full wraps) are expected to be detectable using 

GPR. As shown in Figure 8-14, the maximum penetration depth for each antenna decreases with 

increasing electrical conductivity and dielectric constant of the soil (or decreases with increasing 

soil moisture content). 
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Figure 8-14: Estimated penetration depths for antennae in different soil types 

From Figure 8-14, the 200 MHz antenna is expected to penetrate up to 5.5 ft. while the 400 MHz 

one can only penetrate up to 2.8 ft., with the 900 MHz antenna penetrating even lower at just 0.8 ft. 

in Clay soil A (or Dataset II with electrical conductivity and dielectric constant of 16.85 mS/m and 

26.73 respectively). The penetration depths increase for Clay Soil B (Dataset I) when the soil 

electrical conductivity and dielectric constant decrease to 11.92 mS/m and 16.76 respectively. In 
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Clay soil B, penetration depths for the 200 MHz and 900 MHz antenna increase to 6.7 ft. and 1.0 ft. 

respectively. The penetration depths for dry clay soil and dry sand (Clay Soil C and Sandy Soil) 

are about the same, and the depth for each of the three antennae frequencies used in this study is 

equal to the maximum penetration depth specified for that antenna. 

These estimated penetration depths for different soil types further explains why the 200 MHz radar 

antenna was able to detect the buried pipes in different soil moisture contents at all the depths 

studied while the 400 MHz and 900 MHz antennae were not successful in locating the buried pipes. 

Considering Clay Soil A and Clay Soil B (which represents soil properties for datasets in 

Chapter 7), penetration depths for 200 MHz antenna are all more than 4 ft.; making it possible for 

this antenna to detect the buried pipes at all the depths investigated. Penetration depths for the 

400 MHz antenna in the same soils are more than 2 ft. but less than 4 ft., while that for the 900 MHz 

antenna are 1 ft. and below. Hence the 400 MHz antenna was able to locate some of the pipes 

buried at 2 ft. depth (though with weak reflected signal amplitude), but the 900 MHz antenna could 

not detect buried pipes at any of the depths.   

8.6 WAVE VELOCITY AND WAVELENGTH 

Unlike the ohmic attenuation which is almost constant for antenna frequencies above 50 MHz, the 

phase coefficient and wavelength are dependent on frequency. Higher phase coefficients and lower 

wavelengths are associated with high frequency antennae and vice versa. Thus, though high 

frequency antennae are not able to penetrate deep in soil mediums because of signal attenuation, 

their smaller wavelengths make them better at detecting smaller objects at reasonable depths. 

Lower frequency antennae on the other hand can penetrate deeper but might not be able to locate 

smaller subsurface objects. The resolution of an antenna is generally approximated as λ/4, meaning 

objects smaller than a quarter of a wavelength might not be detected by an antenna. Table 8-8 

shows the phase coefficient for the three antennae used for GPR testing in this study, together with 

the wavelength in air and in the soil. Wavelength for the 200 MHz antenna is (which is the antenna 

predominantly used in this study) about 1 ft. on average for the three datasets presented, a quarter 

of this wavelength is 3 inches. This explains why the 200 MHz antenna did not perform well on 

the 3 inch diameter pipes buried at 2 ft. depths as compared to the bigger diameter pipes at different 

depths.  
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Table 8-8: Phase coefficient and wavelength of the antennae used for GPR test 

Dataset 
Number 

Antenna 
Frequency 

Phase Coefficient, kR 
(Np/m) 

Wavelength, λ 
(m) 

Wavelength, λ 
(ft.) 

In Air In Soil In Air In Soil In Air In Soil 

I 

200 MHz 4.19 17.17 1.499 0.366 4.918 1.201 

400 MHz 8.38 34.32 0.749 0.183 2.459 0.601 

900 MHz 18.86 77.22 0.333 0.081 1.093 0.267 

II 

200 MHz 4.19 21.68 1.499 0.290 4.918 0.951 

400 MHz 8.38 43.35 0.749 0.145 2.459 0.476 

900 MHz 18.86 97.52 0.333 0.064 1.093 0.211 

III 

200 MHz 4.19 18.61 1.499 0.338 4.918 1.108 

400 MHz 8.38 37.20 0.749 0.169 2.459 0.554 

900 MHz 18.86 83.70 0.333 0.075 1.093 0.246 

 

8.7 CONCLUSIONS  

Dielectric models for estimating soil dielectric constant from volumetric water content 

measurements and vice versa have been presented in this chapter. Some of the popular models 

have been evaluated with respect to the experimental data. From all the models evaluated, the Topp 

et al. (1980) model for organic soils and Roth et al. (1992) model for organic soils were found to 

be the closest to the experimental data for the forward and inverse dielectric models respectively. 

Other models that fit the experimental data better were generated in this study. 

Numerical computations in this chapter also shows that, material/ohmic attenuation of GPR signal 

is constant for antenna frequencies above 50 MHz. and antenna frequencies below 50 MHz 

experience a sharp vertical drop in the material attenuation. Scattering attenuation due to 

inhomogeneity and subsurface clutter was however found to be increasing with antenna frequency, 

accounting for the increase of total signal attenuation with increase in antenna frequency. 
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CHAPTER 9 

INFRARED THERMOGRAPHY TESTING AND RESULTS 

9.1 INTRODUCTION 

The feasibility of detecting subsurface pipelines transporting hot fluid using Infrared 

Thermography (IRT) was explored in this research. Since petroleum products are hot in the initial 

part of the pipeline (within about 5 miles from the source of production wells), the IRT technique 

offers some promise for detecting such pipeline sections. Furthermore, there is the potential for 

detecting pipelines carrying other hot fluids such as hot water or steam. This chapter provides the 

test set up, testing and results from laboratory tests in addition to field testing results. 

