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IMPLEMENTATION STATEMENT 

The results from the experimental studies conducted for this project have demonstrated the 

problems associated with implementing stress-wave based methods into a rolling system for "on

the-fly" pavement evaluation. The results have demonstrated the necessity of generating and 

receiving a broad range of frequencies for effective pavement evaluation. Experimental testing of 

wheel-mounted receivers has been unsuccessful as a means of receiving the necessary high

frequency energy (1 to 20kHz) employed in impact-echo testing. Lower frequency energy (10 to 

1000Hz), which is employed in impulse-response testing, was successfully receiyed through a 

wheel-mounted receiver. The site-specific experimental impact-echo and impulse-response tests 

that were performed provide valuable information concerning the pavement defects that can be 

detected with each method, as well as the proper testing methodology for effective pavement 

evaluation with these methods. 

Prepared in cooperation with the Texas Department of Transportation and the U.S. Department of 

Transportation, Federal Highway Administration. 

DISCLAIMERS 

The contents of this report reflect the views of the authors, who are responsible for the facts 

and the accuracy of the data presented herein. The contents do not necessarily reflect the official 

views or policies of the Federal Highway Administration or the Texas Department of 

Transportation. This report does not constitute a standard, specification, or regulation. 

There was an invention conceived and first actually reduced to practice in the course of this 

contract, namely, the Rolling Dynamic Deflectometer. This device may be patentable under the 

patent laws of the United States of America or any foreign country. 

NOT INTENDED FOR CONSTRUCTION, BIDDING, OR PERMIT PURPOSES 

Kenneth H. Stokoe, P.E. (Texas No. 49095) 
Research Supervisor 
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SUMMARY 

Experimental testing was performed to study the feasibility of implementing two stress
wave techniques, the impact-echo and impulse-response methods, into a rolling system for "on
the-fly" detection of subsurface flaws in rigid concrete pavements. These studies have 
concentrated on flaws such as delaminations within the rigid surface layer, and on voids and 
debondings directly under the rigid surface layer. Results from previous fmite element studies are 
presented to demonstrate the effects of parameters associated with the flaw (such as size and 
depth) and the pavement system (such as surface layer thickness and surface-base impedance 
contrast). Experimental tests were performed under controlled conditions at three test sites, 
including two full-scale test pavement facilities. Identical locations were tested using the impact
echo and impulse-response techniques so that the applicability of each technique for detection of 
various flaw conditions could be directly compared. Successful application of these techniques to 
detecting voids and debondings is presented. 

Lastly, experimental studies were performed to evaluate the feasibility of receiving the 
frequencies of interest for the impact-echo and impulse-response methods with a wheel-mounted 
receiver. These results, along with the experimental field results and numerical modeling results, 
are used to illustrate the advantages and limitations of each nondestructive testing technique for 
implementation into a rolling system for project-level studies. 
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CHAPTER 1. 

INTRODUCTION 

1.1 BACKGROUND 

The development of irregularities in pavements greatly accelerates the deterioration of a 

pavement system. Often these pavement anomalies have their origin below the surface and are, 

therefore, not detectable from visual inspection. When these subsurface flaws do become apparent 

on the surface, the pavement may already be seriously degraded. Two of the most common and 

damaging subsurface irregularities in pavements are voids and delaminations. 

Delaminations typically develop around the reinforcing steel in rigid pavements. The 

development of delaminations is initiated by the corrosion of the reinforcing steel in the pavement. 

The volumetric expansion of the corrosion product creates stresses in the pavement that result in 

horizontally oriented fracture planes within the concrete surface layer. Vertically oriented cracks 

may develop and propagate towards the surface of the pavement. Under traffic loading, these 

cracks may create surface spalling of the concrete, commonly termed "potholes". Unchecked, 

delamination formation can create large areas of deteriorated pavement resulting in expensive 

repairs. 

Unlike delaminations, voids are anomalies that develop below the pavement surface layer. 

Typically, they occur at joint edges or at pavement comers. Some typical causes of void formation 

include pumping of subgrade material from under the pavement, the shrinkage of subsurface 

material, or the decomposition of organic material beneath the pavement. The loss of support due 

to void formation under the pavement causes increases in stresses within the pavement which leads 

to decreased life of the pavement. Under repeated traffic loading, the pavement will eventually 

crack and fail. Voids are easily repaired at early stages of development, but are very costly to 

repair at later stages of development. 

1.2 NONDESTRUCTIVE TESTING OF PAVEMENTS 

A variety of nondestructive testing methods have been applied to the problem of detecting 

subsurface flaws in pavements. These nondestructive methods are based on the ability to detect the 

deviation of some property of the pavement in order to locate an anomaly below the surface. 

Examples of properties that are detected using these methods include the sound from an impact, 
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deflection of the pavement under a dynamic load, infrared radiation from the pavement, 

electromagnetic-wave propagation through the pavement, and stress-wave propagation through the 

pavement. 

In this research, the use of stress-wave based methods for detecting subsurface anomalies 

in pavements is investigated. Stress-wave based methods involve generating stress waves in a 

material and recording the propagation of the waves through the material. The presence of flaws 

can often be detected from the reflection of waves off the flaw surface. The typical horizontal 

orientation of delaminations and voids in pavements enhances the detectability of these flaws with 

stress-wave based nondestructive testing methods. There are several stress-wave based methods 

that vary both in the means used to detect flaws and in the frequencies that are generated in the 

pavement. To this point, however, stress-wave measurements have been made at discrete 

locations. The aim of this research is to study the feasibility of using stress-wave methods in a 

rolling device capable of continuous measurements for project-level studies. 

1.3 PURPOSE OF STUDY 

The ability to effectively and rapidly detect subsurface anomalies in pavements is a 

necessary component of any pavement management program. The purpose of this study is to 

evaluate the feasibility of implementing stress-wave based nondestructive testing methods into a 

rolling testing system capable of "on the fly" pavement evaluation. Towards this goal, it was 

necessary to review several nondestructive stress-wave based methods that could conceivably be 

applied to this problem. Two methods, the impact-echo and impulse-response methods, were 

chosen to be investigated both experimentally and analytically. Experimental testing was 

performed at three test facilities with preformed flaws to mimic actual flaw conditions in 

pavements. The experimental results were augmented with finite element tests performed by Chine 

Chung Chiang, as part of Project 1243. The experimental and numerical results were used to 

evaluate both the effectiveness of the stress wave methods for detecting various flaws in rigid 

pavements and the feasibility of implementing these methods into a rolling testing system capable 

of "on the fly" measurements. Experimental testing was then performed to study the feasibility of 

receiving the frequencies of interest for each test through a receiver wheel so that continuous 

measurements could be performed for project-level studies. 



1.4 ORGANIZATION OF THE REPORT 

Chapter Two is a review of nondestructive methods that have been applied or could 

conceivably be applied to the problem of detecting flaws in rigid pavements. Examples of past 

applications, as well as a discussion of advantages and disadvantages of each method are included. 

Chapter Three is devoted to a description of the principles behind the impact-echo testing 

method. A description of the testing arrangement that was employed in the experimental tests 

performed in this work is also included. Lastly, a description of the test facilities at the Center for 

Transportation Research (CTR) at The University of Texas and the Texas Transportation Institute 

(fTI) at Texas A&M University that were used for experimental impact-echo testing is included. 

Chapter Four contains a presentation of the experimental impact-echo test results obtained 

from the test facilities. These results are augmented with numerical model results from similar 

pavement profiles. A discussion of the parameters affecting the reliability and quality of the 

impact-echo test is also included in this chapter. 

Chapter Five contains a description of the impulse-response testing method, including both 

the principles behind the method and the testing arrangement used for experimental testing. 

Results from the experimental tests performed at the test facilities described in Chapter Three are 

also included. Numerical models are again used to augment the results from the experimental tests. 

Lastly, a discussion of the advantages and limitations of this method is presented. 

Chapter Six contains experimental results from high-frequency (1 to 20kHz) energy 

propagation tests through mobile receivers, receivers on wheels which are intended to collect data 

while rolling. Tests were performed to study the feasibility of receiving high-frequency stress 

wave energy in the range of impact-echo testing through a rolling receiver. Results are presented 

from tests on several wheels of various materials and sizes. 

Chapter Seven contains experimental results from low-frequency (10 to 1000Hz) energy 

propagation tests through rolling receivers. Tests were performed to study the feasibility of 

receiving energy in the range of impulse-response testing through a mobile receiver. Results are 

presented from tests on several wheels of various materials and sizes. The development of a 

source wheel was previously studied (Ref 1), and was, therefore, not addressed in this study. 

Chapter Eight provides a summary and conclusions of this research. It also contains 

recommendations for future work. 
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CHAPTER 2. 

METHODS OF FLAW DETECTION IN CONCRETE SLABS 

2.1 INTRODUCTION 

As discussed in Chapter 1, the ability to detect and delineate subsurface flaws in a 

pavement system is a vital component of any effective pavement management plan. Presently, 

there are several nondestructive methods that have been applied, or could conceivably be applied, 

to the problem of flaw detection in rigid concrete pavement systems. These methods range from 

simple visual surveys of concrete pavements to more complex systems utilizing radar and infrared 

testing methods. 

In this chapter, various nondestructive methods of subsurface flaw detection in concrete are 

discussed. These methods include those that have been used in the past on pavements, as well as 

methods that have been used on concrete slabs and have the potential to be used on concrete 

pavement systems. The methods are divided into the following three general categories in this 

chapter: 

1. non-seismic methods, 

2. deflection based methods, and 

3. stress wave methods. 

A description of each method and examples of past applications are included as well as a 

discussion of the advantages and disadvantages of each method for rolling, project-level pavement 

evaluation. 

The discussion of nondestructive testing methods presented herein is limited to the problem 

of subsurface flaw detection and does not include discussion of methods for detection of vertically 

oriented surface cracking or surface spalling. The flaws of interest are regions of deterioration 

within or immediately below the rigid pavement layer as illustrated in Figure 2.1. In this research, 

these flaws are assumed to be detected at a time early enough so that they show no surface 

manifestation. Delaminations are defined as horizontally oriented planar separations within the 

rigid surface layer that usually develop around the reinforcing steel. Voids are generally meant to 

mean regions below the rigid surface layer where sub grade support is degraded or nonexistent. 
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2. 2 NON-SEISMIC METHODS OF FLAW DETECTION 

2. 2.1 Visual Surveys 

Probably the simplest method of evaluating pavements is visual surveying. Surface 

features such as cracks and spalls are very useful for determining problems below the pavement 

surface. Surface spalling of concrete, for example, often indicates advanced delamination 

formation and decay below the surface (Ref 2). Void formation below thepavement is best 

indicated by visual evidence of edge pumping (Ref 3). Comer cracking and transverse joint 

faulting also suggest the presence of a void (Ref 4). Visual surveys require no equipment and are 

generally unaffected by the presence of overlays on the concrete pavement. The method is, 

however, very slow and tedious and often detects problems after the quality of the road surface has 

been adversely affected. Secondly, the reliability of this method in many cases is low, with a 50% 

reported reliability for void detection (Ref 5). Visual surveys are best used as supplements to other 

methods of pavement evaluation. 

2. 2. 2 Ground Penetrating Radar 

Ground penetrating radar (GPR) first came into existence in the late 1960's and has been 

used in a variety of applications. In 1977, the method was applied to problems such as detecting 

voids and deterioration in masonry walls, and the evaluation of bridge deck deterioration (Ref 6). 

Since that time, GPR has been shown to be a promising method for many pavement maintenance 

applications. 

GPR is based on the behavioral properties of electromagnetic waves when they encounter 

an interface between materials with different dielectric constants. Two types of GPR exist, they 

are swept-frequency GPR and short-pulse GPR. Swept-frequency GPR varies the frequency of 

the electromagnetic energy and is, therefore, not suited for mobile testing of large areas such as 

pavements. Short-pulse GPR inputs high-frequency signals, with center frequencies ranging from 

80 MHz to 1 GHz, into the pavement. The depth of penetration and resolution is controlled by the 

frequency of the input signal. High-frequency waves will penetrate shallow depths with high 

resolution; lower frequencies penetrate to greater depths at the expense of decreased resolution. 

The basic operating principle is based on the behavior of the waves at the interface between 

materials. When the electromagnetic waves encounter materials with different dielectric constants, 

a portion of the energy is reflected back to the surface. Therefore, any change in dielectric 

constant, whether it be from pavement layering, reinforcing steel or voids, will reflect energy back 

to the transmitter. Figure 2.2 illustrates the wave reflections and corresponding receiver output 
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from pavement systems with and without voids. The received energy is typically amplified and 

recorded on both magnetic tape and a chart recorder (Ref 7). If the dielectric constant, and hence 

the velocity of the electromagnetic wave, is known, the depth of the anomaly can be found from 

the time interval for the reflected wave to arrive. Testing can be repeated at a rate of 50 kHz. 

Therefore, a continuous record of the pavement can be achieved with a moving radar unit. 

Figure 2.3 shows a typical GPR output from tests performed over a bridge deck. Every 

interface between materials of differing dielectric constants are visible in the output. One of the 

important advantages of GPR, therefore, is that the quality of the test is unaffected by the presence 

of an asphalt surface layer (Ref 8). A surface layer will appear only as another interface in the 

pavement and will not adversely affect the quality of the test. GPR also is virtually unaffected by 

environmental factors with the exception of wet pavement effects on high-frequency testing. 

GPR also has the advantage of easy mobility. The transmitter I receiver units do not have 

to touch the ground, thereby increasing the speed of the test. Testing rates of approximately 3 mph 

are typical for pavement evaluations, so a moving lane closure is still required (Ref 9). GPR units 

are typically mounted over wheel tracks, so only a portion of the pavement can be evaluated. 

Multiple passes are required if the entire width of the pavement section is to be scanned. GPR has 

shown to be effective as a means of evaluating joint deterioration in rigid pavements (Ref 9). The 

method has also been effective as a means of void detection (Ref 9), but has had only limited 

success as a means of detecting delarninations. Clemena (1983) reports inconsistent detection of 

voids that are less than 0.3 m (12 in.) in extent (Ref 10). Difficulty in detecting thin voids was 

also observed with an accuracy of only about 54% (Ref 11). 

One of the most common criticisms of GPR is the complexity of the data interpretation. 

The detection and identification of flaws in radar records is often difficult for the untrained 

observer. Much experience in this area is required for accurate identification of flaw features in the 

pavement. This may be one reason why GPR has not been used more extensively for pavement 

evaluations in the past. Further development of computer software to analyze radar records should 

help to improve this aspect of the test method. 

2.2.3 Infrared Thermography 

Infrared thermography is another non-seismic based method that has shown promise as a 

means of locating flaws in pavements. The method is based on the differential heating that occurs 

around defects in the upper portion of a pavement system. Defects in the pavement will tend to 

cause the surface temperature of the pavement near the anomaly to increase above the temperature 
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of adjacent sound pavement. Under ideal testing conditions, infrared thermography has shown to 

be a useful and fairly accurate tool for locating delaminations in rigid pavements and bridge decks, 

with and without asphalt overlays. 

The test is typically performed with a scanner that detects the infrared radiation emitted 

from the pavement or bridge deck. The scanner is a non-contacting device that can scan an entire 

road width with one pass. The scanning width is a tremendous advantage of this method over 

other testing techniques that are limited in the lateral extent of single-pass testing. The scanner can 

be mounted on a moving vehicle from which the output of the infrared scanner and a video record 

of the actual pavement surface are recorded. The scanner should be located about 4.5 to 6.0 m 

above the pavement surface to minimize distortion from surface reflections (Ref 12). 

Holt and Eales ( 1987), report two case studies of infrared thermography used in practical 

applications (Ref 9). The first application involved surveying 29.8 km of the Dan Ryan 

expressway in Chicago. Using a van mounted infrared scanner and video recorder, the 29.8-km 

length was scanned in 5 days, and delaminations as small as 10.2 em were detected. In a second 

case study, 127 km of pavement were scanned in 8 days. The pavement types included 

continuously reinforced concrete pavements and asphalt overlaid jointed reinforced concrete 

pavement. A series of cores at this site showed the infrared data to be accurate 99 percent of the 

time. In both cases, the testing required moving lane closures of the road. 

The infrared thermography method does have several drawbacks that have limited its use in 

practice. Manning and Holt (1983) report that the maximum temperature difference between flaws 

and sound pavement is typically 2 to 3 degrees C (Ref 13). To detect differences this large, tests 

must be performed between approximately 11:00 AM and 2:00PM. During other parts of the day, 

the temperature differences are greatly reduced and accurate detection is difficult. Figure 2.4 

illustrates the effect of the time of day on infrared testing effectiveness. Further restrictions are that 

temperatures above 18 degrees C, wind speed less than 40 kmlhr, humidity less than 50%, and 

cloud cover less than 40% are all necessary for effective and accurate testing. Therefore, the great 

advantage of rapid single-pass testing is largely mitigated by limitations on allowable testing times. 

Even under ideal testing conditions, there are limitations on the effectiveness of infrared 

thermography. Local surface features such as tire marks or asphalt patches may be interpreted as 

delaminations if proper visual correlation of video and infrared records is not performed (Ref 12). 

Secondly, voids beneath the pavement and debonding between layers will generally not be detected 

with infrared thermography. Knorr et al (1983), also found difficulty in determining the lateral 

extent of many delaminations (Ref 12). This along with the fact that the depth to the delamination 

can not be detected severely limits this method for use in calculating contract repair figures. 
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Under the right weather conditions, the infrared thermography method can be an effective means of 

rapidly scanning pavements for regions of poor concrete. However, for accurate measurement of 

size and extent, other more localized methods may need to be employed. 

