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CHAPTER 1: INTRODUCTION 

1.1 BACKGROUNDS AND OVERVIEW 

Currently, TxDOT uses two methods to measure the thickness of concrete slabs during 

construction. The first method involves taking and physically measuring cores every 

1,000 ft. throughout the entire project. The second method involves using a calibrated 

stick that is pushed into wet concrete to obtain the pavement thickness. Both of these 

methodologies are time consuming and do not provide a continuous thickness survey of 

the paving project. Both of these methods necessarily assume that the pavement 

thickness is the same between the samples collected. A testing method that can measure 

pavement thickness using non-destructive techniques and is nearly continuous without 

the need for operator interpretation would be very beneficial. The purpose of this study 

is to develop a non-destructive device to measure concrete thickness continuously in the 

field. The device consists of four major parts: a transmitter, a receiver, a pair of 

antennas, and a computer control unit. The transmitter sends out a series of short pulses 

of high electromagnetic energy to the transmitting antenna. The receiver picks up waves, 

including information about the underground structure and transmitting antenna 

converts the pulse voltage from the transmitter into electromagnetic (EM) waves and 

sends the EM waves into the pavement. The receiving antenna converts the reflected 

waves into voltage and sends them to the receiver. The computer control unit samples 

and stores all the data and the processing procedures, and also controls the sequence of 

the measuring program. This device is based on the measurement of travel time and 

reflection amplitudes of a short electromagnetic pulse transmitted through a medium. 

When encountering dielectric discontinuities in the subsurface, part of the transmitted 

waves are reflected and picked up by the receiver. The received signal is then amplified 

and analyzed to obtain the thickness and dielectric constant of the layered media. The 

accuracy of the measured thickness and the dielectric constant depend on the 

characteristics of the device and corresponding software. In this project, we designed 

and implemented a ground penetrating radar (GPR) for pavement thickness 

measurement. The developed GPR was lab and field-tested. In the lab measurement, this 
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device was able to measure the concrete thickness up to 16.5 inches without steel rebars. 

The data inversion software was able to convert the measured signal directly into the 

dielectric constant and thickness readings in real time. The accuracy was satisfactory -

accuracy on thickness measurement in the lab was about 0.5''. This device was also 

taken to the field with help from Ed Oshinsky, Dr. Moon Won, and Dr. German Claros 

from TxDOT. The test field is located on Loop 330 in east Houston. The measured data 

is good but not accurate enough compared with cored thickness. We noticed that the 

degradation on accuracy in the field is due to the presence of the steel rebars. Due to the 

complexity of the device and limited time period of this project (2 months), we are only 

presenting major achievements in this report: system performance, .design of the 

transverse electromagnetic wave (TEM) horn, high-power transmitter, and thickness­

calculation method. The measured results using this device, in the lab and field, will also 

be presented. 
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CHAPTER 2: THE GPR SYSTEM FOR THICKNESS 
MEASUREMENT 

The GPR system developed in this project is shown in Figure 2.1 and Figure 2.2. Inside 

the box shown, there is a transmitter, transmitter antenna, receiver, receiver antenna, 

control circuits and power supplies. The system is powered by a single rechargeable 

battery ( 4"x2"x 1 "), and the power consumption is about 6 watts. The output signal is 

digitized and displayed on a notebook computer external to the GPR system. The 

system's performance is as follows: 

(1) Maximum Penetration Depth: 16.5" in concrete without steel rebars 

The penetration depth, 16.5", is the maximum depth that has been verified using a 

concrete sample of this thickness; however, it is not the penetration limit of the 

radar system. 

(2) Transmit Pulse Amplitude: 250- 530 Vp-p 

Usually the higher the transmit pulse amplitude is, the deeper the radar wave can 

penetrate through the concrete. However, the strength of a direct wave will also 

increase with the pulse amplitude and hinder the recognition of the reflected signals. 

The above listed amplitudes are compromised based on experimental results. 

(3) Transmit Pulse Width: 5 ns (250 Vp-p)- 10 ns (530 Vp-p) 

The transmit pulse width was chosen because its corresponding comprised 

frequencies detect resolution and penetration depth for the concrete situation. The 

higher frequency waves have a higher detection resolution, but decay faster while 

propagating in concrete. The lower frequency waves can propagate at a greater 

depth, but have a lower resolution. 