9.2 IRT TEST EQUIPMENT (CAMERA AND THERMOCOUPLES) 

InfraCAM SD thermal imager (Figure 9-1a) manufactured by FLIR Systems, Inc. was used for the 

IRT testing. This is a portable handheld infrared camera with a spectral range of 7.5 to 13μm, a 

0.12°C thermal sensitivity at 25°C, and ±2°C accuracy. 

  
                           (a)  FLIR InfraCAM SD camera                  (b) Digi-Sense type-T thermocouple  

                                                                                                          (Source: Novatech USA)  

Figure 9-1: FLIR InfraCAM SD camera and type-T thermocouple 

The Digi-Sense type-T thermocouple probe (WD-08519-54, shown in Figure 9-1b) was used for 

contact temperature measurements. A 1"x2" high temperature self-adhesive tape was used to attach 

the thermocouple to the pipe surface during testing. The thermocouple has a temperature range of 

-200°C to 260°C and a ±1.0°C accuracy for readings above 0°C. The thermocouples were read 
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using an automated reader/recorder (Figure 9-2a) that was built to enable continuous collection of 

temperature data on the buried pipe throughout the IRT testing period. Ambient temperature during 

the test was record using Thermo Recorder TR-72Ui (Figure 9-2b). 

9.3 EXPERIMENTAL SET-UP FOR IRT TESTING 

An insulated wooden box with an internal dimension of 24"x24"x22" (after insulation) was built 

for the IRT testing of buried CFRP pipe carrying hot liquid. The insulation in the box (with 

R-Value of 10) will ensure that heat detection (if any) will only be as a result of heat propagation 

from the hot pipe through the soil to the soil surface. Also, the insulation ensures no heat leakage 

out of the box, which will help in heat transfer computations to extrapolate the surface temperature 

for different soil depths. Figures 9-3 and 9-4 show the wooden box and capped 3" diameter CFRP 

pipe respectively. The CFRP pipe, fitted with aluminum caps was buried in the insulated box with 

hot water circulated through the pipe. 

The pipe was buried in the box filled with a mixture of gravel, sand, and organic soil in the ratio 

of 1:1:2, and having a moisture content of 14%. Three inch (3") depth of the soil mixture was 

placed at the bottom of the insulated box before the pipe was inserted. Soil cover above the pipe 

was 14", and 2" space was left at the top of the box as shown in Figure 9-5. The box was left open 

at the top during the experiments to simulate field conditions where the soil surface is exposed. 

Five thermocouples were installed on the surface of the CFRP pipe before burying (3 

thermocouples at the top and 2 at the bottom surface of the pipe as shown in Figure 9-4). Another 

thermocouple was placed at the surface of soil in the box to measure soil surface temperature. The 

6 thermocouples were connected to the automated recorder to enable continuous data collection. 

Hot water (at a temperature of 95°C) was circulated through the buried pipe, while the temperature 

changes at the surface of the buried pipe and the soil surface were recorded over a period of 10 

days. Soil surface temperature was also recorded using infrared thermography (IRT) throughout 

the testing period. It should be noted that, water circulation was started with the water initially at 

room temperature (21.6°C), and it took 3 hours for the water temperature to rise to the 95°C level. 

Also, the hot water did not fully fill the pipe to the top due to entrapped air pocket, hence top 

portion of the pipe was colder than the bottom portion by about 4.5°C because of the trapped air. 

The IRT test setup is shown in Figure 9-5. 
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                                     (a)                                                                        (b) 

Figure 9-2: (a) Automated thermocouple reader and (b) Thermo Recorder 

   
                                     (a)                                                                   (b) 

Figure 9-3: Insulated wooden box used for IRT testing 

 

 

Figure 9-4: CFRP pipe for IRT testing (top), sketch showing thermocouple locations (bottom) 
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Figure 9-5: IRT test set-up 

9.4 IRT TEST RESULTS 

IRT testing was carried out to illustrate both the period when the pipeline is in operation and 

transporting hot fluids, and the period immediately following pipeline shut done or ceasing of 

pumping operations. Results from both testing phases are presented below. 

9.4.1 Pipe Operating /Heating Cycle 

As stated previously, the IRT test was carried out over a period of 10 days where hot water at a 

temperature of 95°C was circulated through the buried 3" CFRP pipe. The temperature at the pipe 

and soil surfaces, and room/ambient temperatures were recorded over the testing period.  

Temperature at the soil surface had a sharper increase during the first 48 hours of testing, followed 

by a gradual increase up to the sixth day of testing. There was not much temperature increase 

Water Heater 

Data Recorder 

Water Hose connecting heater to the pipe 
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between the sixth and tenth days of testing. Figure 9-6 shows some of the IRT data at various 

stages of testing. Figures 9-7 and 9-8 show plots of temperature changes during the test period. 