2. 2. 4 Half-Cell Potential 

Half-cell potential measurements are used only for monitoring conditions favorable for 

delamination development in bridge decks (Ref 2). This method relies on measurements indicating 

deterioration of the steel reinforcement as a means of detecting conditions that may create 

delaminations in the pavement or bridge deck. Delaminations develop due to stresses created in the 

concrete from the volumetric expansion of corroding reinforcing steel and are, therefore, typically 

located at the same depth as the top layer of reinforcing steel. By monitoring the corrosion 

potential of the reinforcing steel, one can also monitor the conditions for development of 

delaminations in the pavement. 

The half cell tests are typically performed using the arrangement shown in Figure 2.5. A 

positive connection to the reinforcing steel is required along with a reference cell that usually 

consists of copper in a copper sulfate solution. A moisture junction must also be provided through 

the concrete between the copper rod and the reinforcing steel. A voltmeter is placed in the circuit to 

measure the potential difference. Van Daveer (1975) and Manning and Ryell (1981) report that 

readings more negative than -0.35 volt indicate a 95% probability that the steel is corroding (Refs 

2, 14). Figure 2.6 shows an equipotential map of values obtained from tests on a bridge deck. A 

study of half-cell potentials conducted in 1970 indicates a strong correlation between high potential 

differences and severe deck deterioration (Ref 2). 

By monitoring the conditions that create physical distress in the pavement, the half

cell potential method has the great advantage of predicting problem areas before physical distress 

has occurred. There are, however, problems associated with this testing method. Manning and 

Ryell (1981) point out that half-cell readings measure the presence of corrosive activity, not the rate 

of corrosion (Ref 14). Therefore, the pavement may be functioning very well with no actual 

physical distress for many years after these tests have indicated negative performance. Secondly, 

the half-cell method is not suited for rapid testing of pavements. Good contact with the pavement 

is required for accurate tests. For decks overlaid with asphalt, holes must be drilled through the 

asphalt to provide good contact with the rigid pavement layer (Ref 13). Lastly, this method is only 

good for detecting one type of pavement problem, delaminations caused by steel corrosion, and is, 

therefore, not useful for detecting other problems associated with bridge decks and pavements. 
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2. 3 DEFLECTION BASED METHODS OF FLAW DETECTION 

Deflection methods are based on the deformational characteristics of a pavement under an 

applied load. The measured deflection is then compared to an established specification to evaluate 

the condition of the pavement. Large areas of voids or subgrade support loss will exhibit higher 

deflections and can, therefore, be delineated from sound pavement. Deflection based methods are 

divided into two categories, static and dynamic. This classification is based on the nature of the 

load applied to the pavement. 

2. 3.1 Static Deflection Method 

Static deflection methods are based on the displacement of a pavement under an applied 

static load. Typically, a standard 8172-kg single axle is applied to the pavement and the 

displacements are measured with a Benkelman Beam or similar device. The measured 

displacements are compared to specified allowable values to evaluate the pavement. Static load 

displacements are local tests that require fairly long equipment set-up times and are, therefore, not 

well suited for rapid evaluation of pavements. 

2. 3.2 Dynamic Deflection Surveys 

Some of the practical problems associated with static tests are overcome by dynamic 

deflection tests. A dynamic deflection test differs from a static test in the method of deforming and 

measuring the deformation of the pavement. Loads for the dynamic tests are typically applied 

through rotating wheels, hydraulic actuated masses, or dropped weights. The pavement response 

is usually measured with a velocity transducer such as a geophone. 

There are several dynamic deflection systems available for pavement evaluation. One of the 

most common methods is the Falling Weight Deflectometer (FWD) testing system. The FWD 

testing arrangement is shown in Figure 2.7. The load is applied from weights dropped onto the 

pavement surface. The magnitude of the weight and the height of the weight drop can be varied. 

More weight and a higher drop will generate lower frequencies and higher magnitudes for deeper 

sampling of the pavement system. Typically, peak loads range from 6.7 to 107 kN. An array of 

7 geophones is used to measure the motion of the pavement surface. The peak deflections 

measured at each geophone are used to form the deflection basin at that location. Linear elastic 



Loading Plate 
(dia. = 29.6 em) 

Figure 2.7 

---

Geophones 

-----1 0.3 m (1 ft) I...,.._ --- --- ---------
~ Deflected Pavement Surface Based on Peak 

Deflection Measured at Each Geophone Location 

Falling Weight Dejlectometer (FWD) Testing Arrangement (after Ref 36) 



layered theory is then used to analyze the data. A set of Young's modulus values are assumed and 

adjusted through trial and error to match the theoretical result to the experimental measurement. 

One of the problems with the FWD is that the programs used to generate the theoretical 

deflection basins usually are based on a static analysis (replacing the actual dynamic force with an 

equivalent static force ). This approach is fine if no shallow reflecting layer exists below the test 

location. However, if bedrock is shallow, the results from the FWD test can be adversely affected 

(Ref 15). Another drawback of the FWD is that it is a discrete testing system, meaning individual 

tests are performed at specific locations. As such, the method can be fairly slow for evaluating 

long stretches of pavement. 

A device which has recently been developed at the Center for Transportation Research 

(CTR) as part of Project 1243, allows continuous profiling of pavements (Ref 16). This device is 

called the Rolling Dynamic Deflectometer (RDD). The RDD consists of a large " Vibroseis " truck, 

typically used for geophysical applications, retrofitted with two rolling wheels under the large 

vibrating mass, as shown in Figure 2.8. A function generator is used to input any fixed sinusoid 

or multi-frequency signal between about 1 and 20 Hz to the hydraulic system that drives the mass 

and loading wheels. Loads up to 156 kN can be generated by the RDD. A single receiver is 

mounted on two wheels between the loading wheels. The "receiver wheel" is used to measure the 

pavement response, as shown in Figure 2.9. The pavement response to the vibrating load can be 

determined "on the fly", allowing continuous evaluation of the pavement. Initial testing of this 

system has been successful (Ref 16), and various tests are already planned for the future. 

The deflection methods outlined above, are used for finding large areas of support loss. 

Small areas of deterioration of the concrete or the base would probably not be detected by these 

methods. A smaller scale dynamic deflection method developed in France is the Collograph 

machine (Ref 17). This system consists of counter-rotating wheels that generate a cyclic force. 

The force cycles from 1 to 5 kN, thereby generating deflections in the pavement. The deflections 

are measured "on the fly" by a moving oil filled wheel with an hydrophone mounted inside the 

wheel. The voltage output of the hydrophone corresponds to the vertical displacement of the 

pavement. Cracks and delaminations are identified by characteristic responses as shown in Figure 

2.10. The performance of the Collograph and details concerning the size and depth of flaws that 

can be located are not well documented in the literature. 



Isolated Support 
for Receiver Wheel 

Loading 
Frame 

Engine and Pump 
for Servo-Hydraulic 

Excitor 

Reaction Mass ~ 
~~---...n 

Two, Dual, 
High-Capacity 

Wheels 

Air and Coil 
Spring Suspension 

Figure 2.8 Profile View of Rolling Dynamic Deflectometer (RDD) (from Ref 16) 



Reaction Mass: 3400 kg 
Frequency Range: 1-120Hz 

Maximum Peak-to-Peak Force: 
312 k:N (at freq. = 5 to 100Hz) 

Static Hold-Down 
Force 

66.8-178 kN 

Air 
Springs 

/ 

Dual Loading Wheels: 
460 mm Diameter; 127 mm-width 

Total Capacity= 147 kN 

Accelerometers 
Measuring 

Applied Dynamic Force 

Hydraulic 
Pressure 

Accelerometer 
Measuring 
Pavement 

Motion 

Isolated Receiver 
Wheels 

Figure 2.9 Front Cross-Sectional View of Dynamic Loading and Monitoring 
Systems of the Rolling Dynamic Dejlectometer (from Ref 16) 

19 



20 

Nonnal (Intact Zone) 

Figure 2.10 Sample Output from Collograph Testing System (from Ref 17) 



21 

2. 4 STRESS WAVE METHODS OF FLAW DETECTION 

The methods that have been outlined above are based on the ability to measure deviation in 

the properties of the pavement - such as infrared radiation, electromagnetic reflection, electric 

potential, and surface deflection - when a flaw or anomaly of interest is encountered. In much the 

same way, seismic (stress-wave) measurements are used to observe the deviation of propagating 

stress waves when flaws are encountered. Generally, the following three fundamental types of 

stress waves are generated when an elastic material is excited: compression (P waves), shear (S 

waves) and surface or Rayleigh waves (R waves). Shear waves can further be divided into 

vertically (SV) and horizontally (SH) propagating shear waves. Several methods exist that utilize 

these various stress waves to infer conditions below the pavement surface. Stress-wave based 

methods, sometimes termed acoustic methods, can also be divided according to the frequencies 

generated by the test. Tests that involve frequencies that can be detected by the human ear (20 Hz 

to 20 kHz) are termed sonic tests, while tests performed with frequencies outside of the human 

audible range are called ultrasonic tests. 

2. 4.1 Manual - Sounding Method 

The simplest and most commonly used stress-wave method for flaw detection in pavements 

is the manual sounding method. This method, which can be catagorized as a sonic method, 

involves a person listening for flexural resonances in the pavement. Much as one detects solid 

wooden members behind a wall by tapping on the wall, voids and delaminations are detected by 

striking the pavement and listening to the response. To generate the required response, the 

pavement must be excited with a source that generates significant energy in the required frequency 

range. The ideal source, therefore, must input a broad range of high-energy frequencies. Also, 

the source itself must not exhibit high-amplitude resonances in the audible frequency range that 

could overshadow the pavement response. Based on practical experience, the sources which have 

been used to test pavements are falling rods and dragged chains. The chain arrangement usually 

consists of 4 to 5, 0.5-m long chains made up of 2.54-cm long links. These chains are attached to 

aT-shaped piece of tubing that is dragged from side to side over the pavement (Ref 8). An 

operator listens to the sound generated by the dragging chains. When a flaw is encountered, a 

hollow or dull sound is created. The chain is shortened, and the limits of the flaw are marked off. 

Despite its primitive and simplistic nature, this is a method commonly used to detect flaws in rigid 

pavements. 
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This method, however, has several shortcomings. The flexural vibration frequency and 

amplitude of the pavement over a delamination are a function of the depth to the delamination and 

the lateral extent and shape of the flaw. Small, deep flaws, for example, will resonant at very high 

frequencies and low amplitudes. The dragging chain will not excite the high frequencies and high 

amplitudes that are necessary for audible detection of these flaws. Many subsurface problems, 

therefore, would go undetected by this method. Furthermore, the method is tedious, time 

consuming and depends on the subjective evaluation of an operator. To overcome some of these 

problems, a mechanical device was developed to automate the procedure. 

2. 4. 2 Automated Sounding Device 

An automated device to perform the sounding test on pavement was developed at Texas 

A&M University (Ref 18). The device, shown in Figure 2.11, consists of a rolling source and 

receiver system. The source is a pair of rigid steel wheels spaced 0.15 m apart that are excited by a 

vertical, solenoid-driven plunger. The plunger oscillates at 60 Hz as the device rolls along the 

pavement. The receivers are two oil-filled wheels with vertical hydrophones that are spaced 0.3 m 

apart, with the source wheel arrangement centered between them. The system, therefore, consists 

of two channels that survey two 7.62-cm wide paths that are spaced 0.15 m apart. The output of 

the receivers are filtered such that only frequencies between 300 to 1200Hz are passed. The 

signals are then passed to a DC rectifier, and the voltage output is plotted on a pen recorder. Since 

the plunger is impacting 60 times a second, voltage values are plotted at intervals of 16.7 ms. 

Figure 2.12 shows sample output of the two wheels over a solid deck and over a delaminated deck 

(Ref 18). Based on these results, the device appears to perform well. Subsequent field testing of 

the mechanical device, however, has shown it to be less effective than the chain drag method for 

detecting delaminations (Ref 8). 

2.4.3 Pulse-Echo Ultrasonic Testing 

Another approach for detecting flaws in concrete is to propagate ultrasonic waves through 

the material and detect reflections off of subsurface anomalies. Active sonar in water is an 

analogous method where objects in a fluid are located by measuring the time for stress waves to 

travel from the source, reflect off the object, and return to the source. In a fluid such as water, 

only compression waves are generated. In solids the detection of reflections becomes more 

difficult due to the generation of shear and Rayleigh waves. This method can be used successfully 

in homogeneous solids as a means of high resolution detection of flaws. The successful 
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application of such a method in concrete would allow for detection of the depth and size of 

subsurface flaws. However, the heterogeneous nature of concrete greatly complicates the 

successful application of this method. 

The pulse-echo method typically involves using a single transducer which is used to both 

propagate waves into a solid and detect the reflections of the waves off subsurface flaws. The 

transducer, therefore, acts in two modes: a "talking" mode when it emits a signal, and a "listening" 

mode when it detects reflected signals. The "talking" of the transducer and any subsequent internal 

ringing in the transducer must be completed before reflected waves arrive (Ref 19). Therefore, 

very high frequency or short -pulse durations from the source are desirable for this type of testing. 

In homogeneous materials, the high frequencies are also desirable because they will reflect off 

small defects and provide better resolution. However, in heterogeneous materials, such as 

concrete, the high-frequency waves will reflect off coarse aggregate and scattering of the wave will 

result. Therefore, there is a limited range of acceptable frequencies that can be used successfully in 

concrete. Some of these problems can be eliminated by using a modified version of the pulse-echo 

method called the pitch-catch method. The pitch-catch method uses a separate transducer to receive 

the signal. When this method is used, very short impact durations are needed so that interfering 

Rayleigh waves do not mask echo patterns from voids (Ref20). 

Alexander and Thornton (1988) and Carino et al. (1986) have reported success in detecting 

flaws and the thickness of concrete slabs (Ref 19, 20). The very high frequencies required and the 

special considerations for receiver design have limited the use of this method. This method, 

therefore, was not investigated experimentally for implementation into a mobile testing system. 

2.4.4 Impact-Echo Testing 

The impact-echo method is an ultrasonic stress-wave based method that has been developed 

for the detection of flaws in concrete. The impact-echo method is used to detect flaws by 

measuring the compression-wave resonant condition that develops over reflecting surfaces in the 

pavement. For the case of an air-filled void or delamination, the difference in acoustic impedance 

values is so large that the concrete/air interface can be considered a total reflector. Therefore, the 

void interface and the air interface at the top of the pavement result in two, stress-free boundary 

conditions. First-mode resonance of a free-free system occurs when the wavelength equals twice 

the depth (d) to the void. Therefore, if the velocity (v) of the material is known and the resonant 

frequency (f) is measured, the depth to the void can be calculated from: 

d = vI (2 *f) (2.1) 
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Because the impact-echo method does not require the detection of arrival times, many of the 

problems associated with pulse-echo testing are overcome. However, the ability to determine the 

resonant frequency from the time record may be difficult due to overshadowing effects of surface 

and shear arrivals. For this reason the data from the impact-echo test are viewed in the frequency 

domain so that dominant vibration frequencies can be easily identified. More details of the testing 

procedure are provided in Chapter 3. 

The impact-echo method has shown to be a very useful method for detecting many types of 

flaws in concrete. Research on concrete slabs has shown the ability to detect the depth and location 

of voids and delaminations within a concrete slab (Ref 21, 22). The method has also been used to 

measure the depth of vertically oriented surface cracks and to detect simulated honeycombing in 

concrete (Ref 23). In practice, the method has been used to locate areas of freeze-thaw damage in a 

thin-arch concrete dam (Ref 24). The impact-echo method has shown to be an effective means of 

detecting many flaws commonly found in concrete pavements. However, no project-level, mobile 

system has been developed to utilize this method for testing large pavement areas. The impact

echo method was chosen as one of the seismic methods to be investigated analytically and 

experimentally to determine the feasibility and effectiveness of this method for project-level 

pavement evaluations. 

2.4.5 Impulse - Response Method 

The impulse-response method is a nondestructive testing technique originally used for 

integrity testing of piles that has been adapted for integrity testing of pavements. The impulse

response method detects subsurface flaws by utilizing low-frequency, high-amplitude, flexural 

vibrations that develop over large void regions. Like the sonic methods described in Section 

2.4.1, the impulse-response method is performed by exciting vibrations in the pavement with a 

low-frequency generating impact. The response of the pavement is recorded with a velocity 

transducer coupled to the pavement surface. The difference between this method and other sonic 

methods is that the results are analyzed in terms of the frequency components. Detailed 

discussions of the testing method and data interpretation are included in Chapter 5, which deals 

with the experimental and analytical results of impulse-response testing. 

The impulse-response method has been used effectively by the Oklahoma Department of 

Transportation to locate voids and delaminations in pavements (Ref 25). It also served to evaluate 

the effectiveness of stabilization methods used to improve pavement support. The method was 

also used effectively to locate regions of support loss under a concrete slab that had been uplifted 
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by water pressure (Ref 26). Based on these results, the impulse-response method was investigated 

experimentally and analytically to evaluate the applicability of this test for mobile testing of 

pavements. The results and discussion of these investigations are included in Chapter 5. 