(4) System Bandwidth: 1.3 GHz 

The transmitting waves and the receiving waves are operated in the frequency range 

from 0 to 1.3 GHz. 

(5) Receiver Window: 20-60 ns adjustable 

Receiver window means a time interval within which the signals received by the 

receiving antenna are recorded in the computer. The signals from this time interval 
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are discarded. The receiver window is determined according to the depth expected 

to measure. 

(6) System Clock: 100kHz 

(7) Digitization Resolution: 12 bits 

(8) Antenna Type: TEM hom with resistive load 

TEM hom antenna is chosen for the GPR system because it has a wide bandwidth 

and is easier to construct. 

(9) Power Consumption: 0.5 A at 12 V (250 V transmitter), 1.5 A (530 V transmitter) 

This is the total power consumed by the GPR system. A car battery provides 

enough energy for the system to last for a few hours. 

(10) Dimension: 26"x 7.7" x4" 

Figure 2.1 The GPR in a field test 
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Figure 2.2. The GPR measurement of a 16.5" concrete slab in a lab environment 

In Figure 2.1, the GPR was placed on top of a pavement to measure thickness in the 

field. In Figure 2.2, the GPR system measured the thickness of a concrete slab in the lab 

environment. The measurement accuracy is about 0.5'' at the thickness range of 11 "-

18" on concrete pavement without steel rebars. 
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CHAPTER 3: THE DESIGN OF TEM HORM ANTENNA 

3.1 THE PULSE-RADIATING ANTENNA 

The transmitting antenna and the receiving antenna are important parts in the GPR 

system. To make the GPR system sensitive to thickness changes, the antennas should 

have the following characteristics: 

• Minimum distortion to pulse transmission or wide bandwidth 

• Direct energy to the pavement 

• High radiating efficiency in a wide frequency band 

• Low reflection to the feeding transmission line 

• Small in size 

Actually, it is impossible to make all characteristics listed above achieve their 

capabilities simultaneously, because some of them contradict each other, for example, 

minimum distortion and small in size. ·Theoretically, only infinitely long antennas can 

radiate pulse without distortion. Practical antennas are always limited in size. To make 

one of the antenna's characteristics perfect means sacrificing other characteristics. 

Hence one of the tasks in antenna design is to compromise the characteristics according 

to the requirements of practical applications. However, developing skills to understand 

and improve the antenna's specific characteristic is still the basic work in antenna 

design. In order to achieve the characteristics of less distortion, Wu and King [1] 

introduced the idea of loading the antenna with resistors. The values of the resistors 

increase progressively in accordance with a certain function. The purpose of using 

resistive loading to the antenna is to gradually decrease the strength of electric current 

propagating along the antenna, weakening the reflections from the open ends of the 

antenna. This design increases the bandwidth and reduces the reflections of the antenna, 

and prevents the distortion of the transmission pulse. However, the continuously 

resistive loading of antennas has several disadvantages: low efficiency (most power is 

consumed by the resistive loading instead of radiating out) input impedance of 

inconvenient magnitude, large dimensions, and difficulty of mechanical construction. E. 

A. Theodorou [2] proposed another idea: by varying the characteristic impedance 
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smoothly throughout the antenna structure, with the characteristic impedance at two 

ends of the antenna matching that of the feed line and the free space, respectively, the 

bandwidth can also be increased without much resistive loading. Kurt L. Shlager [3] 

improved the design by smoothly bending the antenna plate to reduce the aperture of the 

antenna, so that the reflections from the open ends of the antenna are further reduced. 

Though Theodorou and Shlager' s design obtains a wide bandwidth without applying 

progressively resistive loading to the antenna, the structure of the antenna has a small 

ratio of the radiation aperture over the length of the antenna (approximately 1/5). 

Unfortunately, the radiation efficiency of an antenna is proportional to the size of its 

radiation aperture. If the aperture of the antenna is enlarged to some width to provide 

acceptable radiation efficiency, the size of the antenna on the other dimension has to be 

enlarged five times to maintain the antenna's balance. Hence, Theodorou and Shlager's 

design is not a good choice for the GPR radar due to its large size. 