Each test day starts at 8:00 am and ends at 7:59 am the following day. The regular fluctuations 

(jitter) in temperatures shown in Figures 9-7 and 9-8 are due to diurnal temperature changes 

between day and night. These diurnal changes are present in the laboratory data since the 

laboratory temperature was not regulated. Maximum daily temperatures recorded during the test 

occurred between 3:00 pm and 5:15 pm. The results (IRT curve in Figure 9-7) show approximately 

14°C increase in surface temperature of the soil for this pipe carrying hot liquid, thus making it 

possible to detect such buried pipes using infrared thermography measurements at the soil surface. 

Infrared thermography readings at the soil surface were found to be about 2-3°C higher than the 

thermocouple readings at the same location. The difference in surface temperature readings can be 

attributed to the accuracies of the infrared camera and the thermocouple, which are ±2°C and 

±1.0°C respectively. 

The following nomenclature is adopted to explain the IRT data in Figures 9-6 through 9-8: 

IRT             – Infrared thermography image/data/temperature reading at soil surface 

TSC             – Thermocouple reading taken at the center of the soil surface 

Amb            – Ambient/room temperature 

TSC-Amb   – Difference between TSC and Amb 

IRT-Amb    – Difference between IRT and Amb 
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         (a) After 2.75 hours of heating                                 (b) After 24 hours of heating 

   
           (c) After 6 days of heating                                     (d) After 10 days of heating 

Figure 9-6: Infrared thermography data at the soil surface at various stages of testing  
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Figure 9-7: Variation of soil surface (TSC, IRT) and room (Amb) temperatures with time 

 

 

Figure 9-8: Soil surface temperature difference with time 

 

The results show that, the 3" diameter CFRP pipe buried with 14" of soil cover and carrying 95°C 

of liquid can be detected at the ground surface using infrared thermography.  
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The experimental results were extrapolated using a one-dimensional heat transfer (conduction) 

formulation to estimate the depth at which the pipe will no longer be detectable using IRT. The 

heat transfer equation for one-dimensional heat conduction is given by Equation 9-1. 

𝑞𝑛𝑒𝑡 =
𝑘

𝑑
(𝑇ℎ − 𝑇𝑐)                                                                     (91) 

where, 

qnet    = net heat flow through a unit area of a material per unit time (W/m2) 

k       = thermal conductivity of the medium (W/m/°C) 

Th      = temperature of the hotter side (°C) 

Tc      = temperature of the colder side (°C) 

d        = thickness/depth of the medium (m) 

𝑞𝑛𝑒𝑡 =
𝑘

𝑑
(∆𝑇)                                                                           (92) 

                                                          ∆T = Th - Tc 

∆𝑇 =
𝑞𝑛𝑒𝑡

𝑘
(𝑑)                                                                           (93) 

Assuming qnet/k is constant, that is   

𝑞𝑛𝑒𝑡

𝑘
=

∆𝑇

𝑑
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                                          (94) 

 

Thus given the same soil material with varying depths d1 and d2, 

∆𝑇1  =
𝑞𝑛𝑒𝑡

𝑘
(𝑑1)  →  

𝑞𝑛𝑒𝑡

𝑘
=

∆𝑇1

𝑑1
 

∆𝑇2  =
𝑞𝑛𝑒𝑡

𝑘
(𝑑2)  →  

𝑞𝑛𝑒𝑡

𝑘
=

∆𝑇2

𝑑2
 

∆𝑇1

𝑑1
=

∆𝑇2

𝑑2
 → ∆𝑇2 =  

𝑑2 . ∆𝑇1

𝑑1
                                                  (95) 
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Thus, using d1 and ∆T1 from the experiment, ∆Ti can be estimated for any given depth, di, of soil 

cover over a buried pipe if thermal properties of the soil are the same as used in the experiment. 

The ratio qnet/k was assumed to be constant for the soil mixture during the computation. The 

experimental data at day 6 was used as a baseline for this computation because the system had 

reached a steady state by that time as illustrated by the almost constant temperature difference in 

Figure 9-8. All temperatures in this computation are from thermocouples readings: 

qnet/k = ∆T/d = ∆T1/d1,  assumed constant (and computed using the following data) 

Th       = Temperature at the surface of the buried pipe at day 6, measured to be 85.47°C 

Tc       = Temperature at the surface of the soil at day 6, measured to be 30.40°C 

d         = depth of soil cover over the pipe, 14" 

Soil surface temperature difference (difference between soil surface temperature and room 

temperature or TSC-Amb) for different depths of soil cover were computed, sample computation 

results are shown in Table 9-1 and the result is plotted in Figure 9-9. Table 9-1 and Figure 9-9 also 

show the projected temperature difference using IRT (IRT-Amb), which is higher than TSC-Amb 

by 2.5°C at each data point. The plot in Figure 9-9 shows that, the same 3" CFRP pipe buried in 

the same soil medium and carrying a liquid at 95°C will be detectable using IRT, up to a depth of 

about 16.5"; with a temperature increase of about 1.6°C. 

Table 9-1: Estimated variation of soil surface temperature with depth 

Depth, d 
(in.) 