2. 4. 6 Spectral-Analysis-of-Surface-Wave (SASW) Method 

Unlike the stress wave methods discussed previously, the SASW method uses surface 

waves (R waves) to investigate subsurface conditions. The test is performed with two surface 

receivers and one impacting device, all equally spaced along a straight line on the surface of the 

material being tested. Based on the receiver spacing and the difference in phase of the propagating 

waves, the velocity of the material as a function of wavelength can be determined. The depth that 

is sampled is related to the wavelength of the wave that is being propagated. Therefore, a profile 

of the velocity of a material at various depths can be determined. Areas that contain a void, 

therefore, would likely be detected by low velocity regions in the pavement. The most common 

use of this method on pavements is for evaluating stiffness profiles (Ref 27) 

Past applications of the SASW method have shown it to be a valuable instrument for in-situ 

testing of soils (Ref28). It has also been investigated as a means of determining in situ stiffness of 

curing concrete (Ref 29), and it was successfully used to quantify and locate damaged concrete in a 

highway bridge beam (Ref 30). Currently testing of this method for pavement profiling is being 

performed through a joint CTR and University of Texas at El-Paso project as part of project 1243. 

The SASW method was, therefore, not investigated as part of this study. 

2.5 SUMMARY 

Based on a literature review of available methods for pavement evaluation, it appears that 

no single method is ideally suited for rapid and effective detection of subsurface flaws. Several 

stress-wave based methods have been shown to be effective for site-specific detection of pavement 

and concrete slab flaws. Two stress-wave based methods, impact-echo and impulse-response, 

have been chosen to be evaluated for effectiveness and applicability for implementation into a 

rolling system of flaw detection for project-level investigations. 



CHAPTER 3. 

METHODOLOGY, EQUIPMENT, AND FACILITIES 

USED IN IMPACT-ECHO TESTING 

3 .1 INTRODUCTION 

The impact-echo test is a nondestructive stress-wave based method that has been used 

successfully in many site-specific applications for detecting various subsurface flaws in concrete 

structures. The method makes use of the resonant condition that develops over a flaw to infer the 

subsurface condition of the concrete structure. This method became viable with the advent of 

algorithms to rapidly convert waveforms to their frequency components. 

As discussed in Chapter 2, the impact-echo method avoids many of the problems 

associated with other stress-wave based systems for testing concrete. In many ways, the impact

echo test appears to be ideally suited for providing the necessary information for effective 

pavement evaluation. However, due to the site-specific nature of the test in its present form, the 

method has never been implemented into a rolling system that could be used for project-level 

studies of pavements. 

The purpose of this chapter is to evaluate the effectiveness and suitability of the impact

echo test for project-level testing of pavement systems. Included herein is a description of the 

impact-echo method, the testing methodology and equipment used, data reduction procedures, and 

experimental test sites. 

3.2 DESCRIPTION OF THE IMPACT-ECHO METHOD 

The impact-echo test is typically performed with a single source and a single receiver 

mounted on one surface of the structure. The source is typically an impacting device such as a 

small hammer or a steel ball. The receiver may be an acceleration transducer. However, a special 

displacement transducer has also been developed that is commonly used for this purpose (Ref 31). 

The source is used to impart a transient stress wave to the structure by impacting the surface, as 

shown in Figure 3.la. The following three types of waves are generated in a solid material: 
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compressional waves, shear waves, and surface or Rayleigh waves, as shown in Figure 3.1 b. 

Each of these wave types travels through the material at a different velocity that depends on the 

material properties of the structure. 

The impact-echo test utilizes vertically propagating compression waves to infer subsurface 

conditions in the pavement. The velocity at which compression waves propagate depends on the 

dimensions of the material being tested. In a test cylinder with an aspect ratio of 2: 1, for example, 

the waves will first propagate as constrained compression (P) waves before evolving into slower 
velocity unconstrained compression waves. The velocity of these unconstrained waves (vc) can be 

calculated according to the following equation: 

where E = Young's Modulus, and 

p =mass density. 

(3.1) 

If, however, the material is constrained, such as in a uniform half space, the waves will propagate 

at a faster velocity (vp) according to the following equation: 

(3.2) 

where M = constrained modulus. 

The constrained modulus (M) is related to Young's modulus (E) according to the following 

equation: 

M = E (1 -u) I [(1 + u) (1-2u)] (3.3) 

where u = Poisson's ratio. 

Therefore, if the mass density and Young's modulus of a material are known, the unconstrained 

compression wave velocity can be determined. If Poisson's ratio is known or assumed, then the 

constrained modulus and vp can also be determined. 

Two other terms used to describe waves in a material are frequency (f) and wavelength (A). 

The frequency of the wave refers to the number of waves that pass by a fixed point per unit time 

(Hz). The frequency expressed in terms of radians is called the angular or circular frequency ( ro). 

The values off and ro are related by: 
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0) = 27tf (3.4) 

The wavelength is defined as the distance a wave travels in one cycle. The frequency, velocity and 

wavelength of a wave in a material are related to one another by the following equation: 

v = f*A. (3.5) 

The impact-echo test is used to determine the frequency components of the vibrating 

material. In a uniform, infinite half-space containing no reflecting interfaces, only waves 

propagating along the surface create particle motions at the surface. However, in a system with 

finite boundaries and layers, such as a pavement, some energy from incident waves reflects off 

interface boundaries within the solid and creates additional motion on the surface. The magnitude 

of the reflected energy depends on the ratio of the acoustic impedance values of the two materials. 

The acoustic impedance is defined as the product of the material mass density (p) and the wave 

velocity (v). If the values of acoustic impedance are equal, no energy is reflected. But if the 

values are different, some of the incident energy is reflected from the interface. It is this property 

that is often utilized in stress wave testing of materials. 

Ideally, one could measure the time it takes the wave to reflect from the interface and return 

to the surface. However, as discussed in Chapter 2, this is very difficult and ineffective in 

heterogeneous materials such as concrete. Furthermore, single-mode waves that reflect off an 

interface generate reflected and refracted waves in other modes. For example, a P wave can 

generate reflected and refracted, vertically and horizontally oriented shear waves (S waves) at every 

interface the wave encounters. Each of these newly generated waves can likewise generate new 

modes of waves when other interfaces are encountered. Rayleigh waves (R waves) that propagate 

along the surface from the impact generate P and S waves as well as a reflected R wave at the 

lateral boundaries of the surface. Therefore, the waveform that is recorded by the receiver can be 

very complicated and contains many frequencies that are not easily identified in the time domain. 

However, by using a Fourier transformation procedure, the time record can be viewed in terms of 

the magnitudes of the frequencies present in the time record trace. It is from viewing this 

frequency response that information about the subsurface of the pavement can be inferred. 

When the frequency response from a test performed over a fairly uniform material is 

examined, the magnitude of the response at each frequency is fairly constant. However, when the 

frequency response is examined from a test performed over a flaw or layer boundary within the 

solid structure, a dominant peak is observed at one frequency. This peak corresponds to the 
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compressional resonant frequency that develops over the planer flaw (typical records illustrating 

resonance conditions are presented in Section 4.2.1, see Figure 4.2 for instance). The frequency 

and magnitude of the P-wave resonance depends on both the depth to the reflecting interface and 

the acoustic impedance ratio of the interface materials. For the case of pavements, the depth to the 

flaw is unknown. Typically, however, flaws that develop will be air-filled voids or delaminations 

that act virtually as total reflectors of incident wave energy. The boundary conditions, therefore, 

are such that there is no stress at either interface and the pavement acts as a" free-free" system. 

For a "free-free" system, the wavelength at frrst-mode resonance is related to the depth to the 

interface (d) by the following equation: 

A. = 2d (3.6) 

Therefore, not only can the presence of a flaw in the pavement be detected with the impact-echo 

method, but the depth to the flaw can be calculated from combining Equations 3.5 and 3.6 to give: 

d = vI (2 *f) (3.7) 

Evaluation of the depth to the flaw - in addition to detecting the flaw - is a strong attribute of the 

impact-echo method. However, accurate evaluation of the flaw depth requires that the 

compression wave velocity in the concrete (vp) at that location be known or assumed. The velocity 

in the concrete may vary from one location to the next depending on concrete strength, age and 

deterioration. 

3.3 IMPACT-ECHO TESTING METHODOLOGY 

Field testing using the impact-echo method was performed at the four locations described in 

Section 3.4. Discussions of the experimental arrangement, equipment used and data reduction 

procedures are included in this section. 

3. 3 .I Testing Procedure and Equipment 

The general testing arrangement and equipment for the impact-echo test is shown in Figure 

3.2. Several devices were used as sources for the impact-echo tests performed herein. Two 

instrumented PCB hammers were used for the majority of the tests. The PCB 086 B01 hammer 

weighs approximately 0.1 kg and has an aluminum head with a diameter of 1.52 em. This hammer 
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is capable of exciting vibrational frequencies that range to approximately 10 kHz. The hammer is 

instrumented with a load cell with a sensitivity of 12 m V IN to transform the force of the hammer to 

an electrical signal. The output from this load cell is used to determine the frequencies that were 

generated by the hammer impact. The resonant frequency of the hammer is 31 kHz. The smaller 

PCB 086 C80 hammer has a weight of 0.002 kg and a steel head with a diameter of 0.64 em. This 

hammer will excite frequencies that range to approximately 20 kHz. The load cell in this hammer 

has a sensitivity of approximately 23 mV/N. In some cases steel ball bearings with diameters 

ranging from 0.32 to 2.54 em were also used as sources. A PCB 303Al2 accelerometer with a 

weight of 3.5 g, a diameter of 7.1 mm, a sensitivity of approximately 100 mV/g, and a resonant 

frequency of approximately 75kHz was used as the receiver in all cases. The output from the 

source (if an instrumented hammer was used) and the receiver were passed through a PCB 483A07 

multi-channel power unit The output from each channel of the power unit was recorded with a 

Hewlett Packard 3562A Dynamic Signal Analyzer. 

3. 3. 2 Data Reduction Procedures 

The data from each test was collected using the Hewlett Packard 3562A Dynamic Signal 

Analyzer. This analyzer is capable of single or dual-channel measurements, with a measurement 

frequency range of 64 JlHz to 100 kHz. The analyzer samples 2048 points in each time window 

and is equipped with a Fast Fourier Transform (FFT) algorithm to convert time-domain 

representations of records to frequency-domain representations. Results from the impact-echo test 

are interpreted using the frequency-domain representation of the data. 

The following is an explanation of the five representations of data that are used throughout 

this work. The data were generated for testing performed on concrete pavements using the testing 

arrangement shown in Figure 3.2. 

3.3.2.1 Time Records: Time records are plots of the voltage output from a 

transducer - either source or receiver - as a function of time. Typical time plots from an impact 

hammer and receiver are shown in Figure 3.3 a and 3.3b. 

3.3.2.2 Power Spectrum: The power spectrum is the frequency domain 

representation of a time record displayed in terms of voltage output versus frequency. The power 

spectrum is defmed as the following: 
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where F x = linear spectrum (FFf of time record), and 

F~ =complex conjugate of the linear spectrum. 

(3.8) 

Because the power spectrum is the product of the linear spectrum with its complex conjugate, the 

imaginary term in the record is lost, and the power spectrum contains only amplitude information 

and no phase information. The power spectra of the time records shown in Figures 3.3a and 3.3b 

are shown in Figures 3.3c and 3.3d. The primary use of the power spectra is to show the energy 

distribution of a record as a function of frequency to identify any resonance peaks, as shown in 

Figure 3 .3d. 

3.3.2.3 Cross Spectrum: The cross spectrum, Gxy. shows the amplitude product of 

two spectra (i.e. channels 1 and 2) and the phase difference between them. It is computed from: 

(3.9) 

... 
where Fx = Channel1linear spectrum complex conjugate, and 

F Y = Channel 2linear spectrum. 

One of the primary uses of the cross spectrum is to show the phase relationships between two 

receivers. Figure 3.4c shows the phase relationship between two receivers obtained from the time 

records shown in Figures 3.4 a and 3.4b. 

3.3.2.4 Frequency Response: The frequency response, H(f), is the ratio of the 

linear spectra of two signals. It is calculated as: 

(3.10) 

where Gxy= cross spectrum, and 

Gxx = Channel 1 power spectrum. 
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The frequency response representation of data is useful as a means of normalizing the output of a 

receiver to the input from a source. Figure 3.5a shows the frequency response of the time records 

shown in Figures 3.3a and 3.3b. The received signal is normalized with respect to the energy 

content of the impact. 

3.3. 2. 5 Coherence: The coherence spectrum shows the portion of the output power 

spectrum that is related to the input spectrum. It is calculated from: 

(3.11) 

where Gxy= cross spectrum, 

* . Gxy= complex conJugate of cross spectrum, 

Gxx= Channell power spectrum, and 

Gyy = Channel 2 power spectrum. 

Coherence is measured on a scale of 0 to 1.0, where 1.0 indicates perfect coherence. Low 

coherence values are caused by extraneous noise, system non-linearities and uncorrelated input 

signals. The coherence record for the frequency response shown in Figure 3.5a is shown in 

Figure 3.5b. 

3. 4 TESTING SITE DESCRIPTIONS 

Three sites were used for experimental stress wave testing on concrete pavements. All of 

the experimental results presented in this report are from these three sites which are described 

below. 

3.4.1 Site 1: Test Slab in Ernest Cockrell Jr. Hall (ECJ) 

Impact-echo testing was performed on a Portland cement concrete slab located in the 

basement of Ernest Cockrell Jr. Hall at The University of Texas at Austin. The test slab, shown in 

Figure 3.6, is 3.05 m long, 1.22 m wide, and 50.8 em thick. The test slab was constructed for 

use in evaluating test methods employing stress waves. Two, 5.08-cm square "tunnels" with 

crown depths of 2.54 em and 7.0 em were constructed in the slab, with their exposures on the east 
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and west ends of the slab, respectively. Each tunnel is located approximately 76.2 em from the 

south end of the slab, and extends to approximately 112 the width of the slab. On the north-east 

corner of the slab, three stepped sections were formed in the slab as shown in Figure 3.6. The 

stepped sections are each 0.305-m square, with depths of 10.2 em, 25.4 em, and 40.0 em. The 

entire slab is underlain with a layer of plywood. 

3. 4. 2 Site 2: Center for Transportation Research (CTR) Test Pavement 

Testing was performed on a Portland cement concrete test pavement at the Pickle Research 

Center at the University of Texas at Austin. The pavement area was constructed by CTR and 

consists of a movable slab that is 5.75 m long and 3.81 m wide, and a fixed slab that is 12.15 m 

long and 3.81 m wide, as shown in Figure 3.7a (Ref 32). The pavement profile for both slabs 

consists of 25.4 em of Portland cement concrete, 7.62 em of asphalt, and 15.24 em of crushed 

stone subbase, as shown in Figure 3.7b. The concrete layer in the movable slab is underlain by a 

thin layer of plastic to represent debonding of the pavement. A 0.92-m square void was created 

below the rigid pavement layer in the fixed slab. The void was created by placing foamed styrene 

into a preformed void. After the surface layer was placed and set, the styrene was dissolved with a 

solvent. The void was 2.54 em thick. Because the void is below the surface layer, the depth to the 

void interface is the same as the thickness of the surface layer, 25.4 em. 

3. 4. 3 Site 3: Texas Transportation Institute (TTl) Test Pavement 

The TTl test facility is located at Texas A&M University on the Riverside campus. The test 

facility consists of two rigid pavement sections. The first section consists of 17.8 em of Portland 

cement concrete, 10.2 em of cement treated base, and 15.2 em of lime stabilized subgrade, as 

shown in Figure 3.8. The rigid surface layer in this case is debonded from the underlying cement 

-treated base. 

The second pavement consists of 0.305 m of Portland cement concrete underlain by 10 to 

13 em of asphalt, as shown in Figure 3.9. In both slabs, a 0.92-m square void was constructed at 

the midpoint of one edge of the pavement. The void in both cases is 1.27 em thick and was cast 

into the bottom of the surface layer. The thicknesses of the pavement over the void in these cases 

are 16.5 and 29.2 em, respectively. A 1.22-m square void was also constructed in each pavement 

into the bottom of the concrete surface layer. These voids are 2.54 em thick and filled with 

styrofoam. The thicknesses of the pavement over these voids are 15.2 and 25.4 em, respectively. 
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In both slabs, the voids are located with the center of the void at a distance greater than 1.2 m from 

the edge of the slab. Plan views of both slabs with the void locations shown are presented in 

Figures 3.8 and 3.9 for the 17 .8-cm and 30.5-cm thick slabs, respectively. 

3.5 SUMMARY 

The impact-echo method is a nondestructive stress-wave based method that utilizes 

compression wave resonance to detect flaws in a concrete structure. The impact-echo method has 

been used successfully to detect many irregularities in concrete slabs. Therefore, it was considered 

for implementation into a rolling device for project-level rigid pavement testing. If the velocity of 

the compression wave in the material is known or assumed, the depth to the flaw can be calculated 

from the resonant frequency. The resonant frequency is determined from the peak in the power 

spectrum or frequency response plots. The test is performed with an impact source and an 

accelerometer or displacement receiver to measure vibrations. Experimental impact-echo tests were 

performed at three test sites. Each of these sites is described in this chapter. The experimental 

results along with results from finite element models are presented in Chapter 4. 



CHAPTER 4. 

ANALYTICAL AND EXPERIMENTAL RESULTS FROM 

IMPACT-ECHO TESTING 

4.1 INTRODUCTION 

Experimental impact-echo tests were performed at the three sites described in Section 3.4. 

These tests were site-specific and were performed with a stationary source and receiver. The tests 

were performed in order to study the factors affecting the vibrational response of the pavement 

over various flaws. This study was needed before the impact-echo method could be integrated into 

a rolling system. The factors affecting the impact-echo testing on pavements can be divided into 

two general categories: physical characteristics of the pavement system. and testing procedures and 

methodology. Experimental testing allowed for evaluation of important factors affecting the 

impact-echo results. Numerical modeling was used for both comparison and augmentation of the 

experimental results. 

