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Asphalt pavements with delamination problems experience considerable early damage 
because delaminations provide paths for moisture damage and the development of damage 
such as stripping, slippage cracks, and pavement deformation. Early detection of the exis-
tence, extent, and depth of delaminations in asphalt pavements is key for determining the 
appropriate rehabilitation strategy and thus extending the life of the given pavement.

This report presents the findings of the first two phases of SHRP 2 Renewal Project R06D, 
Nondestructive Testing to Identify Delaminations Between HMA Layers. The main objective 
of the project was to develop nondestructive testing (NDT) techniques capable of detecting 
and quantifying delaminations in HMA pavements. The NDT techniques should be appli-
cable to construction, project design, and network-level assessments.

During Phase 1 of the project, the research team evaluated NDT methods that could 
potentially detect the most typical delaminations in asphalt pavements. Both laboratory 
and field testing were conducted during this task. Based on the findings from this testing, 
the manufacturers of two promising technologies conducted further development of their 
products to meet the goals of this project in Phase 2. The two technologies advanced in this 
research were ground-penetrating radar (GPR) and impact echo/spectral analysis of surface 
waves (IE/SASW).

Additionally, the project developed guidelines and piloted both NDT technologies in col-
laboration with highway agencies. Once completed, the results from this additional scope of 
work will be published as an addendum to this report.

F O R E W O R D
Monica A. Starnes, PhD, Senior Program Officer, Renewal
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The report of this study is divided into five volumes. Volume 1 is a comprehensive summary of the 
study. Volumes 2 through 5 provide more detailed technical information and are web-only.

Introduction

Several types of pavement surface distress can be attributed to delamination between hot-mix 
asphalt (HMA) layers. Longitudinal cracking in the wheel path and tearing in the surface are 
two common types of visual distress that are caused by delamination between layers. HMA 
delamination is primarily due to layer debonding or stripping. Debonding occurs when there is 
improper tack between paved HMA layers or between an HMA overlay and concrete pavement. 
Stripping develops when the aggregates and asphalt binder are incompatible, adhesion is lost, 
and water separates the asphalt binder from the aggregate. These conditions that cause pavement 
distress cannot be detected by visual inspection of the pavement, particularly in the early stages 
of the problem. The distress—cracking or tearing—are the first indicators that delamination 
may be occurring within the pavement layers.

Agencies that maintain a roadway network need a test method to detect the location and 
severity of delamination before the pavement deficiency causes visual pavement distress. The 
test method should be applicable to network-level pavement condition assessment, project-
level design investigation to select the correct rehabilitation strategy, and construction quality 
assurance.

Coring is often used to measure the depth, type, and severity of delamination after the visual 
distress appears. This test method is destructive and is not suitable for effective evaluation of long 
lengths of pavement. Nondestructive testing (NDT) methods are needed to identify the presence, 
location (depth and area), and severity of delamination in a rapid, effective manner.

The objectives of this second Strategic Highway Research Program (SHRP 2) study were to 
determine which NDT technologies could detect delamination and further to develop the most 
promising methods to accomplish construction, project design, and network-level evaluations. 
NDT technology for construction quality assurance should have the ability to detect debonding 
after placement of an HMA lift. NDT technology for project-level investigation should have the 
ability to provide a detailed identification of the location and severity of delamination. NDT 
technology for network-level assessment should have the ability to detect the presence of delami-
nation with the test equipment operating full-lane width at safe vehicle speed.

The focus of the study was to find NDT technologies that could detect the two most common 
causes of delamination: loss of bond and stripping. The criteria for evaluating each technology 
focused heavily on the ability to detect delamination, but also emphasized depth of detection, 
equipment availability, speed of data collection, and simplicity of data analysis. The review of 
literature identified four existing NDT technologies with the potential to measure loss of bond  
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or stripping. Ground-penetrating radar (GPR) is an established technology for finding sub-
surface features and is commonly used for identifying anomalies in the base and subgrade and 
for measuring pavement layer thickness. Infrared (IR) imaging, the second technology, is a rela-
tively new measurement method for pavement applications and can require long periods of 
time to observe differences in the rate of pavement surface temperature change. The third NDT 
technology is a group of methods that measure mechanical waves as they travel through material 
from a point source impact. The final NDT technology includes devices that measure pavement 
surface deflection from a large dynamic mechanical load.