∆T  
(°C) 

TSC  

(°C) 

Amb  

(°C) 
TSC-Amb 

(°C) 

IRT  

(°C) 
IRT-Amb 

(°C) 

12.00 47.2 38.3 21.5 16.8 40.8 19.3 

14.00 55.1 30.4 21.5 8.9 32.9 11.4 

16.00 62.9 22.5 21.5 1.0 25.0 3.5 

16.50 64.9 21.5 21.5 0.0 23.1 1.6 

16.75 65.9 21.5 21.5 0.0 22.1 0.6 

17.00 66.9 21.5 21.5 0.0 21.5 0.0 

18.00 70.8 21.5 21.5 0.0 21.5 0.0 
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Figure 9-9: Difference between soil surface temperature and room temperature with depth 

9.4.2 Pipe Cooling Cycle 

There is a potential for a pipe transporting hot fluid to be located using IRT even after the pipe has 

been shut done, either for maintenance or to identify a problem. Thus determining how long it 

takes after the pipe has been shut down for the heat to dissipate and make the pipeline undetectable 

with IRT is important for inspection decision making. Cooling cycle for the 3" diameter CFRP 

pipe was monitored after pumping of hot water through it was has been stopped. 

Soil surface temperature (IRT and TSC) had a sharper decrease during the first four days of cooling 

(from day 10 to 14) as illustrated in Figure 9-10, with almost uniform daily room/ambient 

temperature. From the fourth to the eighth day (day 14 to 18), soil surface temperature remained 

constant with slight increase in ambient temperature, indicating a net decrease in soil temperature 

as shown in Figure 1-11. Both the soil surface temperature and ambient temperature decreased 

between the eighth and eleventh days of cooling (day 18 to 21), indicating a net uniform soil 

temperature. A plot of the soil surface temperature difference is given in Figure 9-11, showing a 

sharp temperature drop during first four days, a gently drop for the next four days of cooling, after 

which the soil temperature became almost constant/achieved steady state. Similar to the heating 

cycle, regular fluctuations in Figures 9-10 and 9-11 are due to diurnal temperature changes. 
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Figure 9-10: Variation of soil surface (TSC, IRT) and room (Amb) temperatures during cooling 

 

 

Figure 9-11: Soil surface temperature difference with time during cooling 

 

The results in Figures 9-10 and 9-11 indicate that, the same 3" CFRP pipe in the same 

environmental conditions will be detectable using IRT during the first eight days after pumping of 
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hot fluid has been stopped. The heat will dissipate into the surrounding soil and the system will 

achieve a steady state after eight days, and the pipe will not be detectable using IRT. 

Additional plots from the laboratory IRT test, including variations in pipe inlet and outlet 

temperatures, variations in pipe top and bottom temperatures, and soil temperature changes for 

both the heating and cooling cycles are given in Appendix C. 

9.5 TESTING OF FIELD PIPES 

After investigating the potential for IRT detection of buried pipe transporting hot water in the 

laboratory, testing of buried pipe operating in the field and transporting steam was carried out to 

study how the technique performs in the field environment. This buried pipe is used by WVU 

Facilities Management for transporting high pressure steam for on campus heating. The field pipe 

to be tested is located near the Mineral Resources Building (MRB) on WVU campus (location 

shown in Figure 9-12). The pipe system consists of a 6" diameter high pressure steam (HPS) line 

and a 3" diameter condensate pumped (CP) line buried side-by-side in the same trench. The pipes 

had a minimum of 6" poured in insulation around them (4" mineral fiber insulation at bends and 

expansion loops, and additional 6" poured in insulation through the entire pipe length). Details of 

the piping system are shown in Figure 9-13 and Table 9-2. 

 

Figure 9-12: Location of field IRT test pipe 
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Figure 9-13: Field IRT test pipe installation details (CJD 2015) 
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Table 9-2: Field IRT test pipe parameters 

Parameter Value 

Pipe Location/Test Site MRB-PRT Track 

Type of Fluid (e.g. water, steam, heated air, etc.) Steam, Condensate 

Water/Fluid Temperature  105 °C (221 °F) 

Depth of Soil Cover over the Pipe 2.5' - 3' 

Pipe Diameter7 6", 3" 

Pipe Material Steel 

Pipe Wall Thickness 0.280", 0.300" 

Is the Pipe Insulated? Yes8, Min 6" around pipes 

Number of Pipes Two pipes: 6" and 3" diameters 

Date of Installation 2015 

 

IRT testing on the buried steam pipe was carried out in three different weather conditions (tests 

were done in winter, spring, and summer seasons). Results from these tests are summarized in 

Figures 9-14 through 9-17. Figure 9-14 shows a comparison between a visible image and IRT 

image taken at the site, with the identified features labelled. Figure 9-15 show IRT images of the 

pipe taken from a distance of about 50 ft. from the pipe location in different weather conditions. 

For all IRT images in Figure 9-15, the buried pipe is the first horizontal linear feature from the 

bottom of the image (first horizontal hot path from the bottom) as illustrated in Figure 9-14. The 

buried pipe was easily detected using IRT in all weather conditions as shown in Figure 9-15. 

During IRT testing in the winter, the ground was covered with snow up to a depth of 3.75". The 

snow cover however did not hinder the performance of this technique for buried pipe detection 

since the buried hot pipe increased temperature of the snow over the pipe to 0.5°C compared to 

the surrounding snow covered soil which had a temperature of -8.7°C as shown in Figure 9-15(c). 