4.2 EFFECTS OF PHYSICAL CHARACTERISTICS OF PAVEMENT 

STRUCTURE 

The reliability and effectiveness of impact-echo testing is greatly dependent on the physical 

characteristics of the pavement structure. Variables such as flaw depth, flaw size, and pavement 

characteristics affect the impact-echo results. The following is a discussion of the conditions 

within a pavement that affect the results of the impact-echo test. 

4. 2.1 Effect of Void Depth 

Flaws in pavements may occur at any depth in the pavement system. Typically, 

however, voids develop directly below the rigid surface layer and delaminations develop at a depth 

near the reinforcing steel, as discussed in Chapter 2. From Equation 3.7, it is observed that the 

resonant frequency is a function of both the depth to the void and the wave velocity through the 

propagating medium. One of the assumptions that is employed for the impact-echo test is that the 
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compression wave velocity of the pavement is known. The actual compression wave velocity may 

vary within a pavement. Except for the case of deteriorated concrete, the compression wave 

velocity can generally be approximated in the range of 3600 to 4270 m/s. Therefore, using 

Equation 3.7, the approximate expected resonant frequency in Hz can be calculated as: 4000 mls 

divided by twice the depth to the void. For example, a 25.4-cm thick slab will resonate at a 

frequency between 7.2 to 8.4 kHz. 

The results of finite element tests performed for three identical voids at three 

different depths in a typical pavement system are shown in Figure 4.1. The results are presented in 

terms of the frequency response, as defined in Section 3.3.2.4. They-axis in these plots is shown 

in terms of displacement per unit of applied force, which is typically termed flexibility. It is 

observed that the results from the finite element model demonstrate the behavior described by 

Equation 3.7. If no reflecting interfaces were present in the material, the frequency response 

would contain no dominant frequency, and the response would be flat across the entire spectrum. 

When voids or flaws are present, a dominant frequency represented by a distinct peak is observed 

in the frequency response plot. Shallow voids, such as void I, are identified by a high-frequency 

resonance peak. As the depth to the void increases, however, the resonant frequency decreases 

proportionally. This behavior is one of the benefits of the impact-echo method, in that based on a 

measured frequency and an assumed or measured compression wave velocity of the concrete (vp). 

the depth to a flaw can be determined. 

Experimental impact-echo tests were performed in the field at Sites 1, 2 and 3, described in 

Section 3.4. Each test facility contained a flaw interface that reflected some of the incident energy. 

The depths to the interface in these cases varied from 16.5 em to 50.8 em. Figures 4.2a through 

4.2c show the frequency responses obtained from tests performed directly over reflecting surfaces 

at Sites 1 through 3, respectively. As described in Section 3.3, the surface movements were 

measured in terms of acceleration. To present the data in units of flexibility, the output of the 

accelerometer was integrated twice to obtain displacement, and the source and receiver were 

multiplied by the appropriate calibration factors to get units of force and displacement, respectively. 

The displacement spectrum was then divided by the force spectrum. As expected, the resonant 

frequencies that were measured were generally consistent with the resonant frequencies predicted 

by Equation 3.7. The deepest interfaces produced resonances that were at lower frequencies than 

the interfaces that were closer to the surface. Although the values of the resonant frequencies were 

as predicted, the magnitude of the resonant peaks varied greatly from one test to another. Several 

other factors, in addition to the depth to the interface, help to explain the difference in amplitude, as 

discussed in the following sections. 
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4. 2. 2 Effect of Acoustic Impedance Ratio 

When a stress wave propagating in a material contacts an interface with another 

material, a reflected wave and a transmitted wave are created, as illustrated in Figure 4.3. The 

amount of energy that is reflected from the interface is a function of the acoustic impedance ratio 

between the two materials. The acoustic impedance of a material is defined as the product of the 

mass density (p) and the stress wave propagation velocity (v). For a one-dimensional wave, the 

magnitude of the reflected wave, r(t), as a function of the incident wave, i(t), is: 

r(t) = [(1-K)/(1+K)] i(t) (4.1) 

When the acoustic impedance of the second material is small relative to the impedance of 

the first material, virtually all of the energy from the incident wave is reflected back into the 

material, as indicated by Equation 4.1. An air interface in a concrete slab (K=O) is an example of 

such a condition. On the other hand, at an interface between two materials with the same value of 

acoustic impedance (K=1), Equation 4.1 shows that all of the wave energy will be transmitted into 

the second material. Interfaces between pavement layers represent a case between the two 

extremes described above. For this case some portion of the energy is transmitted and some of the 

energy is reflected towards the surface. Figure 4.4 shows results from a finite element model of 

impact-echo testing on a concrete slab with three different conditions of acoustic impedance ratios. 

Figure 4.4a shows the results for the case where the ratio of acoustic impedance is approximately 

0.73 (this contrast can be considered to represent a concrete surface layer over a cement treated 

base). In this case, no resonant peak is observable and the frequency response is fairly flat across 

the entire frequency range. In Figure 4.4b, the K value has been decreased to approximately 0.47 

(this contrast can be considered to represent a concrete surface layer over an asphalt base). In this 

case, enough incident energy is reflected such that a small broad peak is observed around 11,000 

Hz. Figure 4.4c shows the response for the case of an air void under the surface layer. In this 

case, a clear, high-magnitude, resonant peak is observed at a frequency of 12,000 Hz. This model 

illustrates how an air void under a pavement can be detected using the impact -echo method. 

To use the impact-echo method to differentiate air voids under a concrete pavement from a 

sound pavement system, the acoustic impedance ratio between the concrete and the base material 

must not be too small. If the ratio is very small, the difference in magnitude between reflections 



incident wave- i(t) reflected wave - r( t) 

Figure 4.3 Behavior of a Stress Wave at an Interface of Two 
Materials with Different Acoustic Impedances 

51 



52 

·6 
1.2x1 0 

~ 1.0 
§ 0.8 

. ~ 0.6 -·-~ 0.4 
~ 
~ 0.2 

a. Frequency Response for a 0.178-m 
thick Concrete Layer over a Base Layer 
with a P-Wave Velocity of 2900 m/sec. 

r-----r~--.... 

0.0~------~----------~--------~--------~ 

·6 
1.2x1 0 

~ 1.0 

~ 0.8 
"""" 
~ 0.6 ·-·-,0 

·~ 0.4 

~ 0.2 

0 5000 10000 15000 20000 

o.o~--------~-----------L----------~--------~ 

·6 
1.2x1 o 
~ 1.0 
§ 0.8 

~ 0.6 ·-·-,0 

-~ 0.4 

~ 0.2 

0 5000 10000 15000 20000 

c. Frequency Response for an Air Void 
between a 0.178-m thick Concrete Layer -=={I 
and a Base Layer .----r-+o~-----.., 

o. o L_--!:::::=:::t:::=::::::=~-_:_::=:::::::I::::==:::::l 
0 

Figure 4.4 

5000 10000 

Frequency (Hz) 

15000 20000 

Effect of the Stiffness Properties of the Base Layer on 
Impact-Echo Testing of a 0.178-m Thick Concrete 
Suiface Layer (after Ref 33) 



53 

from a sound base material and from a void under the surface layer may not be large enough to be 

detected. 

Experimental tests were performed at several locations on the 25.4-cm thick slab at Site 2. 

Tests were performed over areas of sound pavement and over the comer void in the pavement, as 

shown in Figure 4.5. The sound pavement and the void region represented two conditions of 

acoustic impedance ratio values. Figures 4.6a and 4.6b show the results from two tests, one over 

the center of the void (location C2), and one over the sound pavement (location 12). The frequency 

response from the test over the sound pavement is fairly flat with no dominant frequency peak. 

This flat response is due to the similarity of acoustic impedance values of the two materials which 

allows little energy to reflect to the pavement surface. Over the void, which is a strong reflector, a 

peak is measured at 7500 Hz, corresponding to the void depth of 25.4 em, assuming a 

compression wave velocity of 3810 rn/sec. Figure 4.7 shows a waterfall plot of frequency 

responses from a series of tests performed along the array A2-I2 (see Figure 4.5) which covers 

both the sound pavement and the region over the void. This plot demonstrates how the impact

echo method can be used to detect flaws under the rigid surface layer and to delineate their extent. 

4.2.3 Effect of Size-to-Depth Ratio of the Void 

The magnitude of the peak of the resonant frequency recorded from an impact-echo test 

over a flaw is also a function of the ratio of the lateral size of the void to the depth to the top of the 

void. As explained previously, the wavelength at first-mode resonance of a "free-free" system is 

equal to twice the depth to the reflecting interface. Therefore, deeper voids will resonant with 

longer wavelengths than shallow voids. Sansalone and Carino (1989) report that strong reflections 

occur only if the incident wavelengths are on the order of the size of the void, or smaller (Ref 22). 

Therefore, for deep voids to be detected, the void size must be large enough to reflect much of the 

incident energy at the resonant frequency. 

To study the effect described above, tests would need to be performed on several voids of 

different sizes at the same depth within a concrete slab. Such a facility was not available for 

experimental testing. Experimental results were obtained for impact-echo tests performed on the 

three stepped sections located at Site 1. Each step has a bottom reflecting surface of 0.305-m 

square. The depth of steps A, B and C were 10.2 em, 25.4 em, and 40.0 em, respectively. The 

ratios of the void size to void depth for steps A, B, and C, therefore, were 3, 1.2, and 0.76, 

respectively. Figure 4.8 is a plot ofthe frequency responses from tests performed at locations A, 

Band C shown in Figure 3.6. Based on Equation 3.7, resonant frequencies of 18.3, 7.3, and 4.6 
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kHz are expected for steps A, B and C, respectively, assuming a P-wave velocity of 3720 m/sec. 

(from direct travel time measurements in the slab). 

Figure 4.8a shows a resonant peak at a frequency of 17.25 kHz which is 5.7% less than 

the expected value of 18.3 kHz. In Figure 4.8b, a peak is present at 7.5 kHz which is within 

2.4% of the expected value of 7.3 kHz. Although the frequency of the peaks agrees fairly well 

with the expected values, the magnitude of the peaks changes significantly. In Figure 4.8b, the 

magnitude of the peak is much less than the magnitude of the peak shown in Figure 4.8a. 

Furthermore, the response over location C, shown in Figure 4.8c, shows no clear peak at the 

predicted frequency of 4.6 kHz. 

There are two factors that explain this trend. First, as the depth to the void increases, 

regardless of the size of the void, the magnitude of the resonant peak should decrease due to the 

larger volume of stressed material. This effect appears to be small based on a comparison of 

frequency responses from the test at location A and from a test performed over the full 50.8 em 

thickness of the slab. This comparison, shown in Figure 4.9, shows that the magnitude of the 

resonance peak decreased only slightly (less than a factor of 2). The second factor is the ratio of 

the void size to the void depth. For location A, the ratio is 3, meaning that the void size was 1.5 

times greater than the wavelength at resonance. Most of the energy, therefore, was reflected from 

the interface and a significant peak was observed. For location B, the ratio decreased to 1.2, 

meaning that the interface dimension was now only 60% as long as the wavelength at resonance. 

For step location C, the interface dimension was only 38% as long as the wavelength at resonance. 

Because the length of the wave exceeded the dimensions of the reflecting interface for steps B and 

C, the amount of energy reflected at resonance was reduced and the magnitude of the measured 

peak was diminished. 

Interestingly, the ratio of void size to void depth for testing over the full depth of the slab 

could be approximated as 2.4, if the width of the slab is used as the void size. Hence, the void 

size was 1.2 times greater than the wavelength at resonance and a clear resonance peak was 

observed, as shown in Figure 4.9a. 

The behavior described above of limited energy reflection off of small, deep voids is one 

limitation of the impact-echo test. Voids that are located deep within the pavement may not be 

detected if the lateral extent of the void is too small. More extensive experimental and analytical 

work must be performed to quantify the limitations associated with void size and void depth in 

impact-echo testing. 
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4. 2. 4 Effect of Pavement De bonding 

The 17.8-cm thick pavement at Site 3 is a case where the rigid concrete surface 

layer is debonded from the underlying cement-treated base material. Figure 4.10 shows the 

comparison of experimental and analytical impact-echo results from tests over debonded pavement 

and over the void, locations A3 and E3 respectively, as shown in Figure 4.11 b. In the numerical 

model, the debonding and the void were both modelled as complete reflectors of energy (Ref 33). 

The comparison of these results to the measured experimental values shows similar changes in 

relative amplitudes of the peaks. This indicates that the debonded pavement behaves very much 

like a void in the pavement when tested with the impact-echo method. 

Both the experimental and analytical results shown in Figure 4.10 exhibit two or 

more closely spaced peaks. This response is different than the single resonant peak shown in 

Figures 4.6 and 4.7, but is similar to the response shown in Figure 4.9b. The reason for the 

multiple, closely-spaced peaks is unknown. However, a resonant condition, even with multiple, 

closely-spaced peaks is clearly evident. 

Figure 4.12 is a plot of the frequency responses measured by "marching" along 

array A3-I3, shown in Figure 4.11. In this case, the void is differentiated from the debonded 

pavement by an increase in both magnitude and frequency of the resonant peak. The numerical 

results indicate that this is due primarily to the increased depth to the reflecting surface. If the void 

and debonding were at the same depth, it is unlikely that they could be differentiated from one 

another. 

4.3 EFFECT OF VARIATIONS IN TESTING METHODOLOGY 

The testing arrangement, equipment and methodology that are used for impact-echo testing 

may also have an effect on the reliability of the test results. The following sections present a 

discussion of various testing parameters that may adversely affect the quality of the impact-echo 

test. 

4.3.1 Effects of Impact Mechanism and Impact Duration 

The impact-echo test is performed by introducing a transient stress pulse into the 

pavement system and recording the response of the pavement. As discussed in Section 4.2.1, the 
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resonant frequency that is measured in impact-echo testing can vary greatly, depending on the 

depth to the reflecting interface. Since the locations of flaws in the pavement are not known prior 

to testing, a broad range of frequencies must be generated in the pavement to evaluate effectively 

the subsurface condition. For example, to detect voids directly beneath a 25.4-cm thick concrete 

pavement surface, frequencies around 7500 Hz must be generated in the pavement. For shallow 

voids that exist within the surface layer, the frequencies that are necessary for void detection are 

much higher. For example, detection of voids at depths of 2.54 em below the surface with the 

impact-echo method requires frequencies in the range of 75,000 Hz. 

The range of frequencies that are generated in the pavement is related to the duration of the 

impact. Short duration impacts will provide a broad range of low-amplitude, high-frequency 

energy. A longer duration will generate a narrower band of high-amplitude, low-frequency energy 

. The impact duration is primarily a function of the mass and stiffness of the impacting device, and 

the stiffness of the material being tested. The highest frequencies, therefore, will be generated 

when a stiff impacting device with a small mass strikes a smooth, stiff material. One common 

source used to generate high frequencies for shallow-void detection in concrete is small steel ball 

bearings (Ref 22). When tests are performed in this manner, no time record of the impact is 

available, so the resonant peak is determined from the power spectrum of the receiver rather than 

the frequency response determined from the source and receiver. The highest frequency that is 

generated by a ball bearing impact is inversely related to the mass of the ball bearing. For site

specific testing of structures, a series of tests may be performed at the same location with 

incremental increases in the mass of the impacting device. A self-contained hand-held device using 

this method of energy generation has been developed and successfully used (Ref 34). 

Testing with several sizes of ball bearings allows a broad range of frequencies to be 

examined at one location. The results from each individual test, however, may be misleading if 

analyzed alone. Figure 4.13 shows the power spectra measured at a single location (location A at 

Site 1) using three different sized ball bearings. The power spectra that are measured differ 

significantly from one another. Impacts with longer durations, such as shown in Figure 4.13a and 

4.13b emphasize the low-frequency resonance at 2.5 kHz. This peak is likely the dominant 

flexural resonance of the step. The higher frequency P-wave resonance is not detected because the 

energy at these frequencies is not generated by the impact. Testing with shorter duration impacts 

from smaller ball bearing sources, as shown in Figure 4.13c, emphasizes the higher frequency 

peak at around 17.5 kHz. However, for the impact-echo test to be implemented into a rolling, "on 

the fly" testing system, a single impact must generate all frequencies of interest. This requirement 

forms a severe limitation in implementing the impact-echo test into "on-the-fly" measurements. 
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One way to extend the useful frequency range from a single impact is to normalize the output of the 

receiver with respect to the impact energy. To do this normalization, the source must be 

instrumented with a load cell. Figures 4.14a and 4.14b are plots of the impact duration and power 

spectrum, respectively, from the impact of the PCB B01 hammer (0.1 kg) on a concrete pavement. 

Figures 4.15a and 4.15b are plots of the same information from the impact of the PCB C80 

hammer (0.002 kg) on the same concrete surface. From these plots, it is observed that the 

magnitude of the energy falls off at higher frequencies, with the PCB B01 hammer generating 

energy to 10 kHz, and the PCB C80 hammer generating energy to 20 kHz. 

The frequency response can be determined from the impact-echo measurements, as 

described in Section 3.3.2.4. The output can, therefore, be viewed as the motion of the surface 

per unit force. Figure 4.16a shows the power spectrum from a test performed over location A at 

Site 1 using the PCB C80 impact hammer. In this record, the higher frequency peak is visible, but 

the record is dominated by the low-frequency resonance at about 2.5 kHz (assumed to be a flexural 

resonance). Figure 4.16b shows the frequency response of the same test, in which the output 

from the receiver has been normalized with respect to the input. By normalizing the output, the 

entire range up to 20 kHz can be determined from a single impact, and the relative magnitudes of 

the low-frequency and high-frequency peaks can be determined. The frequency range of 20 kHz 

that is shown is the limit of the response of the instrumented hammer. In concrete members, this 

limits the use of this instrumented hammer to detection of voids located at depths of approximately 

9 to 10 em or greater. Voids that are shallower than this can be detected in other ways, as 

discussed in Chapter 5. 