In this study, we increased the antenna bandwidth by shaping the plates of the antenna 

in two dimensions and introduced resistive loading only at the end of the antenna. 

Details regarding the design and the performance of new antennas will be given in the 

following section. 

3.2 THE DESIGN OF THE TEM HORN ANTENNA 

Since the antenna characteristics (such as radiation pattern and input impedance) vary 

with the surrounding environment, the application scenario of the GPR is also an 

important factor to the design of GPR antennas. In the case of thickness measurement of 

concrete pavement, the pavement's reaction to the antennas must be taken into account 

in the antenna design. Based on theoretical and experimental results, we developed a 

new TEM hom antenna. The antenna is made of two identical metal platesthat are 

specially shaped in both transverse and longitudinal directions. Figure 3.1 shows the 

structure of the plate. 
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The curved plate has a total length of 18 em. The shadowed area at the end of the plate is 

a piece of absorbing material, a resistive loading to the antenna to reduce the reflection 

at the two ends of the antenna. By adjusting the shape and curvature of the plate, the 

reflections from the antenna can be made acceptably small. Figure 3.1 shows one of the 

optimized shapes. 

By adding proper absorbing materials at the terminal end of the antenna, the reflections 

from the antenna, in the desired frequency band, can be further reduced. Figure 3.2 gives 

the measured reflection coefficients (S 11) of the designed antenna within the frequency 

range of 50 MHz to 500 MHz. Here, S11 represents the ratio of the strength of input 
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signals over the strength of the signal reflected from the antenna. The smaller the S 11 of 

an antenna, the less the antenna reflects the input energy, and the more the antenna 

radiates the input energy out into space. Small S 11 is what we expect, and the smaller the 

better. However, S11 cannot be made arbitrarily small, because the size and structure of 

the antenna confine it. For the GPR system we constructed, -12dB is an acceptable value 

for S11 • The frequency range (50 MHz to 500 MHz) is chosen to view the reflection 

coefficient of the antenna, since it already covers the main bandwidth of the transmitted 

electromagnetic pulse of the GPR system. The components out of this frequency range 

are small enough to be neglected. 

One feature of the designed antenna is its compact size. When a 6ns electromagnetic 

pulse propagates in free space, it occupies a space of 1.8m in the propagation direction. 

The space occupied by a pulse along its propagation direction is referred to as space 

span here. Compared with the space span of the transmitted pulse, the length of the 

antenna plate shown in Figure 3.1, is only 1110 of the pulse span. The relative size of the 

antenna is small, and a satisfactory reflection performance is also obtained in the 

frequency band of 50-500 MHz as shown in Figure 3.2. The horizontal axis shows 

frequency in MHz, and the vertical axis shows magnitude of the reflection in dB. 

Figure 3.2 Measured reflection coefficients of the TEM 
horn antenna 
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In pavement detection, the ripples on a received waveform are the contributions of 

direct waves (from transmitting antenna directly propagating to the receiving antenna), 

the reflections from antenna ends, the reflections from the pavement surface, the 

reflections from the lower interface between the pavement and asphalt, and so on. One 

important task in pavement detection is the recognition of the exact ripple that 

represents the reflection of the lower interface of pavement from a large group of 

unnecessary ripples. Improved antenna characteristics can help reduce those 

unnecessary ripples and make the expected ripple clearer. The resolution and depth of 

penetration can both be improved. 
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CHAPTER 4: DEVELOPMENT OF HIGH-POWER PULSE 

GENERATOR 

4.1 HIGH-POWER PULSE GENERA TOR 

Higher pulse power is helpful in achieving a greater penetrating depth. In order to obtain 

a higher resolution and deeper penetrating depth at the same time, two high-power pulse 

generators were developed for this project. The block diagram of the first pulse 

generator is shown in Figure 4.1. The measured parameters of the generator are given in 

Table 4.1. 