Soil surface temperature over the pipe during summer testing was measured to be 39°C, while 

temperature of the surrounding soil was measured to be 26°C. 

                                                 

7 6" diameter schedule 40 steel pipe for steam and 3" diameter schedule 80 steel pipe for condensate 
8 Pour in insulation with minimum thickness of 6" on all sides of the pipes 
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Figure 9-16 shows IRT image of the pipe taken from close distance (about 5 ft. from the pipe) in 

different weather conditions. Plots of temperature distribution across the buried pipe (from the 

bottom to the top of each IRT scan in Figure 9-16) in each season are shown in Figure 9-17. It can 

be observed from Figure 9-17 that, the buried pipe increased the soil surface temperature by 9.5°C 

to 20°C compared to the surrounding soil, thereby making it possible to detect this buried insulated 

pipe transporting high pressure steam. 

 

 

Figure 9-14: Comparison of IRT and visible image results 
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                     (a) Summer test result                              (b) Summer test from another angle 

     
                     (c) Winter test result                                               (d) Spring test result 

Figure 9-15: Infrared thermography data at the soil surface in different seasons 
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(a) Summer test result (longer distance)                            (b) Summer test result              . 

    
(c) Winter test result                                               (d) Spring test result 

Figure 9-16: IRT data at the soil surface taken from close range in different seasons 
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Figure 9-17: Temperature distribution across each IRT data in Figure 9-16 

9.6 CONCLUSIONS  

The IRT test conducted in this research demonstrate that, buried pipe transporting hot fluid such 

as steam or petroleum products from production wells or refinery plants have the potential of being 

detectable using IRT. The results from laboratory tests show that, IRT can be used to detect the 3" 

CFRP pipe up to a depth of 16.5" in the test medium when 95°C water is pumped through the pipe. 

Test conducted on a buried pipe operating in the real world and transporting steam showed that, 

the IRT technique for detecting buried pipes transporting hot fluids has a higher performance than 

the laboratory test suggested. Though the field pipe was buried at a much deeper depth (2.5 – 3 ft.) 

and was insulated to prevent loss of heat to the surrounding soil, the IRT technique performed 

remarkably well. This can be attributed to higher moisture content of the soil and higher 

compaction of the backfill material (leading to higher thermal conductivity) in the field compared 

to the laboratory work. The performance of the IRT technique is expected to be even better for 

pipes with less or no insulation at all (compared to the field pipe tested in this study). Performance 

of the IRT technique is also expected to be better for bigger diameter pipes. 
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Computations on the laboratory test data assumed a one-dimensional heat conduction equation to 

arrive at the depth of possible pipe detection. Heat transfer in the field environment will not be 

one-dimensional, but rather three-dimensional. Also, bigger diameter pipes (much bigger than 3") 

are used in the field to transport petroleum products at temperatures less than or equal to 200°F 

(93°C). This temperature is about equal to what was used in the laboratory test (water temperature 

was 95°C, but trapped air pocket above the water in the pipe reduced the pipe surface temperature 

at the top of the pipe by 4.5°C compared to the pipe surface temperature at the bottom of the pipe). 

The three-dimensional heat transfer in the field environment will reduce the depth of pipe detection 

to an extent, but the use of bigger diameter pipes, coupled with higher moisture content and better 

compaction of backfill material is expected to have a bigger effect in increasing the depth of 

possible detection using IRT. 

Thus, IRT has the potential of being used in detecting pipelines transporting hot fluids, but the 

maximum depth at which the pipe can be detected will depend on the diameter of the pipe and the 

temperature of liquid being transported. 
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CHAPTER 10 

CONCLUSIONS AND RECOMMENDATIONS 

10.1 RESEARCH SUMMARY 

High strength plastics and advanced non-metallic composite pipe materials such as Glass Fiber 

Reinforced Polymer (GFRP) have desirable engineering and mechanical properties that can help 

address some of the challenges encountered in the pipeline transportation industry. However, 

difficulties in locating buried GFRP and plastic pipes are among the challenges limiting the 

adoption of such materials in the pipeline industry. This study sought to develop and investigate 

strategies for easily locating buried non-metallic pipelines in a bid to help address corrosion and 

excavation damage incidents, which are major challenges affecting the pipeline infrastructure 

(especially in the oil and gas industry). The non-metallic pipe materials investigated include CFRP 

and GFRP for high pressure applications, and PVC (plastic) for low pressure applications. The 

following research tasks were undertaken to achieve the study objectives: 

1. Carbon fabric and aluminum foil/tape overlays (in the form of strips and rings) were used 

on GFRP and PVC pipes for easier detection using Ground Penetrating Radar (GPR). 

2. Carbon nanoparticle coating was applied on a GFRP pipe to improve detection during GPR 

survey. 

3. Thirty-nine pipe segments of different diameters were produced from the three non-

metallic materials (CFRP, GFRP, and PVC), with various surface configuration, and buried 

at different depth from 2 ft. to 4 ft. of soil cover. One metallic pipe segment was also buried 

alongside the non-metallic pipes for comparison. 

4. GPR equipment with different frequency antennae were used for investigating the 

detectability of the buried pipes in different soil moisture conditions. 

5. Infrared thermography was used to investigate and locate buried pipes transporting hot 

fluids in a laboratory setting and in the field environment to ascertain the potential of this 

technique in locating buried pipes carrying hot contents. 