4. 3. 2 Effects of Single versus Multiple Averages of Records 

Experimental tests were performed at several locations to compare the response from a 

single impact with the averaged response from multiple impacts. Figure 4.17 shows the frequency 

response from 5, single impacts performed at location C2 at Site 2. Four of the five records are 

consistent in shape and show only minor differences in magnitude. For these cases, little is gained 

from averaging the data. However, one of the impacts, shown in Figure 4.17c, produced a 

frequency response that includes an erroneous peak at 8.6 kHz. If this single impact was 

considered alone, one might interpret the bogus peak as a flaw in the pavement. To minimize the 

effect of the aberrant result, the data may be averaged. Figure 4.18 shows the average frequency 

response from the same five impacts shown in Figure 4.17. The erroneous peak has been reduced 

and is not as likely to be misinterpreted when the data is averaged. 
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The reason for the false peak in Figure 4.17c has to do with the impact on the concrete 

surface. As discussed previously, to generate high frequencies, small impact devices must be 

used. The size of the impactor may be such that surface features and roughness on the pavement 

affect the response of the load cell when the impact is applied. Figures 4.19 and 4.20 show the 

time records and corresponding power spectra from each of the impacts shown in Figure 4.17. 

Impact #3 (Fig. 4.19c) shows a discontinuity in the time trace, and a null point at 8.6 kHz in the 

power spectrum (Fig. 4.20c). The false peak is, therefore, an effect of dividing the response of 

the receiver by an input spectrum that does not accurately reflect the energy input in the pavement 

(a false or unrepresentative low point). In some cases, this effect may be so pronounced that 

multiple averaging may not significantly reduce the erroneous result. 

Impacting on a concrete surface that is cracked or damaged may increase the duration time 

of the impact, and hence decrease the range of frequencies generated in the pavement. For site

specific cases, these problems can be overcome by monitoring the location of the impact and the 

frequency response from the impact. Erroneous data can be disregarded, and the location can be 

retested. Furthermore, measures such as using strike plates or grinding on the surface may be 

employed to improve the results. However, for a rolling unit making "on the fly" measurements, 

these remedies can not be applied and this requirement forms a severe limitation for implementation 

of the impact-echo method into a rolling system The use of a small instrumented impactor in a 

rolling system is unlikely to yield desirable results. Therefore, other systems of energy input, such 

as introducing band-limited noise, need to be developed. 

4.4 SUMMARY 

The results from the impact-echo tests performed in this chapter demonstrate the 

effectiveness of the impact -echo method for site-specific testing of pavements. Many of the flaws 

of interest in pavements can be effectively delineated using this method. Secondly, the impact

echo method has the added benefit of predicting the depth to the void based on the measured 

frequency and assumed or measured wave velocity of the concrete. 

There are, however, several limitations of this method when applied to testing concrete 

pavements. The detection of small, deep flaws is difficult using this method due to the small 

amount of reflected energy from the flaw. Secondly, in order for the impact-echo method to 

evaluate the pavement completely, a broad range of frequencies must be generated in the pavement. 

This requires, therefore, that in some cases multiple impacts of different sources be used to cover 
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the entire frequency range. Also, shallow voids in the pavement require very high frequencies for 

detection, on the order of 75 kHz. The difficulty in effectively generating and receiving these high 

frequencies is a serious consideration in using the impact-echo method. 

Although these problems can be dealt with for site-specific testing, they are serious 

limitations for implementing the impact-echo method into a mobile, "on the fly" testing system. 

For such a rolling system, all energy must be consistently generated from a single impact. Surface 

features of the pavement, such as roughness or damage can adversely affect the frequencies 

generated from the impact. Secondly, the range of frequencies - and hence the depth range of 

detectable flaws - that can be generated from a single impact is limited. Using a small, 

instrumented hammer and normalizing the response of the receiver with respect to the source, a 

range of 1 to 20 kHz can be tested. This range limits the detection of flaws to those at depths of 

approximately 7.6 em or greater. For these reasons, the development of a more consistent source, 

such as a piezoelectric shaker generating band-limited noise is probably necessary for the impact

echo method to be effectively implemented into a rolling system. 



CHAPTER 5. 

EXPERIMENTAL FIELD TESTING AND ANALYTICAL RESULTS 

FROM IMPULSE - RESPONSE METHOD 

5.1 INTRODUCTION 

The impulse-response method is a stress-wave based method that has been successfully 

used to detect regions of poor support under concrete slabs (Ref 26). Unlike the impact-echo 

method which utilizes P-wave resonance measurements to detect flaws within the pavement, the 

impulse-response method detects flexural mode motions to infer conditions within the pavement. 

The low-frequency flexural response that is measured is generally easier to generate and receive as 

compared to the frequencies needed for the impact-echo method. For this reason, the impulse

response method seems well suited for implementation in a rolling testing system. 

In this chapter, a description of the impulse-response method is presented, and the testing 

methodology, equipment, and data reduction procedures are discussed. Results from analytical 

and experimental tests are presented and discussed to demonstrate the advantages and limitations of 

the impulse-response test for implementation into a mobile testing system. 

5.2 DESCRIPTION OF THE IMPULSE-RESPONSE METHOD 

The impulse-response test is performed with a single source and single receiver mounted 

on the surface of a pavement or slab, as shown in Figure 5.1a. The source is typically an 

instrumented hammer that is capable of exciting low-frequency flexural motion in the slab. The 

low-frequency vibrations are measured with a velocity transducer (geophone) that responds 

linearly to frequencies in the range from 10 to 1000Hz. The test is performed by placing the 

geophone on the pavement, and then impacting near the receiver with the instrumented hammer. 

The vibration of the pavement is detected with the geophone and displayed on a recorder or 

waveform analyzer. Typical time records from the source and the receiver are shown in Figure 

5.1b. 

The output from the source and receiver are then transformed into the frequency domain to 

obtain the frequency response (defined in Section 3.3.2.4), as shown in Figures 5.1c. Frequency 
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and magnitude characteristics of the pavement vibration obtained from the frequency response can 

be used to infer conditions below the pavement surface. The frequency and magnitude of the 

flexural vibrations of the concrete surface layer depend on the integrity and support of the slab. 

For a pavement with a flaw within or directly beneath the slab, the response is affected by the 

following four factors: (1) the lateral extent of the flaw, (2) the shape ofthe flaw, (3) the depth to 

the flaw, (4) the edge support of the concrete over the flaw. Shallow flaws that are unsupported 

over a large lateral extent, for example, will resonate at low frequencies and high magnitudes; 

while deeper, smaller flaws will resonate at higher frequencies and lower magnitudes. Also, the 

magnitude will increase and the frequency will decrease when tests are performed at the edges or 

comers of pavements where the concrete surface layer is unsupported along one or more edges. 

5. 3 IMPULSE-RESPONSE TESTING :METHODOLOGY 

Experimental impulse-response testing was performed at Sites 2 and 3 described in Section 

3.4. Descriptions of the experimental testing arrangement, equipment, and data reduction 

procedures are included in this section. 

5. 3.1 Testing Procedure and Equipment 

The general testing arrangement and equipment for the impulse-response testing performed 

in this study are shown in Figure 5.2. The source hammer used in all cases was a PCB 086B20 

instrumented impact hammer with a mass of 1.4 kg and a tip diameter of 5 em. The hammer has a 

range to 1kHz, a sensitivity of0.23 mV/N, and a resonant frequency of 12kHz. A rigid plastic 

tip was used on the end of the hammer to impact the pavement. Pavement vibrations were 

measured with a model L-15B geophone from Mark Products with a natural frequency of 4.5 Hz, 

a damping ratio of 0.70, and a calibration factor of 55 V/m/sec at frequencies above 7Hz. The 

geophone was coupled to the pavement with a poster hanging material that is available at any local 

hardware store. The output from the instrumented hammer was passed through a PCB 483A07 

power unit and into channel 1 of a Hewlett Packard 3562A Dynamic Signal Analyzer. The 

geophone output was passed directly into channel 2 of the analyzer. Three impacts were 

performed at a distance of approximately 7.62 em from the receiver. The responses from the three 

impacts were averaged to obtain a single frequency response for each location. 
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5. 3. 2 Data Reduction Procedures 

The data from each test was collected using the Hewlett Packard 3562A Dynamic Signal 

Analyzer and saved using an Hewlett Packard 9122 disk drive. The time records that were 

obtained from the geophone and the instrumented hammer were transformed into the frequency 

domain using the FFI' algorithm in the analyzer and displayed in terms of frequency response, as 

explained in Section 3.3.2.4. The appropriate calibration constants for the hammer and geophone 

were applied to the frequency response. The frequency response was, therefore, displayed in 

terms of velocity in mm/sec per unit force in newtons and is termed the mechanical admittance or 

mobility. For each test location a plot of mobility versus frequency from 10 to 1000Hz was 

obtained. The results from these tests were presented in terms of dynamic slab stiffness, and 

average mobility, as discussed below. 

5.3.2.1 Dynamic Slab Stiffness: The dynamic stiffness of the slab can be 

obtained from the mobility plots. The slope of the mobility plots at frequencies below 

approximately 100Hz is a measure of the flexibility of the slab (displacement/force). The dynamic 

stiffness of the slab (force/displacement) is the inverse of this value. To calculate the stiffness, the 

mobility plots were integrated once to obtain plots of flexibility versus frequency. An average 

flexibility value was obtained from the flat portion of the flexibility plots in the range of 

approximately 10 to 100Hz (Fig. 5.3). This average value of the flexibility from 10 to 100Hz 

was then inverted to give the dynamic slab stiffness. 

5.3.2.2 Average Mobility: The second method of data reduction was to 

present the results from each impulse-response test in terms of average mobility. In this case the 

averaging was performed over the frequency range of 10 to 800Hz (Fig. 5.4). An average value 

of mobility was calculated from the frequency response obtained at each location. 

5.4 NUMERICAL MODEL RESULTS FOR IMPULSE-RESPONSE TESTING 

Finite element studies were performed as part of Project 1243 to simulate impulse-response 

tests over voids of various sizes and depths for two pavement profiles (Ref 33). Figures 5.5 a and 

5.5b show profiles A and B that were used for the finite element studies. Profile A is similar to the 
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pavement profile at Site 2 (Fig. 3.7) used for experimental studies, and profile B is the same 

profile as is found at Site 3 (Fig. 3.8) used for experimental studies. 

5.4.1 Effect of Void Size 

The flexural response of a pavement over a void depends greatly on the lateral extent of the 

flaw. Much like vibrating drums, large voids will vibrate at higher magnitudes and lower 

frequencies than smaller voids. The numerical model results presented in Figure 5.6 demonstrate 

the expected frequency responses of the pavement in the frequency range of interest (10 to 1000 

Hz) for the impulse-response test. Figures 5.6a through 5.6c show a comparison of the frequency 

responses from impulse-response tests on profile A, shown in Figure 5.5a, performed over three 

different voids. All voids are located at a depth of 0.076 m below the slab surface. The voids 

have diameters of 0.915 m, 0.610 m, and 0.305 m. Figure 5.6d shows the expected frequency 

response over profile A when no void or flaw is present in the slab. 

A comparison of the frequency responses in Figure 5.6 shows that the flexural response of 

the pavement from 10 to 1000Hz over the 0.610-m and 0.915-m diameter voids is different from 

the response when no void is present. However, a 0.305-m diameter void at this depth can not be 

differentiated from sound pavement in the frequency range tested. In this case, the flexural 

response is at a higher frequency and does not, therefore, affect the low frequencies modelled in 

the impulse-response method. For this void to be detected, instrumentation measuring higher 

frequencies would need to be used. These results demonstrate a possible limitation of the impulse

response method; namely that for a given depth, the voids that can be detected with the impulse

response method are directly limited by the lateral extent of the void and the frequency range used 

in the measurement. 

5.4.2 Effect of Void Depth 

The results from impulse-response tests also depend on the depth to the void in the 

pavement. Figures 5.7a through 5.7c show plots of frequency responses from impulse-response 

tests performed over a 0.610-m (2-ft) diameter circular void at depths of 0.076 m, 0.152 m, and 

0.254, respectively, in pavement profile A. At a depth of 7.6 em, the presence of the void is 

detected by the large flexural resonance peak at approximately 950 Hz. When the depth is 

increased to 15.2 em, the response in the frequency range of impulse-response testing is greatly 

reduced. The response is further reduced when the depth is increased to 25.4 em. This reduction 
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is again due to the higher frequency flexural response of the thicker and, therefore, stiffer concrete 

layer over deep voids. Figures 5.8a and 5.8b show rescaled plots of the frequency response over 

the voids at depths of 15.2 em and 25.4 em. When these plots are compared to the frequency 

response of intact pavement, it is observed that the response over the 15.2-cm deep void can be 

differentiated from sound pavement by slightly higher mobility values in the range of 10 to 1000 

Hz. Because the response is shown up to a frequency of 1200 Hz, the flexural peak is now visible 

at a frequency of 1100Hz. The void at a depth of 25.4 em, however, can not be detected from the 

frequency responses shown. These results illustrate the effect of void depth on the ability to detect 

voids of various sizes using the impulse-response method. 

S.S EXPERIMENTAL RESULTS FROM IMPULSE-RESPONSE TESTS AT 
SITE 2 

5.5.1 Pavement with a Void versus Sound Pavement 

The profile and plan views of the test pavement at Site 2 are shown in Figure 3.7. 

Impulse-response testing was performed over four regions of this pavement. Region 1 is located 

over the 0.915-m square comer void under the south-east comer of the fixed slab shown in Figure 

3.7. A 1.4-m square area, which included the 0.915-m square comer void, was tested on a grid 

spacing of 15.2 em, as shown in Figure 5.9a. Figures 5.10a and 5.10b show a comparison of the 

mobility plots obtained over the void (grid location A3) and over sound pavement (grid location 

H3). The void is differentiated from the sound pavement by a mobility plot that is more undulated 

and higher in magnitude. 

A series of mobility plots along the array A3 - H3 in Region 1 is shown in Figure 5 .11. As 

the interior edge of the void is approached, the magnitude and undulations in the plot decrease. 

Over the sound pavement, the mobility plot is low in magnitude and fairly flat. To simplify data 

presentation, the average mobility from 10 to 800 Hz is plotted for each location, as shown in 

Figure 5.12. Using this data presentation method, the void is delineated from sound pavement by 

higher average mobility values over the void. Figure 5.13 is a contour plot of average mobility 

values over the entire 1.4-m grid area. The size and location of the void is fairly well delineated by 

higher average mobility values. 

To study the effect of the comer location alone on the average mobility plots, the same test 

with identical grid spacings was performed over a fully supported corner. Region 2 is located at 
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the north-west comer of the fixed concrete slab shown in Figure 3.7. An identical 1.4-m grid, 

shown in Figure 5.9b, was tested at this location. Figure 5.14 is the contour plot of average 

mobility values from these tests over the fully supported comer at Region 2. In this case, the 

average mobility values were fairly constant over the grid area, with the exception of higher 

mobility values near the edge of the slab. The response over the comer with sound pavement is, 

therefore, easily differentiated from the mobility response over the void. 

The results from Regions 1 and 2 were also examined in terms of dynamic stiffness values. 

Dynamic slab stiffness was calculated as explained in Section 5.3 .2.1. Figure 5.15 is a contour 

plot of dynamic slab stiffnesses obtained from tests in Region 1. A contour plot of dynamic 

stiffness values obtained in Region 2 is shown in Figure 5.16. A comparison of these plots shows 

that the stiffness values over the comer with the void are less than those obtained over the well 

supported comer. However, the size and location of the void are not apparent from the stiffness 

contours. Based on these results, it appears that presenting the data in terms of the average 

mobility is a better means of indicating void location and extent. 

5. 5. 2 De bonded Pavement versus Sound Pavement 

Lastly, impulse-response testing was performed along arrays over the sound concrete slab 

to the north (Region 3), and the debonded concrete slab to the south (Region 4), at Site 2. The 

testing arrays Xl-X5 and Yl-Y5 are shown in Figure 5.17. The pavement profiles under these 

arrays are identical except for the addition of a plastic interface between the concrete and asphalt 

below array Y 1-Y 5. Figure 5.18 is a comparison of the mobility plots obtained from locations X 1 

and Y1. These locations are both at a distance of 0.68 m from the joint between the slabs. The 

response of the pavement over the de bonded slab (location Yl) is differentiated from the response 

over the sound pavement (location Xl) by several peaks spaced 125Hz apart in the mobility plot. 

The cause of these peaks is unclear. Figure 5 .19a shows a plot of the average mobility values 

along the same arrays. In both cases the joint location greatly affects the average mobility values. 

Away from the joint, the average mobility was slightly higher over the debonded slab than over the 

sound slab. Figure 5.19b is a comparison of dynamic stiffness values obtained over arrays Xl-X5 

and Yl-Y5. As expected, the stiffness values decreased as the distance away from the joint 

decreased. The debonded pavement was differentiated from the sound pavement by a decrease in 

stiffness values. 
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Impulse-response tests were performed on two slabs at Site 3, described in Section 3.4.3. 

The slabs were 17.8 em and 30.5 em thick, as shown in Figures 3.8 and 3.9. 