... Pulse Shaping 
~ 

MOSFET 
~ 

HV 
~ 

3 ns Charge 
~ 

Circuit Driver MOSFET Line 
Trigger t t t 

I I 

.. DC-DC Converter DC-DC Converter Voltage 

... 
+15 V, -15V, +5V lOOOV 

._ 
Regulator ~ 12VIN 

12VIN 

Figure 4.1. Block diagram of the pulse generator 

Table 4.1 The parameters of the first pulse generator 

Pulse Voltage Pulse Width Repetition Rate Power Supply Instant Power 

530V IOns 3kHz DC 12V, 5,618 Watt 

0.5A 

The second pulse generator, which is designed for high accuracy measurement, has less 

power than the first one. The second pulse generator's diagram is similar to the first one, 

only the parameters of electronic elements differ. The measured parameter of the second 

pulse generator is shown in Table 4.2. 
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Table 4.2. The parameters of the second pulse generator 

Pulse Voltage Pulse Width Repetition Rate Power Supply Instant Power 

250V 5ns 150kHz DC 12V, 1,250 Watt 

0.15A 

The pulses produced by the two generators are displayed in Fig. 4.2. One generator is an 

alternative of the other. Either the first generator or the second generator will be used 

depending on the situation of practical applications. 

600~----------------------------~ > 500 .......... By 1st generator ' 
'";" 400 -By 2nd generator 
'0 .a 300 
=a. 200 (\ 

~ 100 J \ 
0+-----,---~_,~--~-----,----~ 

0 10 20 30 40 50 

Time (ns) 

Fig. 4.2 Pulses produced by the two generators 
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CHAPTER 5: SOFTWARE DEVELOPMENT 

5.1 LAYER INFORMATION EXTRACTION AND SOFTWARE INTERFACE 

So far we have developed software capable of sampling GPR signal traces and storing 

them on a computer. In this study, we devoted our efforts to the layer information 

extraction from the measured GPR data. The received GPR signals contain both direct 

waves and reflected waves. The reflected waves from the bottom of the concrete 

pavement are the most useful information. If the reflections are identifiable from the 

tails of direct waves, they can be easily detected from the measured waveforms. The 

software to search and identify the reflection-related humps was developed in this 

project. Lab tests discussed in Chapter 6 show that the software is reliable and effective. 

The reflections from the bottom of a thick concrete slab are usually very weak. There 

may be no obvious reflection-related humps on the GPR waveform. However, the 

reflection will make the overall received signal discontinuous. One way to address this 

problem is to use wavelet functions to simulate the direct waves. By subtracting the 

simulated direct wave from the total measured signal, the interference of the direct 

waves can be reduced, and the reflection-related humps can be singled out. According to 

the characteristics of the developed GPR system, the following wavelet function 

estimates the direct wave: 

t-t 
f(t) = Aexp[ -(--0 

)
2 ]cos[/3(t- t0 )] 

a 
(5-l) 

We have found that the first part of the measured waveform (before the first largest 

peak), which represents the directly coupled waves and reflections inside the GPR, do 

not change much regardless of the change in application background. Hence this part of 

the waveform can be used to determine the coefficients of the chosen wavelet function. 

Once the direct waves are simulated, the layer information can be obtained by 

subtracting the direct waves from the total signals. 
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The performance of this technique is described in Chapter 6. The data interpretation is in 

real time and fully automatic. No operator experience is needed. Figure 5.1 shows the 

initial window on the laptop computer screen. An operator types in the name of the 

output file in the upper right comer of the window and runs the software by clicking on 

the "Start" button. Figure 5.2 shows the GPR output data. This data objectively shows 

the thickness and the measured dielectric constant without any guessed values. The 

techniques to measure, record, and display location information of measurements will be 

developed in the next step. 

Figure 5.1 The thickness measurement Start Up Window 
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Figure 5.2. The measured thickness and dielectric constant of the concrete 
pavement displayed on the screen 

5.2 LAYER THICKNESS CALCULATION 

Once the reflected waves are identified, the propagation time and the amplitude of 

the reflected wave can be found and used to calculate the thickness and dielectric 

constant of the pavement. However, the amplitude of the reflected wave is difficult to 

accurately measure in practical applications. Only the measurement of time information 

is reliable. Here, a new mathematical model, which only requires time information, has 

been developed for both thickness and dielectric constant calculation. 