159 

 

10.2 CONCLUSIONS 

Alternative strategies for locating buried non-metallic pipes using available ground sensory 

technologies such as GPR and IRT has been developed and investigated in this study. The 

following conclusions can be drawn from the findings of the study: 

1. From the GPR test results presented in this study, it is evident that, the use of CFRP and 

aluminum foil overlays (in the form of rings and strips) improve the detectability of buried 

non-metallic pipe sections such as GFRP and PVC. The addition of carbon fabric or 

aluminum foil overlays makes the otherwise undetectable non-metallic pipes detectable, 

producing significantly stronger GPR reflection signals during testing. This is due to the 

high conductive nature of the overlays compared to the pipe material. 

2. In cases where the buried unwrapped GFRP and PVC pipes are detectable (albeit with weak 

and difficult to interpret reflected signals), the addition of carbon or aluminum foil overlays 

significantly increases the strength/amplitude of the reflected GPR signal and makes it 

easier to identify the pipe sections. This is because carbon fabric and aluminum are good 

electrical conductors, hence they reflect the incident radar waves much better than non-

conducting pipe materials and the surrounding soil.  

3. The production of strong and easier to interpret signals from buried non-metallic pipes with 

carbon fabric or aluminum foil overlays also implies that, the depth of pipe burial can be 

increased beyond the 4 ft. maximum depth used in this research and still obtain adequate 

signal strength using GPR. The maximum depths at which these pipes can be detected for 

different soil types have been evaluated in Section 8.5. 

4. By comparing GPR signal reflections from the buried pipes, carbon fabric overlays 

(strips/rings) were observed to produce stronger signals compared to aluminum foil 

overlays. This is because the aluminum foils used for the overlays were very thin, 

compared to the thickness of the carbon fabric overlays. Increasing the thickness of the 

aluminum overlay around the pipes (or wrapping pipes with aluminum sheets) can improve 

their detectability when buried. However, this approach is not practically feasible for 

buried pipe detection. 
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5. Additionally, it was observed that carbon fabric and aluminum foil strips bonded to the top 

of the pipes generally produce better/stronger signals compared to carbon fabric and 

aluminum foil rings around the non-metallic pipe sections. This is explained by the fact 

that, for scans conducted along the length of the pipe, only a small portion of the antenna 

beam is covered by a ring compared to a strip. For scans conducted perpendicular to the 

pipe direction, the rings only produced good results when the antenna is centered over a 

ring, as opposed to being centered between two rings.  

6. The addition of carbon nanoparticle coating on a GFRP pipe in this study did not provide 

any noticeable benefit in making the buried non-metallic pipe detectable by GPR. The 

possible explanation for this is that, there is no interconnection between the individual 

nanoparticles, hence the coating did not act as a conductor as was expected. This is evident 

in the A-Scans shown in Figure 7-32; where pipes with conductive overlays/surfaces such 

as the GFRP pipe with CFRP strip, the PVC pipe with aluminum foil strip, and the steel 

pipe (Figure 7-32a, d, and f) produced signal reflections with reversed polarity (negative 

reflection peak resulting from negative reflection coefficient) while reflections from non-

conductive pipes (Figure 7-32b, c, and e) did not experience any reversal in polarity. The 

GFRP pipe with carbon nanoparticle coating (Figure 7-32c) did not experience reversal in 

signal polarity, indicating that it is not acting as a conductor. 

7. Furthermore, it was found from the GPR testing that, snow cover on the ground surface 

does not hinder the performance of GPR in detecting the buried pipes. This can be 

attributed to the fact that, the dielectric constant and electrical conductivity of snow are 

very low, hence the GPR signal travels through the snow cover without much attenuation, 

and at higher signal velocity compared to the underlying soil medium.  

8. It was also observed that, 200 MHz GPR antenna is ideal for buried pipe detection. This 

antenna performed significantly better in locating the buried pipes at all the depths 

investigated compared to the 400 MHz and 900 MHz antennae, which were much less 

effective in locating the buried pipes even at 2 ft. depth. This is because signal from the 

higher frequency antennae attenuates significantly more with respect to travel distance 

compared to the lower frequency one. The 200 MHz antenna is also expected to penetrate 

deeper than the maximum 4 ft. depth investigated in this study, even in very wet clay soils 
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as estimated in Section 8.5. The 400 MHz antenna however performed well in locating the 

pipes buried at 2 ft. depth, especially when scanned in the transverse direction. 

9. The 200 MHz antenna is however bigger and heavier than the 400 MHz and 900 MHz ones 

(antenna specifications are given in Table 5-1). With dimensions of 24"Lx24"Wx12"D and 

45 lb. weight, this antenna is four times the weight and occupies four times the area of the 

400 MHz antenna. The bigger size and higher weight makes this antenna more difficult to 

use in the field. Thus field crews tend to use the higher frequency antennae with 

manageable physical dimension; this makes it difficult for them to locate buried objects 

since the higher frequency antennae are less effective in locating these objects in most soils 

and soil moisture conditions.  

10. Though GPR signal attenuation is generally regarded to increase with antenna frequency, 

this behavior is usually attributed to material/ohmic attenuation while scattering 

attenuation is hardly mentioned in literature. It has been found in this study that material 

attenuation is generally constant for antenna frequencies of 50 MHz and above (based on 

soil dielectric constant and electrical conductivity), while frequencies bellow 50 MHz 

experience a vertical drop in ohmic attenuation coefficient. Scattering attenuation on the 

other hand was observed to increase with antenna frequency, which explains the difference 

in performance between the different antennae used in the study. 