5.6.1 Test Results from 17.8-cm Thick Slab at Site 3 

Impulse-response tests were performed over two voids in a 17 .8-cm thick concrete 

pavement at Site 3. Void 1 was located at the edge of the slab about mid-way along the length of 

the slab. Three arrays were tested that passed over the void location, as shown in Figure 5.20a. 

Figure 5.21 shows the mobility plots from tests along array A4 to I4. As was observed from tests 

at Site 2, the void is differentiated from sound pavement by undulating, higher magnitude mobility 

plots over the void. 

Figures 5.22a and 5.22b show a comparison of average mobility values from tests 

along arrays A2-12, A4-I4 and E1-E7. Comparison of the average mobility plots along arrays A2-

I2 and A4-I4 shows the edge effect on the mobility plots. Array A2-I2 is 22.9 em from the edge of 

the slab while array A4-I4 is 45.8 em from the edge of the slab When compared to the results 

along array A4-I4, the average mobility values along A2-I2 are higher due to the effect of the edge 

of the slab. In both cases, however, the peak average mobility value over the void is 

approximately twice the value from tests over the pavement with no void. Figure 5.22b shows the 

edge effect over the void from tests performed along the array E1-E7. The mobility is very high 

near the edge and over the void, but levels to a value of approximately 1100 mm/sec/N away from 

the void. 

The data from these tests over the 0.915-m square void are also presented in terms 

of the dynamic stiffness of the slab. Figure 5.23 is a comparison of stiffness profiles along arrays 

A2-12, A4-I4, and E1-E7. In this case, it is expected that the stiffness ofthe slab would decrease 

over the void. As seen in Figures 5.23a and 5.23b, there is a slight decrease in stiffness over the 

void for both arrays A2-I2 and A4-I4. The decrease, however, is fairly small and gradual and 

does not clearly delineate the boundaries of the void. The effect of the edge on the stiffness 

profiles, however, is clearly seen in these plots. The stiffness along A2-I2 which is 22.9 em from 

the edge of the slab is about 200 kN/mm less than the stiffness along array A4-I4 which is 45.7 em 

from the edge. Figure 5.23b shows the stiffness profile over the void moving away from the 
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edge. The stiffness increases as the test location is moved further from the edge of the pavement. 

The lower stiffness values over the void are both a function of the edge location and the effect of 

the void. Based on the results over A2-12 and A4-I4, the edge effect appears to be a dominating 

factor for stiffness values. Based on the stiffness measurements along array E1-E7, the 

termination point of the void is not apparent, as compared with the mobility measurements shown 

in Figure 5.22b, where the termination of the void is marked by average mobility values that level 

out to a fairly constant value. 

Tests were next performed along array 81-89 across a 1.22-m square void with its 

center located 1.22-m from the edge of the pavement, as shown in Figure 5.20b. In this case, the 

edges of the concrete over the void were supported on all four sides. Figure 5.24 shows the 

mobility plots along the array 81-89. The effect ofthe void is not as apparent in this case as was 

the case for the void along the edge of the pavement. When the data is reduced to plots of average 

mobility, as shown in Figure 5.25a, the effect of the void is somewhat apparent. Over locations 

82-84, on the outer edge of the void, the mobility is fairly constant, over the void (locations 84-

86) the mobility increases slightly, and then decreases to a constant value on the interior side of the 

void (locations 87 -89). The mobility values are slightly lower over the interior of the slab than 

over the pavement on the exterior side of the void because of the effect of the edge on mobility 

values. 

When the data from these tests are displayed in terms of stiffness, as shown in 

Figure 5.25b, the effect of the void is masked by the edge effects of the pavement. The stiffness 

values over 81-83 increase fairly linearly due to the increasing distance from the edge of the 

pavement. At locations 84-86, where the void is encountered, the combined effect of the distance 

from the edge and the void below the slab cause a slight disruption in the linear trend. Past the 

void, at locations 87-89 on the interior of the pavement, the stiffness values level out to a fairly 

constant value of about 600 kN/mm. As in the case of the edge void, the average mobility plots 

appear to provide better information then the dynamic stiffness plots concerning the location and 

lateral extent of the void. 

5.6.2 Test Results from 30.5-cm Thick Slab at Site 3 

Impulse-response tests were also performed on a 30.5-cm thick concrete pavement shown 

in Figure 3.9. Tests were performed along two arrays that passed over the 0.915-m square edge 

void. The array locations J2-R2 and J4-R4 were mislocated, so the tests on sound pavement were 

performed on only one side of the void, as shown in Figure 5.26. Figure 5.27 shows the mobility 
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plots along array J4-R4. The effect of the void is not as readily apparent by inspection as was the 

case over the 17.8-cm thick concrete slab. In terms of average mobility values, shown in Figure 

5.28a, the effect of the void along array J4-R4 is seen by average mobility values that are about 1.5 

times greater than those measured away from the void. Results over array J2-R2 are more 

pronounced due to the closer location to the unsupported edge of the slab. As expected, all 

mobility values measured over this slab were much less than corresponding values measured over 

the 17 .8-cm thick slab. This difference is due to the greater stiffness of the thicker concrete slab 

In terms of dynamic slab stiffness, the void could not be detected along either array J2-R2 

or J4-R4, as shown in Figure 5.28b. The increase in stiffness over array J4-R4 is due to the 

greater distance from the edge of the slab. In all cases the stiffness values were higher than those 

measured at comparable locations over the 17.8-cm thick pavement, shown in Figure 5.23a. 

Testing was also performed along array T1-T9, shown in Figure 5.26b, located across a 

1.22-m square void. The outer edge of the void was located 1.0 m from the edge of the pavement. 

Figure 5.29 shows the mobility plots obtained over locations T 1-T9. When the data is displayed in 

terms of average mobility, as shown in Figure 5 .30a, the void is detected by a region of higher 

average mobility values. In this case, the highest value over the void was approximately twice the 

average values away from the void. 

Figure 5.30b is a plot of the dynamic slab stiffness values along array T1-T9. From 

locations T1-T3, the stiffness increases due to increasing distance from the edge of the pavement. 

Over the void, at locations T4-T6, the stiffness values decrease slightly. Past the void, the 

stiffness again continues to increase. The effect of the void, therefore, is detectable, but is 

overshadowed by the effect of the pavement edge. 

5.7 IDGHER FREQUENCY FLEXURAL RESPONSE 

As discussed in Section 5.4, the impulse-response instrumentation is limited to detecting 

voids that produce flexural vibrations in the low frequency (10 to 1000Hz) range. Voids that are 

small or deep, will vibrate in flexure at higher frequencies and, therefore, can not be detected by 

the impulse-response instrumentation. The higher frequency flexural vibrations, however, can still 

be of use for detecting the flaws. The instrumentation used for impact-echo testing will respond to 

vibrations higher than 1000 Hz. Therefore, the high-frequency responses generated by smaller, 

deeper voids may be detected using this instrumentation. 

Testing using impact-echo instrumentation was performed along the east end of the 

concrete slab at Site 1 passing over the 5.1-cm square "tunnel" with a crown depth of 2.54 em, 
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shown in Figure 3.6. Figure 5.31 shows the locations AA - KK. that were tested along the slab 

edge. Figures 5.32 and 5.33 contain a series of frequency responses from tests on either side and 

over the "tunnel" in the slab. The frequency responses over locations AA-FF located before the 

"tunnel" show a low-magnitude peak at 3.5 kHz, corresponding to the impact-echo compression 

wave resonance off of the bottom of the 50.8-cm deep slab. Over the "tunnel", which is at a depth 

of 2.54 em, the P-wave resonant frequency is expected to be at approximately 75kHz. This 

frequency is neither generated nor detected from the instrumentation used. Instead, a high 

magnitude broad peak is observed at a frequency of approximately 6.8 kHz. This peak 

corresponds to the flexural response of the concrete beam above the "tunnel". The elongated shape 

of the "tunnel" and the proximity of the test to the slab edge creates the complex flexural response. 

Although this measurement can not be used to calculate the depth to the void, it can be used to 

detect the location of the void in the pavement which could not be easily detected from 

compressional resonance. 

5.8 SUMMARY 

The analytical and experimental results presented herein demonstrate some of the 

advantages and drawbacks of the impulse-response method. The method is effective as a means of 

detecting void regions that will vibrate at low frequencies. Table 5.1 is a summary of the impulse

response test results comparing the response over various voids to the response over sound 

pavement. The presentation of the data in terms of average mobility from 10 to 800 Hz appears to 

be an effective means of locating and delineating regions of concrete pavement with large voids 

beneath them. When the data is presenting in terms of dynamic slab stiffness, regions with voids 

appear to be overshadowed by the effects from the pavement edges. 

The impulse-response method, however, is an ineffective means of detecting smaller, and 

deeper voids in the frequency range that was tested. Also, unlike the impact-echo method, the 

depth to the void can not be determined from impulse-response results. This is an important 

consideration if detailed contractual estimates of material removal are necessary. 



Table 5.1 Summary of Impulse-Response Results 



CHAPTER 6. 

RECEPTION OF HIGH-FREQUENCY ENERGY 

WITH A MOBILE RECEIVER 

6.1 INTRODUCTION 

Based on the results presented in Chapters 4 and 5, both the impact-echo and 

impulse-response methods can be effectively used to detect certain flaw conditions in pavements. 

For site specific cases, the impact-echo method is especially effective for detecting many types of 

flaws in pavements, as long as the quality of the surface impact can be monitored. The impact

echo method, however, requires a broader and higher frequency range for effective use as 

compared to the impulse-response method. The necessity of generating and receiving this broad 

range of frequencies while moving is one of the major obstacles to implementing the impact-echo 

method into a rolling system. 

The effectiveness of the impulse-response method, however, is limited by the size 

and depth of flaws that can be detected. Small, deep voids will not respond in the frequency range 

of the impulse-response method. Therefore, neither the impact-echo nor the impulse-response 

method seems well suited for exclusive implementation into a mobile system. However, in many 

ways the two methods complement one another. For example, the near-surface voids that require 

high frequencies to detect with the impact-echo method may be detected using the impulse

response method, as was shown in Chapters 4 and 5. Likewise, small deep voids that can not be 

detected with the impulse-response method may be detected using the impact-echo test. Secondly, 

the impulse-response and impact-echo methods provide supplemental information about support 

conditions and depth to the void, respectively. For example, the impact-echo plots from Site 2, 

shown in Figures 6.1a and 6.lb are from tests over a void and over debonded pavement, 

respectively. With the exception of the responses over X4 and X5 - which are affected by the 

pavement edge- the responses are very similar. Both responses show peaks at approximately 

7800Hz which indicates an interface at approximately 25.4 em below the pavement. They do not, 

however, indicate the support conditions under the pavement. However, when the impulse

response tests are also used, as shown in Figures 6.2a and 6.2b, the determination of a void or 

de bonded pavement can be made from the average mobility values that are measured. Lastly, 
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many higher frequency flexural vibrations that could not be detected with the impulse-response 

method could be detected with impact-echo instrumentation, as discussed in Section 5.7. 

Therefore, a system implementing both the impact-echo and impulse-response methods would 

provide more information about the condition of the pavement than either test alone. 

Based on this reasoning, a frequency range of 10 to 20,000 Hz was set as a design 

goal for a mobile receiver. The range from 10 to 1000 Hz would be used primarily for impulse

response testing, while the range from 1000-20,000 Hz would be used for impact-echo testing. 

This frequency range would allow impact-echo detection of voids at depths greater than 

approximately 7.5 to 10 em. This chapter presents results from initial testing of mobile receivers 

for energy reception in the range of 1 to 20 kHz. The mobile receivers tested were wheels which 

support accelerometers. In these initial tests, all testing was performed with the wheels stationary 

to evaluate the optimum performance of this system. 

6.2 ENERGY RECEPTION USING WHEEL MOUNTED RECEIVERS 

Testing was performed to evaluate the feasibility of high frequency (1 to 20kHz) stress 

wave energy reception using a wheel-mounted receiver. Several wheel types of different sizes 

were tested with receivers mounted at various locations to determine the energy reception 

characteristics through the wheels. 

6. 2 .I Testing Arrangement and Procedures 

Tests were arranged such that the response of a receiver mounted on a wheel could be 

compared directly to the response with the receiver directly on the concrete. Two PCB 303A12 

accelerometers, described in Section 3.3.1, were used to measure the response. Tests were first 

performed with both accelerometers located directly on the concrete. The accelerometers were 

located 7.6 em apart and were coupled to the pavement with super glue, as shown in Figure 6.3a. 

An impact was applied 5.1 em along a center line passing through the midpoint between the 

receivers (see Figure 6.3a). Five impacts were used to get an average response. The output from 

receiver #1 was passed into channel 1 of the HP 3562A waveform analyzer, and the output from 

receiver #2 was passed into channel 2 of the analyzer. The frequency response obtained from this 

test, therefore, is the ratio of the linear spectrum at location 2 to the linear spectrum at location 1. 

To test the effect of the wheel on the measured vibration response, the wheel to be tested was 

placed at location 2, and receiver #2 was placed at some location on the wheel, as shown in Figure 
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6.3b. The frequency response from this test represents the ratio of the linear spectrum from the 

receiver on the wheel at location 2, to the linear spectrum of the receiver alone at location 1. To 

remove the effect of the 7.6 em receiver spacing from the results, the frequency response obtained 

from the test with the wheel was divided by the response obtained with both receivers mounted 

directly on the concrete. The final frequency response obtained, therefore, is the ratio of the linear 

spectrum of receiver #2 on the wheel located at location 2 to the linear spectrum of receiver #2 

located directly on the concrete surface at location 2. Because this ratio involves the same receiver 

tested over the same location, the frequency response should have a magnitude of 1 (0 dB) at all 

frequencies. Any deviation from this behavior can be assumed to be the effect of the wheel on the 

measured pavement vibration. 

6. 2. 2 Energy Reception using a Steel Wheel 

Figure 6.4 shows the frequency response and coherence obtained from tests with both 

receivers mounted directly on the concrete surface at Site 2. Unless otherwise noted, the frequency 

responses presented in this section were divided by the response shown in Figure 6.4a. As 

explained in Section 6.2.1, this removes the effect of using different receivers at different 

locations. 

Testing was performed with receivers mounted at various locations on a stationary wheel 

system consisting of a steel wheel, a stainless steel axle and a steel wheel stand, in order to 

measure the stress wave energy propagation through the system. A drawing of the wheel system 

and the testing locations is shown in Figure 6.5. The steel wheel used in these tests is 10.2 em in 

diameter and 5.1 em in width, with a weight of 3007 g. The axle is 12 em long with a diameter of 

2.5 em and was passed through a greased 2.5 em hole in the center of the steel wheel. The wheel 

stand is 10.5 em high with a flat 10.2 x 11.4 em top. For stability, the stand was attached with 

isolators to an aluminum arm which was attached with a hinge to a support at the other end 

The first test involved mounting a receiver (PCB 303A12 accelerometer) on top of the 

wheel stand, between the top of the stand and the aluminum arm, shown as location A in Figure 

6.5. The accelerometer was glued to the top of the wheel stand. The wheel was placed directly on 

the concrete slab with water coupling between the wheel and the ground, and the control receiver 

was located 7.6 em from the wheel mounted receiver as described earlier. The PCB B01 impact 

hammer (described in Section 3.3.1) was used as the source in this case. The concrete was 

impacted 5.1 em from the midpoint between the receivers. If the wheel was to have no effect on 

the measured motion, it is expected that the frequency response would be flat and have a magnitude 
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of 1 (0 dB) and the coherence would have a value of 1 throughout the frequency range tested. In 

this case, however, the wheel greatly affected the measured response, as seen in Figures 6.6a and 

6.6b. The coherence plot indicates that by using this arrangement, very little of the impact energy 

is received by the receiver mounted on the wheel stand. The frequency response is very irregular 

throughout the frequency range which is due to the many vibration modes of the wheel/axle/stand 

system. Also, the energy level received on the wheel has an average level of approximately -40 dB 

relative to the receiver on the ground, which means that the frequencies above about 1500Hz are 

reduced by 100 times. 

The second test was performed with the identical arrangement described above, except the 

PCB C80 impact hammer was used as the source. Figures 6.7a and 6.7b show the frequency 

response and coherence from this test. The smaller and lighter impact hammer generates higher 

frequencies, but less energy. The response from this test also showed poor coherence and energy 

reception. 

Tests were next performed by mounting the receiver on the outer edge of the axle passing 

through the wheel, location Bin Figure 6.5. The receiver was glued to the axle and the wheel was 

coupled to the concrete with water. The source used for this test was the PCB BOl impact 

hammer. The frequency response and coherence from this test are shown in Figures 6.8a and 

6.8b, respectively. The results using this arrangement showed little improvement from the 

previous arrangement. The coherence was slightly improved at lower frequencies, but the 

frequency response exhibited undulations and significant energy attenuation. The results from the 

same test using the PCB C80 hammer were also very poor, as shown in Figures 6.9a and 6.9b. 

Based on these results, it appears that the simple solution of mounting a receiver at a stationary 

location on the wheel system is not feasible. Tests were next performed to study the energy 

reception through the wheel itself, without passing through the axle and mounting stand. 

6. 2. 3 Effect of Wheel Type on Energy Transmission 

Four wheel types were tested to observe the energy reception of the wheel itself. In this 

case, the receiver was mounted directly on the top of a stationary wheel, shown as location C in 

Figure 6.5. The wheel stand, axle, and aluminum support arm were removed so that the response 

of the wheel alone could be measured. The receivers were attached to the top of the wheels with 

super glue. The first wheel (CW 1) is a 10.2-cm diameter caster wheel with a width of 5.1 em and 

a weight of 734.0 g (1.6 lbs). It has a 1.0-cm thick urethane tread, and a webbed aluminum hub. 