This model is based on the hi-static radar system. In most GPR data interpretation 

algorithms, seismic data processing methods have been utilized in processing GPR data 

[4, 5, 6, 7, 8, 9, 10]. We noticed that the effect of a significant difference between the 

seismic sensing and GPR detection has not been properly addressed in the direct 

application of seismic methods to GPR data interpretation. The seismic sensors are all 
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buried underground, while the GPR antennas are above the ground surface. The air­

concrete interface, which does not need to be taken into account in seismic processing, 

is introduced in GPR detection. This fact caused the electromagnetic rays from the GPR 

to take a different propagation path; therefore, ray path searching must be included in 

the calculation algorithm. 

.................. ,,,,,,,,,, ............... li '""""""""""""""'"" ... l 

Figure 5.3. The geometry for the depth calculation 

Figure 5.3 describes the geometry for the depth calculation. Since the rays must take 

the shortest path by Fermat's Law, they may not go down directly from the transmitting 

antenna to the reflection point at "0". We suppose the rays penetrate the interface at a 

point Xi away from the y-axis. In this case, two equations can be obtained: 

(5.1) 

Where, d and f.r are the thickness and dielectric constant of the concrete pavement, and 

li is the distance between the transmitting and the receiving antennas . .1~ is the time 

interval between the direct wave and the reflected wave from the lower interface. For 

hi-static radar, a series of equations like Equation (5.1) can be established. The 
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unknowns in the equations are d, Er and xi, (i = 1 ,2,3 ... ). By solving these equations, the 

thickness and apparent dielectric constant of the pavement can be obtained. 

H Xi is found to be the value of lj/2, the results are coincided with that of seismic 

waves. However, Xi never takes the value of li/2 in the cases we investigated. This 

implies that GPR waves take different paths from that of seismic waves. Since 

Equations (5.1) used the actual ray path of GPR waves, the estimated thickness from 

measured reflection data agrees with the real thickness closely. For more information 

see Chapter 6, Lab and Field Tests. 
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CHAPTER 6: LAB AND FIELD TESTS 

6.1 CONSTRUCTION OF CONCRETE SLABS 

To verify both the hardware and software algorithms of the developed GPR system, 

three concrete slabs were built in the laboratory. The actual thicknesses of the three slabs 

are 9.5", 11", and 16.5". One of the slabs was placed on a layer of asphalt to simulate 

the real pavement situation. The geometry of the slab is shown in Figure 6.1 (a). The 

other two slabs are placed on wood bars 4" above the ground. 
Concrete 

Fig. 6.1 (a) Concrete slab on top of an asphalt layer 

-~------·With metal 
-- Without metal ! 

i 

1 33 65 97 129 161 193 225 

Sampling points 

Fig. 6.1 (b) Comparison of received waveforms with and without a 
metal plate between concrete and asphalt. 

6.2 MEASUREMENT OVER THE CONCRETE SLABS 

The developed device was tested in the laboratory using the three constructed 

concrete slabs. The first test was conducted on slab 1, (actual thickness 9.5"). The 

second and third tests were carried out on slab 2 (11" thick) and slab 3 (16.5" thick). A 
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hundred runs of measurements were done over each slab. Since the recorded 

waveforms on a slab are identical, here only one waveform is chosen and displayed 

from each group. Figure 6.2 is one of a hundred identical waveforms recorded over slab 

1. Figure 6.3 is a trace recorded on slab 2, and Figure 6.4 is recorded on slab 3. 

The humps denoted in Figure 6.2 through Figure 6.4 are verified to be the reflected 

waves from the bottom surface of the slabs. When a piece of metal plate is inserted in 

between the concrete slab and the underneath asphalt, the amplitudes of the humps will 

change sharply, while the other area of the waveform remains unchanged. This shows 

that the humps are the expected reflections from the interface between the concrete slab 

and the asphalt layers. 

.-.. 4 > -iii 2 r::: 
c:n 
en 0 
"C 
Cll 

51 > -2 ·a; 
u 
Cll 
a: -4 

Sampling Points 

Figure 6.2 Received signal on slab 1 
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> 4 Bottom surface of slab 2 -iii 2 r::: c:n 
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"C 
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Figure 6.3 Received signal on slab 2 
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Figure 6.4 Received signal on slab 3 

According to the received waveforms, the thickness and the apparent dielectric constant 

can be calculated using the algorithms described in Chapter 4. The calculated results are 

given in Table 6.1. 