11. Results from this study have shown that IRT have the potential to be used in locating buried 

pipes transporting hot fluids such as steam or petroleum products from production wells or 

refinery plants. A 3 inch diameter CFRP pipe buried with 14 inches of soil cover and 

transporting hot water at a temperature of 95°C  in a laboratory setting was detected using 

IRT. Additionally, a 6 inch diameter steam pipe with a minimum of 6 inch insulation and 

buried with 2.5 – 3 ft. of soil cover was easily detected in varying soil moisture conditions 

and seasons using IRT in the actual field environment.  

12. Finally, the findings of the IRT tests performed in the field environment have showed that 

snow cover on the ground surface does not hinder the performance of this technique for 

buried hot pipe detection. Additionally, the technique works very well in both wet soil and 

relatively dry soils. 
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10.3 RECOMMENDATIONS FOR FIELD IMPLEMENTATION AND FUTURE STUDY 

The following are recommended for field implementation of the findings of this study, and to aid 

in buried non-metallic pipe detection. This also includes recommendations for future works to 

expand these findings of the current study. 

10.3.1 Recommendations for Field Implementation 

1. Carbon fabric strips bonded to the top of buried pipes and spanning the entire length of the 

pipe is found to be the best surface configuration for GPR detection. Hence, this is the 

configuration recommended for field implementation on GFRP pipes. In addition to being 

the best configuration in making buried non-metallic pipes detectable, carbon fabric is also 

very durable (very high corrosion and abrasion resistance, and high strength to withstand 

various forms of mechanical damage) compared to aluminum foils which are very fragile 

and prone to environmental degradation. Also, the entire pipe can be wrapped with carbon 

fabric for strengthening; this will make the pipe stronger and be able to resist higher 

operating pressures in addition to being detectable using GPR. Finally, Carbon fabric 

overlays can also be incorporated into the manufacturing process for GFRP pipes, 

streamlining the production process.  

2. If carbon fabric rings around the pipe must be used in any particular case, they should be 

wrapped in a spiral fashion. Using spiral wraps around the pipes instead of parallel rings 

will ensure there is always part of the wrap at every section along the length of the pipe. 

Spiral wraps will be easier to detect using GPR compared to rings if scans are performed 

perpendicular to the length of the pipe. Spiral wraps around the pipe will also be easier to 

incorporate into the manufacturing process of fiber composite (such as GFRP) pipes 

compared to rings around the pipe.  

3. Since both PVC pipes and aluminum foils are readily available in hardware stores, it will 

be easier to used aluminum foil overlays on PVC pipes as opposed to using carbon fabric 

overlays. Additionally, the installation process of aluminum foil on pre-fabricated PVC 

pipes is simpler than installing carbon fabric overlays, which can further streamline the 

process of making buried  PVC pipes intrinsically locatable using GPR. 
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4. For GPR field testing in dry as well as most wet soil conditions, the 200 MHz radar antenna 

is recommended. This antenna frequency performed very well in all soil moisture 

conditions and at all the depths investigated in this study. 

5. If variation of attenuation coefficient with antenna frequency is required, then scattering 

attenuation should be considered in addition to material/ohmic attenuation. Scattering 

attenuation was found to be the primary component of attenuation that increases with 

antenna frequency, while ohmic attenuation was found to be constant across the antenna 

frequencies. This will be even more pronounced in very inhomogeneous materials such as 

soils with gravels or lots of clutter objects. 

10.3.2 Recommendations for Future Study 

1. Different pipe diameters buried at various depths and transporting contents of different 

temperatures should be investigated in different weather conditions for IRT detection. This 

can help establish which temperatures and pipe diameters will be detectable at different 

depths and in different soil/weather conditions. 

2. Future studies should also include how long pipe content of a given temperature will travel 

in the pipe before it loses its temperature difference and becomes undetectable using IRT. 
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PIPELINE INCIDENTS 

According to the PHMSA, pipeline incident reports have been collected since 1970. “The reporting 

regulations and incident report formats have changed several times over the years” (PHMSA 

2016a). “PHMSA merged the various report formats to create pipeline incident trend lines going 

back 20 years” (PHMSA 2016a). The following are the definitions of the different incident 

categories according to PHMSA (PHMSA 2016a). 

 

SERIOUS INCIDENTS 

Serious Incidents include a fatality or injury requiring in-patient hospitalization. From 2004 

forward, gas distribution incidents caused by a nearby fire or explosion that impact the pipeline 

system are excluded. 

 

SIGNIFICANT INCIDENTS  

Significant Incidents are those including any of the following conditions, but gas distribution 

incidents caused by a nearby fire or explosion that impacted the pipeline system are excluded: 

1. Fatality or injury requiring in-patient hospitalization 

2. $50,000 or more in total costs, measured in 1984 dollars 

3. Highly volatile liquid releases of 5 barrels or more or other liquid releases of 50 barrels or 

more 

4. Liquid releases resulting in an unintentional fire or explosion 

 

ALL-REPORTED INCIDENTS  

Includes all reports submitted to PHMSA. Changes to PHMSA reporting regulations have caused 

large shifts in the trend line. 