Findings

Each NDT technology bases its measurement on scientific principals relating the measured 
response to material properties. Theoretical modeling was used to predict the response for 
debonding and stripping in the HMA pavement. The modeling demonstrated how each test 
method would respond, in theory, and what aspects of the pavement were key measurements. 
For example, the falling weight deflectometer (FWD) model, also used for backcalculation for 
FWD test data, showed that the amount of pavement deflection changed as the depth of delami-
nation changed but was not a linear relationship.

NDT vendors for each of the four technologies brought their devices to the National Center 
for Asphalt Technology (NCAT) Pavement Test Track and the NCAT laboratory to evaluate the 
equipment’s potential to detect delamination under controlled conditions. The controlled condi-
tions included ten 25-ft pavement sections constructed at the NCAT Pavement Test Track and two 
pavement slabs (8 ft by 4 ft by 8 in. thick) brought into the NCAT laboratory. Measurements were 
performed under warm-dry pavement conditions and under cool-wet pavement conditions. Each 
NDT device exhibited some strengths and weaknesses relative to its ability to meet the objective 
of the study. In general terms, NDT identifies where there is a discontinuity in the response of the 
pavement materials. The type of discontinuity, such as delamination or stripping, is interpreted from 
the NDT measurements. The list below provides a summary of the NDT technologies examined 
or dropped from the study. The paragraphs that follow highlight the findings for each technology.

•	 GPR (single antenna, single frequency)—dropped from this study;
•	 GPR (antenna array, frequency sweep)—developed during this study;
•	 IR thermography (all types)—dropped from this study;
•	 Mechanical wave technology [impact echo (IE)]—developed during this study;
•	 Mechanical wave technology [spectral analysis of surface waves (SASW)]—developed during 

this study;
•	 Mechanical wave technology [multiple impact of surface waves (MISW)]—dropped from 

this study;
•	 Mechanical deflection (FWD)—dropped from this study; and
•	 Mechanical deflection (lightweight deflectometer [LWD])—dropped from this study.

Three GPR vendors brought in equipment for evaluation. Their devices varied by radar fre-
quency, number of antennae, and system operation. Three observations resulted: First, GPR 
technology was easily able to identify moderate and severe stripping in the pavement  sections 
but could not detect the debonded areas unless the debonded zone contained moisture. 
 Second, a multiple GPR antenna array that could measure across at least one-half of the pave-
ment lane width in a single pass at speeds up to 40 mph was available. These units have a signifi-
cant advantage over single-antenna systems that must make multiple passes over the pavement 
to achieve full lane width coverage. Third, the output data was complex. The analysis of GPR data 
required manual manipulation by a skilled technician to distinguish discontinuities from simple 
pavement changes. The vendor who demonstrated the best potential to accomplish the study’s 
objective was selected for further NDT development and evaluation.
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Two IR thermography devices were evaluated at the NCAT Pavement Test Track and in the 
NCAT laboratory. Artificial heating was used in the laboratory to raise the temperature of the 
test slabs. The degree of change in thermal response from HMA caused by delamination was so 
small that this technology could not practically identify the delamination within the boundaries 
of the objective of the study. IR-imaging NDT technology was dropped from further evaluation.

Two mechanical wave NDT vendors brought equipment to the NCAT for evaluation. In this 
study, two specific technologies showed promise: IE and SASW. In general, IE identified discon-
tinuities in the pavement that were deeper than 4 in. and was most effective when the pavement 
was cold and the asphalt mixture was stiff. SASW identified discontinuities in the upper 5 to  
7 in. of the pavement. The success of SASW testing relies heavily on the spacing between the 
point load and the receivers. Pavement temperature was less critical for SASW, but knowledge of 
the material stiffness at the test temperature is a factor in the analysis. Both technologies could 
find the top of a discontinuity, but neither could measure the material below that depth. This so-
called “shadow” characteristic of these NDT tests conforms to the theory of the technology. Most 
of the commercially available equipment measures a single point and is manually moved to the 
next point. One device demonstrated the ability to move along a single test line and automati-
cally measure every 6 in. This ability offers a significant improvement in testing speed over static 
point testing. SASW analysis is more complicated and requires more manual adjustment of each 
measurement. One vendor demonstrated the best potential to apply both mechanical wave tech-
nologies toward the objective and was selected for further NDT development and evaluation.