A 1-cm (0.4-in.) axle passes through a greased ball bearing in the center of the wheel. The second 
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wheel (SWl) is the steel wheel that is described in Section 6.2.2 The third wheel (AWl) is an 

aluminum rim with an outside diameter of 10.2 em, an inside diameter of 9.2 em, a width of 5.1 

em and a weight of 291 g. The fourth wheel (A W2) is a solid aluminum wheel with a diameter of 

10.2 em, a width of 5.1 em and a weight of 1012 g. Wheels AWl, AW2, CWl, and SWl are 

shown in Figure 6.10. Figure 6.11 shows the testing in progress. 

Figures 6.12a through 6.12d show the frequency response and coherence functions from 

tests with no coupling between the wheels and concrete for CWl, SWl, AWl, and AW2, 

respectively. The PCB C80 impact hammer was used as the source for these tests. With the 

exception of wheel AWl, the coherence from each test was very poor. The frequency responses 

obtained from wheels CWl, SWl, and, AW2 were also poor, showing large energy attenuation 

through the wheels. The coherence from the test using AWl was fairly good, however, the 

frequency response was dominated by the many ringing modes of the aluminum rim. The tests 

were next repeated using the PCB BOl impact hammer. This hammer generates more energy in the 

frequency range of 1 to 10 kHz as compared to the PCB C80 impact hammer. The frequency 

responses and coherence values from each test are shown in Figures 6.13a through 6.13d. The 

use of the larger impact hammer yielded better coherence values in the range of 1 to 10 kHz for 

tests on wheels CWl, SWl and AW2. For wheel CWl, the energy received was at approximately 

-26 dB in the range of good coherence. For wheel SWl, the energy was attenuated to 

approximately -40 dB (100 times) in the range of 5 to 10kHz. At a frequency of 17kHz, the 

energy was amplified due to the high-frequency ringing of the solid steel wheel. For wheel A W2, 

the energy was attenuated to approximately -40 dB in the range of 5 to 10 kHz, and was amplified 

to 3 dB at a frequency of 15.5 kHz. The response of wheel AWl was again dominated by the 

multiple resonant peaks due to the ringing of the wheel rim. 

The tests discussed above were next repeated with water coupling used between the wheel 

and the concrete slab. Figures 6.14a through 6.14d show the frequency responses and coherence 

values from these tests performed with the PCB C80 impact hammer. When compared to the tests 

with no water coupling, shown in Figure 6.12, in all cases the coherence improved greatly with the 

addition of water under the wheel. A comparison of Figures 6.12a and 6.14a from tests on wheel 

CWl shows the improved coherence values from 3 to 12 kHz. In this frequency range, the 

received energy increased by approximately 14 dB due to the addition of water under the wheel 

Above 12kHz, however, the coherence and energy reception deteriorated. Tests results on wheel 

SWl also improved when water coupling was used. In this case, fair coherence values were 

measured from 3 to 20 kHz. In this frequency range, the energy reception improved from -40 dB 
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for the case with no water coupling to -28d.B for the case with water coupling, as shown in Figure 

6.12b and 6.14b, respectively. 

For wheel AWl, the coherence and energy reception was improved with the addition of 

water to couple the wheel. Good coherence was measured in the frequency range of 3 to 20 kHz. 

The average energy reception was approximately 0 dB between 1 to 15kHz, indicating small 

energy loss through the wheel. The addition of the water did appear to dampen some of the 

ringing in the wheel. The frequency response, however, was still dominated by the internal 

ringing of the wheel, as seen in Figure 6.14c. Lastly, test results on wheel AW2 were also 

improved greatly with the addition of water coupling. Good coherence values were measured in 

the range of 3 to 20kHz, as shown in Figure 6.14d. Energy reception improved to a level of 

approximately -20 dB in the range from 5 to 15kHz. 

The same tests using water coupling under the wheel were then repeated using the larger 

PCB BOl hammer as the impact source. These results are shown in Figures 6.15a through 6.15d. 

In each case the larger hammer produced better coherence at lower frequencies and poorer 

coherence at higher frequencies, as compared to the response using the smaller PCB C80 hammer. 

This is due to the larger energy input at lower frequencies. 

In summary, several problems were identified from these initial tests. The addition 

of the wheel into the measuring system has two major impacts on the measured response. The first 

is the effect of the wheel on the actual pavement vibration. The weight of the wheel on the 

pavement will cause the pavement vibration to be altered. The inertial force from the mass of the 

wheel will tend to decrease the vibration of the pavement. This is especially true at high 

frequencies where the accelerations and hence inertial forces are large. This effect appears to be 

confirmed from these simple measurements. The highest level of energy reception and coherence 

was observed with the receiver mounted on the aluminum rim (291 g). By comparison, the 

heavier steel wheel (3007 g) showed good coherence, but energy attenuation of approximately -26 

dB. The second major effect is the effect of the wheel vibrations on the measured vibrations. The 

wheel itself will vibrate at one or more resonant frequencies and effect the measured response. 

Because it is the pavement vibration that is of interest, it is desirable to eliminate these other 

vibrations. With respect to this problem , the aluminum rim behaved the poorest of the wheels 

tested. The response shown in Figure 6.12c, for example, shows the many modes of vibration of 

the aluminum wheel. When water was added to the system, some of these modes were dampened, 

as shown in Figure 6.14c. However, the frequency response was still very much dominated by 

the vibration of the wheel rim. In contrast, the steel and aluminum wheels resonate at a single 

frequency. Below that frequency, the response is fairly flat. Therefore, ideally, the wheel used to 
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mount a receiver on should be as light as possible and resonate at frequencies outside of the range 

of 1 to 20 kHz. 

6.2.4 Test on Aluminum Wheels 

Tests were performed on three aluminum wheels of various shapes and sizes to 

demonstrate the effect of mass and size on energy reception through the wheels. Wheels AWl, 

A W2, and A W3 are shown in Figure 6.16. 

6.2.4.1 Effect of Wheel Size and Shape: Wheels AWl and A W3 were used to 

compare the energy reception characteristics through wheels of different diameters. A 1.28-cm 

thick epoxy hub was added to the inside of wheel AWl. This was done for two reasons. First, 

the addition of the epoxy to the aluminum rim (not shown in Fig. 6.16) increased the mass of 

wheel AWl to approximately the same value of wheel A W3, thereby eliminating the effect of 

mass. Secondly, the epoxy was added to try to dampen the ringing of the wheel that dominated the 

responses, shown in Figure 6.12c. Wheel A W3 is a solid aluminum cylinder with a diameter of 

5.1 em, a width of 5.1 em, and a mass of 290 g. The tests were performed as described in Section 

6.2.1. Figures 6.17a and 6.17b show the frequency responses and coherence plots obtained from 

tests on these wheels. Because these wheels, have the same mass, any differences in their 

responses should be due to the difference in size and shape. The first point to be observed from 

Figure 6.17 is that the addition of the epoxy hub did not greatly reduce the ringing in the aluminum 

rim. Figure 6.18 is a comparison of the frequency response of the aluminum rim with and without 

the epoxy hub. The resonant peaks observed in the test without the epoxy were generally still 

present when the epoxy was added. The frequency and amplitude of the peaks did, however, 

change. The slight decrease in the overall energy received through the wheel with the epoxy is 

probably due to the greater mass of the wheel and hence greater inertial effects. Secondly, from 

Figure 6.17 it is observed that the energy level received by wheel AWl is greater than that received 

by wheel A W3. Because these two wheels have the same mass, it is expected that the magnitude 

of the energy received should be similar. One possible explanation for this is that the contact area 

of the smaller wheel on the concrete is less than the larger diameter wheel. To investigate this, the 

smaller wheel was turned on end and the same test was performed. This allows for comparison of 

the same material with the same mass and the receiver located the same distance above the concrete 

surface. Figure 6.19 shows the comparison of these results. As expected, the response from the 
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wheel that was turned on end is slightly greater in magnitude. This indicates that the contact area is 

also an important consideration for design of the rolling receiver. 

6.2.4.2 Effect of Tread Material on Energy Reception: Tests were next 

performed to evaluate how the addition of tread material under the wheel affects the energy 

transmission through the wheel. Tests were performed as previously described on wheels AWl, 

AW2, and AW3, except a piece of 1.62 mm thick polyurethane with a durameter of 50A was 

placed under the wheel. Water was used between the urethane pad and the concrete, and between 

the wheel and the urethane. Figures 6.20a and 6.20b show the comparison of the frequency 

response and coherence from tests on wheel A W3 with and without the urethane tread. The 

addition of the tread material had two effects on the frequency response. First, the response was 

flattened out to a fairly constant level with no distinct peaks in the frequency range of 1 to 20 kHz. 

The second effect was that the received energy level decreased with the addition of the urethane 

tread. For example, in the frequency range of 5 to 20 kHz, the average energy reception decreased 

from -13 to -26 dB. 

The same test was performed using the aluminum rim with the epoxy hub (A WI). 

The frequency response and coherence comparisons are shown in Figure 6.21. In this case, the 

tread had little effect on the frequency response. The same general response was observed in both 

cases except for a reduction in energy level of approximately 5 dB when the urethane was used. 

Also, the low points in the frequency response were further reduced when the urethane was used. 

Lastly, the tests were performed on the solid aluminum wheel (AW2). The 

comparison of frequency response and coherence for this wheel is shown in Figures 6.22a and 

6.22b. In this case, the addition of the urethane pad improved the response. The frequency 

response was flattened as a result of adding the polyurethane pad without reducing the energy 

transmission. The frequency response has one dominant peak at 15.5 kHz with a magnitude of 8 

dB, which is due to the high frequency ringing of the wheel. In the frequency range of 1 to 10 

kHz, however, the response is fairly flat and is attenuated by approximately -21 dB. Figure 6.23 

shows the impact-echo results over the debonded and sound pavement at Site 2, shown in Figure 

5.17, using this wheel arrangement. In this case, the wheel was completely covered with a 

polyurethane tread. These results can be compared to those shown in Figure 6.1, which were 

obtained with the accelerometer mounted directly on the pavement. The responses obtained using 

the wheel are inferior to those using just the accelerometer, in that the energy reception with the 

wheel is greatly attenuated. However, the characteristic vibrations of the pavement - in this case 

the resonant peak at 7900 Hz - is still detected using the wheel arrangement. 
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6.3 SUMMARY OF RESULTS FROM WHEEL MOUNTED RECEIVER TESTS 

From these tests on stationary wheels with mounted receivers, it was found that there are 

several important variables affecting the high frequency (1 to 20kHz) energy reception through the 

wheel. The first variable is the location of the receiver on the wheel system. When the receiver 

was mounted at a stationary location, such as the wheel stand or axle, the energy reception was 

generally poor. Better reception was achieved when the receiver was mounted directly on top of 

the wheel. The addition of water under the wheel greatly improved the coherence and frequency 

response in most cases. Secondly, the size of the wheel is important for multiple reasons. The 

wheel itself will tend to resonate or "ring" at certain frequencies depending on the size and shape of 

the wheel. Simple geometries such as solid wheels will tend to vibrate at a single frequency. More 

complicated geometries may have multiple vibration frequencies. An aluminum rim such as A W1, 

for example, resonates in many modes in the range of 1 to 20 kHz. On the other hand, a smaller 

( 5 .1-cm dia.) solid aluminum wheel such as A W3 will ring at a frequency outside of the range of 

interest. This is the most desirable result. However, practical limitations for use in the field 

mandate that the wheel be larger. A larger (10.2-cm. dia.) wheel, such as AW2, will resonate at 

approximately 15kHz which interferes with the measured response of the pavement. In the range 

of 1 to 10kHz, however, useful measurements could be made with a wheel of this size. Lastly, 

the tread used around the wheel will affect the measured response of the wheel on the pavement. 

The tread material will act as a spring under the mass of the wheel. It will, therefore, tend to 

amplify some frequencies and attenuate others depending on the mass of the wheel and the 

stiffness of the tread material. The addition of the tread material, therefore, may tend to improve or 

deteriorate the energy reception of the wheel. 

The design of a wheel to receive frequencies in range from 1 to 20kHz is a complicated 

problem involving many practical and theoretical limitations. Practically, a wheel to be used to test 

pavements needs to be fairly large, durable and have a wearing surface. In theory, the wheel 

should have a low mass and should not resonate in the frequency range of 1 to 20 kHz. Therefore, 

to have a large wheel that does not resonate in the range of 1 to 20 kHz, special design 

considerations will be necessary to damp resonant frequencies. Also, a tread material with a 

stiffness that is compatible with the wheel mass would need to be used. Lastly, if this wheel is 

built, receivers would need to be mounted in the wheel itself. This would require a slip ring 

system that is capable of charging the receivers and triggering their response at the appropriate 

time. The design and construction of such a system is beyond the scope of this research. One 
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possible alternative is to implement a continuous piezoelectric ceramic ring into the wheel design. 

This would allow for continuous vibration measurements as discussed below. 

6.4 ENERGY RECEPTION WITH PIEZOELECTRIC CERAMIC MATERIALS 

Initial testing was performed on small-scale piezoelectric ceramic materials to investigate the 

feasibility of implementing them into a rolling receiver. A piezoelectric material generates a voltage 

when a stress is applied, or conversely develops some displacement when a voltage is applied to 

the material. Quartz is an example of a naturally occurring material with piezoelectric properties. 

Piezoelectric materials can also be formed using ceramic materials. Two common types of 

piezoelectric ceramics are lead zirconate titanate and barium titanate. These ceramic materials can 

be designed for specific needs of sensitivity and stress direction. The EDO Corporation provided 

various small samples of piezoelectric ceramic materials, shown in Figure 6.24. Three small 

samples were tested to see if they could conceivably be implemented into a rolling receiver. Two 

disc shaped ceramic pieces with diameters of 2.5 em and 3.8 em and thicknesses of 4.7 mm and 

6.4 mm, respectively, were tested. A cylindrical sample with an outside diameter of 2.54 em, a 

width of 1.27 em, and a wall thickness of 2.54 mm was also tested. 

6.4.1 Frequency Response of Piezoelectric Ceramic Materials 

The three materials shown in Figure 6.24 were tested to measure their response in the 

frequency range of interest (1 to 20kHz). The small size of the receivers allowed testing to be 

performed on a small shake table. The testing arrangement is shown in Figure 6.25. A Wilcoxon 

728T accelerometer with a sensitivity of 520 mV/g was used as the control receiver. It was 

screwed into the bottom of the top plate of a 8.9-cm high cylindrical aluminum stand with a 

diameter of7.62 em. The bottom of the aluminum stand was screwed into the top of a Wilcoxon 

F8 Piezoelectric Vibration Generator. The vibration generator was driven using a swept sine signal 

from the HP 3562A waveform analyzer. The signal was passed through a Wilcoxon Model P A8 

Power Amplifier into a Wilcoxon Model N8H Matching Network and into the F8 Vibration 

Generator. The output from the 728T accelerometer was passed through a Wilcoxon P702 Power 

Unit and into Channell of the HP 3562A waveform analyzer. The ceramic materials to be tested 

were mounted on top of the aluminum stand with vacuum grease. The output from the ceramic 

materials was passed through a Neff Model 128 amplifier and into Channel 2 of the HP 3562A 

waveform analyzer. A log sweep from 100Hz to 100kHz was performed on each test sample. 
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Figure 6.26a shows the frequency response and coherence values obtained from tests with 

a 728T accelerometer mounted on top of the receiver stand. As expected, the frequency response 

was flat and has a magnitude of approximately 1 (0 dB) from 1 to 20kHz. Figures 6.26b through 

6.26d show frequency response plots from tests performed on the cylindrical ceramic material, and 

the two ceramic disks. In each case, the frequency response was very irregular in the frequency 

range of interest (1 to 20kHz). As discussed previously, it is desirable to have a linear response in 

the range of interest. Implementing a ceramic cylinder into a rolling wheel would require that a 

larger piezoelectric ceramic cylinder with a flat frequency response be developed. The cylinder 

would then be used as the rim of the receiver wheel. Many of the same problems discussed in 

Section 6.2 would also be of concern for this design. Based on the results from these small 

piezoelectric ceramic samples, the option of purchasing and testing larger piezoelectric cylinders 

was not pursued. However, with more extensive investigation and development, this may be a 

feasible solution. 

6.5 SUMMARY 

In summary, the tests performed on several stationary wheels indicate that it is difficult to 

receive stress-wave energy in the frequency range of interest for impact-echo testing. Factors 

affecting the response include the mass of the wheel, the geometry of the wheel, the wheel 

material, the wheel size, the contact area of the wheel on the pavement, and the tread material used 

around the wheel. The addition of water under the wheel helps to improve the energy reception. 

Energy reception through a wheel was achieved in the frequency range of 1 to 10 kHz. This 

range, however, is not acceptable for the effective use of the impact-echo method. 

Tests were next performed on three small-scale piezoelectric ceramic materials, to study the 

feasibility of implementing them into a rolling receiver. The frequency responses of these materials 

were irregular in the range of interest. Therefore, the possibility of using larger piezoelectric 

ceramic materials was not pursued. The use of piezoelectric ceramic materials as the rim of a 

rolling receiver, however, may be a possible solution with more study. 



CHAPTER 7. 

RECEPTION OF LOW-FREQUENCY ENERGY 

WITH A MOBILE RECEIVER 

7.1 INTRODUCTION 

As was discussed in Chapter 6, the problem of receiving energy in a rolling device over the 

frequency range required for impact-echo testing (1 to 20kHz) is complicated by the introduction 

of a wheel into the testing system. The problems encountered are related to the effect of the wheel 

on the pavement motion and the effect of the wheel on the received signal. 