 

 

PHMSA INCIDENT REPORT CRITERIA HISTORY  

https://hip.phmsa.dot.gov/Hip_Help/pdmpublic_incident_page_allrpt.pdf 

http://opsweb.phmsa.dot.gov/primis_pdm/significant_inc_trend.asp
https://hip.phmsa.dot.gov/Hip_Help/pdmpublic_incident_page_allrpt.pdf
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APPENDIX B:  SUPPLEMENTARY GPR DATA 
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B.1   DETAILS OF PIPES IDENTIFIED IN THE 36 FT. LONG TRENCH USING 400 MHZ ANTENNA 

 

 

 
Figure B-1: Longitudinal scan over 12" CFRP Strip GFRP pipe: raw data (top), data with 

background noise removed (middle), and reflection peaks extracted from the data (bottom) 
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Figure B-2: Longitudinal scan over 12" Unwrapped GFRP pipe: raw data (top), data with 

background noise removed (middle), and reflection peaks extracted from the data (bottom) 
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Figure B-3: Longitudinal scan over 12" Al. Foil Strip PVC pipe: raw data (top), data with 

background noise removed (middle), and reflection peaks extracted from the data (bottom) 
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B.2   DETAILED RADAR PROFILE FOR FEATURES MARKED IN FIGURE 7-29(B) FOR DATASET II 

 
Figure B-4: Features A and A1  

 
Figure B-5: Features B and B1 
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Figure B-6: Features C and C1 

 
Figure B-7: Feature D 
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Figure B-8: Feature E 

 
Figure B-9: Feature F 
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B.3   TRANSVERSE GPR SCANS OVER 36 FT. LONG TRENCH USING 200 MHZ ANTENNA 

  
                          (a) GFRP pipe wrapped CFRP fabric                                                        (b) Unwrapped GFRP pipe 

    
               (c) GFRP pipe with carbon nanoparticle overlay                                   (d) PVC pipe wrapped with Aluminum foil strip   

 
                       (e) Unwrapped GFRP pipe (10″ diameter) 

Figure B-10: Transverse scan over some of the pipes in 36 ft. 

long trench using 200 MHz GPR antenna for Dataset I 
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                                  (a) Unwrapped GFRP pipe                                                (b) GFRP pipe with carbon nanoparticle overlay 

   
               (c) PVC pipe wrapped with Aluminum foil strip                                             (d) Unwrapped GFRP pipe (10″ diameter) 

  
                                        (e) Steel pipe

Figure B-11: Transverse scan over some of the pipes in 36 ft. 

long trench using 200 MHz GPR antenna for Dataset II 
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B.4   TRANSVERSE GPR SCANS OVER 36 FT. LONG TRENCH USING 400 MHZ ANTENNA 

    
       (a) GFRP pipe wrapped CFRP fabric                             (b) Unwrapped GFRP pipe 

    
(c) GFRP pipe with carbon nanoparticle overlay   (d) PVC pipe wrapped with Aluminum foil strip   

 
                        (e) Steel pipe 

Figure B-12: Transverse scan over some of the pipes in 36 ft. long trench using 400 MHz 

GPR antenna for Dataset II (raw data) 
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       (a) GFRP pipe wrapped CFRP fabric                             (b) Unwrapped GFRP pipe 

   

(c) GFRP pipe with carbon nanoparticle overlay   (d) PVC pipe wrapped with Aluminum foil strip   

 
                        (e) Steel pipe 

Figure B-13: Transverse scan over some of the pipes in 36 ft. long trench using 400 MHz 

GPR antenna for Dataset II (data with background noise removed) 
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APPENDIX C:  SUPPLEMENTARY IRT PLOTS 
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Figure C-1: Variation of test temperature with time of heating and cooling 

 Hot water was pumped through the pipe from day 1 to 10 after which heating and pumping was stopped and the pipe was allowed 

to cool under ambient laboratory temperature.  

WT: Water Temperature 

TI: Top Inlet temperature (inlet temperature measured at the top of the pipe) 

BI: Bottom Inlet temperature (inlet temperature measured at the bottom of the pipe) 

TC: Top Center temperature (temperature measured at the top of the pipe, midway between the inlet and the outlet) 

TO: Top Outlet temperature (outlet temperature measured at the top of the pipe) 

BO: Bottom Outlet temperature (outlet temperature measured at the bottom of the pipe) 

TSC: Top Soil Center temperature (temperature at top of the soil over mid portion of the pipe) 

Amb: Ambient temperature 

IRT: Infrared Thermography temperature reading 
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Figure C-2: Top and bottom temperature difference of the pipe during heating and cooling 

 

 Hot water was pumped through the pipe from day 1 to 10 after which heating and pumping was stopped and the pipe was allowed 

to cool under ambient laboratory temperature.  
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Figure C-3: Inlet and outlet temperature difference of the pipe during heating and cooling 

 

 Hot water was pumped through the pipe from day 1 to 10 after which heating and pumping was stopped and the pipe was allowed 

to cool under ambient laboratory temperature.  
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Figure C-4: Soil surface temperature difference during heating and cooling 

 

 Hot water was pumped through the pipe from day 1 to 10 after which heating and pumping was stopped and the pipe was allowed 

to cool under ambient laboratory temperature.  
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