Two mechanical deflection technologies, the FWD and the LWD, were also evaluated. The 
FWD sensor array was modified to obtain a more detailed picture of the initial portion of the 
deflection basin. The LWD device was operated in a standard test configuration. Both devices 
measured the entire pavement response to a heavy impact load. In theory, the pavement response 
will exhibit a weaker structure when delamination exists between the layers. The evaluation 
determined that the deflection measurements from this NDT method were not suited for iden-
tifying delamination because the test measured the entire pavement response and could not 
determine the depth of the weakness. The study also concluded that a deeper evaluation of the 
test data time series might have merit. Mechanical deflection technology was dropped from 
further evaluation.

The second phase of the study worked with the two vendors of the most promising NDT 
equipment to develop their equipment and software further and then evaluate the improved 
systems under uncontrolled field conditions. The research team worked independently with each 
vendor to identify and develop hardware and software improvements. The GPR vendor had a 
lane-width, air-launched antenna array. The hardware improvement focused on modifying the 
vehicle attachment to reduce the width of the NDT equipment for safe and secure transport 
between testing sites. The available software processed the raw data into a three-dimensional 
(3-D) visual array. Software improvements were needed to analyze the processed data array to 
locate discontinuities in the asphalt pavement automatically. This next-step software develop-
ment would flag locations in the data where the engineer could examine the GPR measurements 
in greater detail.

The mechanical wave vendor demonstrated a prototype device that automatically measured 
the pavement every 6 in. along a longitudinal path. Further development of the hardware focused 
on increasing the number of devices to measure the lane width in a single pass. Two software 
challenges needed to be addressed. The first challenge was collecting data from multiple testing 
devices created by the hardware improvement. The second challenge was automating the data 
analysis, particularly for SASW measurements. The mechanical wave data are collected as a time 
series of events. A skilled analyst must isolate the mechanical wave data from signal noise and 
input the stiffness of the pavement material. This is a time-consuming effort that examines each 
measurement individually.

The improved NDT equipment was evaluated at multiple sites across the country to place 
the equipment in realistic situations and measure different types of pavements and materials 

Nondestructive Testing to Identify Delaminations Between HMA Layers, Volume 1 - Summary

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22768


4

that each exhibited unique delamination conditions. The study planned to use sites in Florida, 
Kansas, Maine, and Washington State. The number of locations was reduced because of weather 
conditions and equipment availability. The field evaluation included evaluation of GPR in Maine 
and of both GPR and mechanical wave in Florida and Kansas.

Both NDT vendors demonstrated improvements in their hardware and software at the field 
evaluations. The GPR antenna was mounted to a column and could be easily pivoted 90° to 
swing the lane-width device for safe and efficient transport. The GPR software demonstrated 
a feature that identified significant changes in the measured signal so that the data analyst was 
given locations to examine. The mechanical wave device was expanded to three sets of hardware 
to measure three longitudinal paths simultaneously. The software collected the data without 
any loss of testing speed, but automation of the data analysis was not ready for demonstration.

Conclusions

NDT hardware to measure changes in pavement response is available. GPR technology is the 
only NDT technology that is capable of testing full lane width and at moderate testing speed. 
Advances in mechanical wave NDT equipment significantly reduce the testing time but are lim-
ited to testing at speeds of less than 5 mph.

Software to analyze the data is available and requires a highly trained technician. The level of 
automated data analysis must be improved to reduce the manual time required to obtain results.