The effective use of the impulse-response method in a rolling system also requires the use 

of a receiver wheel. However, this method requires that sufficient energy be generated and 

received in the frequency range of 10 to 1000 Hz. The behavior of the wheel/receiver system over 

this narrower and lower frequency range differs significantly from the response required for 

impact-echo testing. 

In this chapter, results will be presented from tests with receivers mounted on several 

different wheels. The effect of wheel type, tread material and receiver location on received energy 

in the 10 to 1000-Hz frequency range is discussed. 

7.2 LOW-FREQUENCY ENERGY RECEPTION USING WHEEL MOUNTED 
RECEIVERS 

7.2.1 Testing Arrangement and Procedures 

The testing arrangement used for low frequency testing is very similar to the testing 

arrangement described in Section 6.2.1. Figure 7.1 shows the testing arrangement used for the 

test results presented in this chapter. As before, the tests were arranged such that the response of 

the receiver mounted on the wheel could be compared to the response with the receiver mounted 

directly on the concrete. Therefore, measurements were first performed with both receivers on the 

concrete surface spaced 7.6 em apart. The impact in this case was applied 7.6 em along a center 

line passing through the midpoint between the receivers, as shown in Figure 7.1a. The test was 
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then repeated with Receiver 2 mounted on the wheel at Location 2. The response from this test 

was then divided by the response from the test with both receivers on the concrete to give the 

desired frequency response. Due to the low frequencies that were to be measured, geophones 

were used instead of accelerometers to record the pavement vibrations. Mark Product L-15B 

geophones were used for these tests. These geophones have a resonant frequency of 4.5 Hz and a 

sensitivity of approximately 55 V/rnlsec at frequencies greater than 7Hz. 

7. 2. 2 Wheel Mounted Receiver Tests 

7.2.2.1 Results from Tests on Wheels of Different Sizes: Tests were first 

performed on two caster wheels of different sizes and masses. The first wheel (CWl) is a 10.2-

cm diameter wheel which is described in detail in Section 6.2.3. The second wheel (CW2) is the 

same type of wheel as CW1, but is heavier and larger. This wheel has a diameter of 30.5 em, and 

a width of 7.6 em. Both wheels CW1 and CW2 have a stainless steel axle that passes through a 

ball bearing. A wheel stand was also used in each case. The total system for wheel CW 1 weighs 

1.88 kg; for CW2, the total mass is 16.6 kg. Tests were performed with the geophone located at 

various locations in the wheel system, such as on the wheel stand and on the outside of the wheel 

axle. Figure 7.2 shows the frequency response and coherence with both geophones located on the 

concrete. As expected, the response is fairly flat, and the coherence is good over the frequency 

interval of 10 to 1000Hz. As was discussed in Section 7.2.1, the frequency responses presented 

herein were divided by Figure 7 .2a, to remove the effect of location from the results. 

Figure 7.3 shows a comparison of the results from tests on wheels CW1 and CW2 where 

the geophone was mounted on the top of the wheel stand (location A in Figure 6.5). These tests 

were performed with no coupling material or water between the wheel and the ground. Although 

both tests yielded good coherence values, the difference in wheel size and mass affected the 

response of the wheel in the frequency range of 10 to 1000 Hz. The response from the test on 

wheel CW1 shows a peak at 270Hz. Below this peak, in the range from 10 to 100Hz, the 

response is flat and has a magnitude of 0 dB, indicating no effect from the wheel. Above the 

resonant peak, however, the frequency response drops off significantly to a level of approximately 

-11 dB. The response from wheel CW2 has similar characteristics. In this case, the resonant peak 

was at a frequency of 80Hz. At very low frequencies, from 10 to 20Hz, the response is again flat 

indicating no effect from the wheeL Above the resonant peak, the energy received drops off 

significantly, to a level of -42 dB near 1000Hz. The same test on wheel CW2 was repeated with 

the receiver mounted directly on the wheel, and on the axle of the wheel. The comparison of the 



160 

0 ·.g 
~ 

] ·-s::: 
~ 
~ 

(!.) 

g 
~ 
(!.) 

-§ 
u 

8~------------------------------------~ 

6 r-

4 r-

2 -
--

0 
1 0 

1.0 

0.8 -
0.6 -
0.4 -

0.2 -

0.0 
10 

Figure 7.2 

- - -..... 

I I I I 

200 400 600 800 1000 
Frequency (Hz) 

a. Frequency Response 

I I I I 

200 400 600 800 1000 
Frequency (Hz) 

b. Coherence Function 

Frequency Response and Coherence from a Test with 
both Geophones Directly on the Concrete Surface 



1.0 

0.8 

§ 0.6 
~ 

~ 
0.2 

0.0 
1 0 

a. 

-
-

1-

r-

r-

I I I I 

200 400 600 800 1000 1 0 200 400 600 800 
Frequency (Hz) Frequency (Hz) 

WheelCW2 

Figure 7.3 

b. WheelCWl 

Frequency Responses and Coherences from Tests with Receiver 
Mounted on Wheel Stand of Wheels CWJ and CW2 

, .... 

1000 



162 

frequency responses and coherences with the receiver at these locations on the wheel system is 

shown in Figures 7 .4a and 7 .4b, respectively. The general shape of the response showing a peak 

at 85 Hz and energy loss at higher frequencies was the same for each receiver location tested. The 

coherence was generally good in all cases, with slightly poorer coherence for the case of the axle

mounted receiver. 

7.2.2.2 Discussion of Results: Variations in the frequency responses 

measured from wheel mounted receivers in the frequency range 10 to 1000 Hz are less complicated 

than those observed in the range of impact-echo testing (1000 to 20000 Hz). Due to the smaller 

and lower frequency range, problems such as internal resonances of the wheel are not present in 

the response plot. Also, the longer wavelengths associated with these lower frequencies allow the 

entire wheel system to move approximately in phase. This is demonstrated by the similar 

responses measured with the receiver mounted on the wheel stand, wheel, and axle, as shown in 

Figures 7.3 and 7 .4. 

The general shape of the frequency responses that were measured in all cases is indicative 

of a single-degree-of-freedom oscillating system. The low frequency resonant peak is caused by 

the wheel (mass) vibrating on the wheel tread (spring). Below the resonant frequency and away 

from the peak, the response is approximately unity. At frequencies above and away from the peak, 

the response is greatly attenuated. It is desirable, therefore, to operate the wheel in the frequency 

range below the resonant peak. For the frequency range of interest for impulse-response testing, 

therefore, the peak must be moved to a frequency greater than 1000 Hz. The following section 

demonstrates how the wheel can be designed to have a response of unity in the frequency range 

from 10 to 1000 Hz. 

7.2.2. 3 Effect of Wheel Mass and Tread Material: The frequency response of the 

wheel can be .altered by changing two parameters. If the wheel is modelled as a single-degree-of

freedom oscillator, the resonant frequency is equal to the square root of the spring stiffness (k) 

divided by the square root of the mass (m). In this case the mass is the mass of the wheel system, 

and the spring stiffness is the stiffness of the wheel tread. Therefore, by changing these two 

parameters - mass and tread stiffness - the frequency response can be altered. 

Tests were performed with two solid metal wheels of different masses. Wheel SW1, 

described in Section 6.2.3, is a steel wheel with a diameter of 10.2 em and a mass of 3007 g. 

Wheel AW2 is an aluminum wheel with a diameter of 10.2 em and a mass of 1012 g. These 

wheels were tested alone (no wheel stand or axle) and the receiver was mounted on the top of the 
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wheel, as illustrated in Figure 7.5. Two different tread materials were tested under the wheels. 

Tread 1 is a soft polyurethane material with a thickness of 1.5 mm and a durameter value of 90A. 

Tread 2 is a stiff polyurethane material with a thickness of 1.3 mm and a durameter value of 65D. 

Square swatches of each material (5.1 em on a side) were glued to the bottom of the wheels. The 

wheel was then placed on the concrete surface. The tests were performed as described in Section 

7 .2.1. 

Figures 7 .6a and 7 .6b show the frequency response and coherence from tests with Tread 1 

under SW 1. The response is shown on a linear scale to emphasize the resonant peak. As 

expected, the general single-degree-of-freedom response was measured. In this case, the peak is 

located at a frequency of 350 Hz. Below this peak, the respo:o.se approaches unity; above the peak 

the response attenuates greatly. The test was next performed using the lighter A W2 wheel with 

Tread 1. The frequency response and coherence from this test are shown in Figures 7. 7 a and 

7.7b. As expected, decreasing the mass of the wheel caused the resonant peak to move to a higher 

frequency of 562.5 Hz. This produced a near unity frequency response up to approximately 200 

Hz. Frequencies were significantly amplified from 300 to 700 Hz, and attenuated between 800 

and 1000Hz. 

The next test was performed with wheel SW1 on the stiffer Tread 2 material. The 

frequency response and coherence from this test is shown in Figures 7.8a and 7.8b. The greater 

stiffness of Tread 2 caused the peak to move from a frequency of 350 Hz with Tread 1 to a 

frequency of 813 Hz with Tread 2, as shown in Figures 7.6a and 7.8a, respectively. The 

frequency response from this case has a near unity value in the range from 10 to 400 Hz. From 

400 to 1000 Hz, the response is amplified. The attenuated portion of the response has been moved 

outside of the frequency range of interest. 

Lastly, wheel A W2 was tested with Tread 2 under the wheel. This is the case of the lighter 

mass on the stiffer tread and should yield the highest frequency peak. The frequency response and 

coherence for this case are shown in Figures 7.9a and 7.9b, respectively. The resonant peak has 

now moved outside of the frequency range of interest. Although the leading edge of the resonant 

peak causes slight amplification of energy at frequencies near 1000 Hz, the response is generally 

flat throughout the frequency range. This response is clearly more desirable than the others 

presented in this chapter. 
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7.3 SUMMARY 

The results presented in this chapter demonstrate the comparitively easy task of receiving 

energy for impulse-response testing through a rolling receiver wheel as compared to impact-echo 

testing. Unlike impact-echo testing, the lower frequency and longer wavelength waves in impulse

response testing allow for good measurements with a receiver mounted at stationary locations on 

the wheel system. Also, problems such as high frequency ringing of the receiver wheel are not 

encountered in the frequency range of 10 to 1000 Hz. The dominant feature in the low frequency 

responses is the "spring-mass" resonance of the wheel. The wheel/tread system behaves as a 

single-degree-of-freedom oscillator. The frequency responses measured from this system show 

the characteristic response of amplification at the resonant frequency and attenuation beyond the 

resonant frequency. By minimizing the mass of the wheel and increasing the stiffness of the wheel 

tread, the resonant peak can be moved to a frequency outside the range of interest. This creates a 

fairly flat response with a magnitude near unity throughout the frequency range of impulse

response testing. 

The ability to receive the vibration energy with minimal or no signal attenuation is very 

important for field use of the impulse-response method. Previous noise measurements of IH-35, 

lll -77, and 26th Street in Austin, TX indicate that the majority of road noise is in the range from 

10 to 1000Hz (Ref 1). Therefore, the signal generated and received must be greater than the 

ambient road noise for valid results. 

Although the prospect of mobile impulse-response testing appears to be very feasible, the 

use of this method alone would not provide all necessary information concerning subsurface 

defects in a pavement, as discussed in Chapter 5. The additional information provided from 

impact-echo testing would be very important in identifying the flaw depths and in locating some of 

the deeper flaws. 



CHAPTER 8. 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

8.1 SUMMARY 

The development of flaws in pavements can lead to the rapid deterioration of the pavement 

surface, requiring costly repairs. Often these flaws originate below the pavement surface with no 

detectable surface manifestation. Two common types of subsurface flaws are voids and 

delaminations. The ability to detect these flaws before extensive damage results is an important 

part of any pavement management program. Many nondestructive methods ranging from simple 

sounding devices to radar and infrared devices have been applied to this problem. No system has 

yet been ~eveloped which is capable of consistent, accurate, and rapid detection of subsurface 

flaws in pavements. The key requirement is "rapid" because identification methods now exist with 

which point measurements can successfully be performed with stationary equipment. 

In this research, stress-wave based nondestructive testing techniques were examined to 

determine the feasibility of implementing these methods into a rolling pavement testing system. 

Several stress wave methods were reviewed. Two methods, the impact-echo and impulse

response methods, were chosen to be studied using both experimental tests and numerical models. 

The objective was to first examine the effectiveness and limitations of the methods on a site

specific basis, and second, to examine the feasibility of using these methods in a rolling system. 

Therefore: experimental testing was performed at three test site locations to evaluate the 

effectiveness of the impact-echo and impulse-response methods for detecting various flaws in rigid 

pavements. Cases that could not be studied experimentally were studied using results from finite 

element tests performed by Chine Chung Chiang, as part of Project 1243 (Ref 33). Secondly, 

experimental tests were performed to study the propagation behavior of stress waves in the 

frequency range of interest through a receiver wheel. Tests were performed using receivers 

mounted on wheels of various sizes and composed of various materials. Variables affecting the 

test results included wheel size, wheel mass, wheel shape, wheel tread material, and receiver 

location. These tests were performed for both the frequency range of the impact -echo test ( 1 to 20 

kHz) and the impulse-response test (10 to 1000Hz). From these test results, conclusions were 

drawn concerning the feasibility of using these stress wave methods in a mobile testing system. 
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8.2 CONCLUSIONS 

The experimental and analytical results from this research indicate that an effective rolling 

system for evaluating pavements requires that stress-wave energy be generated and received over a 

broad frequency range. At a minimum, a range from 10Hz to 20,000 Hz is necessary to detect 

most of the subsurface pavement flaws of interest. The range from 10 to 1000 Hz would be used 

for impulse-response testing to detect low-frequency flexural vibrations. The range from 1000 to 

20,000 Hz, would be used for impact-echo testing to detect high-frequency compression wave 

resonance that develops over flaws in the pavement. Assuming that good compression wave 

velocity values of the concrete were known, the impact-echo results would also provide 

information about the depth to the void interface. 

Ideally, the impact-echo testing method could be used exclusively to detect flaws in the 

pavement. This would require, however, that stress-wave energy be generated and received at the 

very high frequencies that are needed for shallow (depths to 5 em) flaw detection. For site-specific 

applications, this can often be achieved by using a special displacement transducer and small, ball 

bearing sources. The location and quality of the source impact can be monitored and repeated if 

necessary to ensure good results. In a mobile system, a single impact must consistently generate 

the necessary frequencies in the pavement. This can be difficult if the pavement is very rough or 

damaged. Therefore, use of an impacting source for a rolling testing system presents several 

practical problems. Secondly, receiving the high-frequency energy through a mobile receiver 

presents many practical problems. Tests were performed as part of this research to study the wave 

propagation behavior of stress waves through various wheels. Good energy reception could only 

be achieved up to frequencies of approximately 10 kHz. Problems that were encountered included 

energy attenuation at high frequencies and internal ringing of the wheel system. A frequency range 

to 10kHz would only provide effective impact-echo results for detecting voids at depths of 

approximately 20 em or greater. This is, therefore, not an acceptable frequency range for thorough 

evaluation of pavements. Another limitation of the impact-echo method observed from the 

experimental testing is the difficulty in detecting small, deep flaws in the pavement (flaws that are 

significantly less in extent than twice their depth). 

Impulse-response tests were shown to be effective means of detecting areas of large voids, 

especially under the edges and comers of rigid pavements. The experimental results indicate that 

when the data are displayed in terms of average mobility, as opposed to dynamic stiffness, the 

lateral extent of the void can be delineated fairly well. Also, when impulse-response results are 
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combined with impact-echo results, debonded pavement can be differentiated from pavement 

containing a void. Impulse-response results alone, however, do not detect many flaws of interest 

in the pavement. Small or deep voids that vibrate in flexure at frequencies greater than 1000 Hz 

will likely not be detected with impulse-response instrumentation. Therefore, the results from this 

method are best used in conjunction with the impact-echo results. The low and narrow frequency 

range of the impulse-response method makes it well suited for implementation into a rolling 

system. Experimental testing has demonstrated the ability to receive energy in the frequency range 

of 10 to 1000 Hz through a wheel with minimal energy loss or distortion. Furthermore, 

experimental testing has demonstrated the ability to generate consistent results from individual 

impacts of the source, even on rough pavements. 

8.3 RECOMMENDATIONS 

The problem of developing a rolling stress-wave based testing system is difficult due to the 

necessity of consistently generating and receiving high-frequency energy "on the fly". The results 

from these experimental tests have demonstrated the difficulties of receiving energy using a wheel 

mounted receiver. The following recommendations are made concerning future research of this 

problem. 

1. The use of wheel mounted receivers appears to be an inadequate solution to the 

problem of receiving high-frequency stress wave energy. The use of piezoelectric ceramic 

materials was investigated briefly as part of this research as a means of mobile energy reception. 

More detailed research could be performed to develop a wheel with a piezoelectric rim receiving 

element. Special attention would need to be paid to the durability of the wheel as well as the 

factors mentioned in this research, including wheel size, mass, and coupling material. 

2. It also appears that the development of a source to generate frequencies in the range 

from 1 to 20kHz is necessary. An impacting source is unlikely to yield the consistent results that 

are desirable for impact-echo testing. Therefore, a wheel mounted source that generates band

limited noise in the pavement is a possible solution. It may be necessary to have several sources 

that each input energy over a fixed frequency range. The use of piezoelectric ceramics is again a 

possible solution to this problem. 
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3. If a sufficient source and receiver could be developed, the system could be used for 

other means of pavement testing. Spectral-Analysis-of-Surface-Waves (SASW) testing to profile 

the pavement, for example, could be performed with such a device. 
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