Table 6.1 Measured thickness and apparent dielectric constant 

Slab 1 Slab 2 Slab 3 

Measured Dielectric Constant 7.78 7.47 8.35 

Measured Thickness 1 1.02" 9.35" 16.8" 

Actual Thickness 11" 9.5" 16.5" 

Standard Deviation 4.85% 5.2% 4.23% 

Here standard deviation is defined as: 

H 
(5 2) 

where hi is one of 100 measured thickness and H is the average of the 100 

measurements. The measured thickness of the three slabs are very close to the their 

actual values. The developed device has been tested and verified to measure the 

thickness of concrete slabs with satisfactory accuracy. 
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6.3 FIELD-TESTS ON LOOP 330 

After laboratory experiments, field tests were also conducted. Figure 6.5 is one of the 

measured signals on a section of the freeway on Loop 330 in southeast Houston. Two 

sites were selected for the measurement. Site 1 is located on the southbound side of 

Loop 330, and Site 2 is on the northbound side of Loop 330. At Site 1, a core was taken 

and the thickness of the core was ruler-measured. The thickness of the core is about 

1 0.5''. Steel rebars were found inside the pavement. The diameter of the steel is 5/8" 

transverse and 3/4" longitudinal. The steel rebars are 4" above the base. Since the test 

sections are relatively new, the moisture contents are much higher than the concrete 

slabs in the Lab environment. The reflected waves from the concrete-asphalt interface 

are very weak with respect to the direct waves. Sometimes no obvious humps are visible 

on the waveforms. However, the radar traces show some irregularly changing points on 

the waveforms. These irregularly changing points are caused by the superposition of the 

direct wave and the reflected wave from the interface. The position, where an irregularly 

changing point occurs, should correspond to the arrival time of the reflected wave. After 

subtracting the simulated direct wave from the measured waveform (Figure 6.5), the 

reflected waves do emerge at those irregularly changing points, as shown in Figure 6.6. 
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Figure 6.5. Measured signal on Loop 330, Site 1 
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Figure 6.6 Reflected wave at Site 1, Loop 330 
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Figure 6.7. Measured dielectric constant at Site 1, Loop 330 
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Figure 6.8. Measured pavement thickness at Site 1, Loop 330 

By learning the arrival time of the reflected wave from the interface, the thickness and 

dielectric constant of pavement on Loop 330 (Site 1) can be calculated by solving the 
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equations explained in Chapter 4. Figure 6.7 and Figure 6.8 are the results of 100 

repeated measurements. 

Repeating the procedures used at Site 1, similar results were obtained at Site 2 on Loop 

330. Figure 6.9 is one of the waveforms recorded at Site 2 on Loop 330. Figure 6.10 is 

the reflection signal indicating the propagation time of the reflected wave. Figure 6.11 

and Figure 6.12 are the results of 33 repeated measurements on Loop 330 at Site 2. 

The results at both sites of Loop 330 are very close to the actual thickness measured by 

coring (10.5 inches). 
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Figure 6.9 Received Signal at Site 2, Loop 330 
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Figure 6.10 Reflected waves at Site 2, Loop 330 
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Figure 6.12 The Measured depth at Site 2, Loop 330 
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS 

7.1 CONCLUSIONS 

This project has been very successful considering the two-month life span and the 

product delivered. The developed GPR hardware and software can measure the concrete 

thickness automatically. The prototype GPR and software programs were lab and field­

tested. The test results show that this system can measure the concrete thickness up to 

16.5". In the case where steel rebars exist, this system can also detect the thickness with 

small modifications. 

7.2 FUTURE WORK 

The prototype can be quickly converted to a field measurement tool if the system is 

properly modified. The researchers recommend the following future work: 

1. Modify the hardware and software, such as increasing the sampling points and 

dynamic range in hardware and removing influence of rebars in software, so that 

the concrete thickness can be accurately measured with or without steel rebars 

2. Incorporate a distance measurement device into the system to measure the 

positions 

3. Modify the device to measure thickness of asphalt pavement 
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