None of the NDT technologies can conclusively distinguish between types of pavement dis-
continuities. The measurement identifies a discontinuity, or change, in the pavement condition, 
but cannot determine from the measurement why the change occurred. GPR, IE, and SASW each 
use a unique signal measurement that is influenced by the pavement condition. The technician 
will need to understand how the pavement condition influences the signal. Coring will still be 
required to confirm the nature of the discontinuity. None of the NDT technologies is capable of 
identifying partial bond or no bond due to inadequate tack coat during construction.

GPR can identify variations in the pavement, isolate the depth of a discontinuity in the pavement, 
and provide a relative degree of severity. Severe conditions, such as stripping, can be observed with 
conventional analysis software. Detecting debonding between asphalt layers with current analysis 
methodology is possible only when there is moisture trapped in the debonded area between the lay-
ers. Software to quantify the extent of discontinuities over a large survey area is needed.

IE can identify variations in the pavement below a depth of 4 in., but confident analysis 
requires the HMA to be cool and stiff. The measurement has limited ability to provide the degree 
of severity and cannot measure pavement condition below the top of the discontinuity.

SASW can identify variations in the top 7 in. of the pavement provided that the analysis uses a 
reasonable value for the stiffness of the pavement. Like IE, the SASW measurement has a limited 
ability to provide the degree of severity and cannot measure pavement condition below the top 
of the discontinuity.

GPR, IE, and SASW can be valuable project-level tools used independently or in series. As the 
NDT industry continues to improve both hardware and software, these NDT tools will become 
more effective tools for pavement evaluation. For example, data analysis software development is 
needed to make NDT into a network-level tool for detecting delamination in HMA pavements.

Recommendations

On the basis of the results of this study, the following recommendations can be made. These 
recommendations are based solely on the NDT technologies available, but should not preclude 
other innovative approaches as they develop.

1. GPR demonstrated full lane-width testing and impact echo with spectral analysis of surface 
waves (IE/SASW) improved its lane width capability from a width of 2 ft to a width of 6 ft. 
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NDT manufacturers should continue to develop their equipment to provide testing hardware 
that can measure full-lane width. The hardware development must include the ability to 
narrow the width of the equipment during transport from site to site for the safety of both 
equipment and other vehicles.

2. GPR and SASW technologies require an extensive amount of manual data analysis. NDT 
manufacturers should continue to improve the data analysis software with the goal to provide 
real-time results that would be valuable for project-level and network-level pavement assess-
ment. Software to provide real-time IE results is available.

3. Highway agencies might consider the use of GPR and IE/SASW, or both, for project-level 
pavement evaluation with the understanding of each NDT technology’s capabilities and limi-
tations. If highway agencies expressed an interest in applying NDT for pavement evaluation, 
the NDT industry would see market potential and continue to develop its equipment. A 
technical brief for each of these NDT technologies is provided in Appendices A through C.

4. GPR equipment should have an array of antennae and frequency sweep pattern ranging up to 
3 GHz. Use GPR without a lane closure to locate discontinuities in a pavement. Operate the 
GPR equipment at full-lane width at moderate travel speed to perform a preliminary assess-
ment of HMA pavement condition. The results of the GPR analysis will assist the engineer in 
identifying pavement sections that require more intensive evaluation.

5. IE/SASW equipment can be built as multiple unit pairs in a towing package. Use IE and 
SASW within a lane closure to locate the depth of pavement discontinuities. This equipment 
costs less than a lane-width GPR antenna full package costs, but the data collected are also 
less comprehensive. IE and SASW analysis together can be used to supplement GPR analysis.

6. Highway agencies might consider research funding to support development of software for 
project-level and network-level analysis.

7. Many highway agencies operate FWD equipment. Research funding should be considered to 
explore further the use of FWD time history data as an NDT tool for identifying pavement 
discontinuities.
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Problem Statement

A pavement structure consisting of well-constructed HMA 
layers or HMA overlays on portland cement concrete (PCC) 
pavement requires a certain degree of bond at the interfaces. 
It has been shown that the bond between pavement layers and 
the integrity of each layer are necessary and that, if not pres-
ent, result in shorter service life due to reduction of the total 
pavement strength, slippage, top-down cracking, and poten-
tial water damage (Van Dam et al. 1987; Ziari and Khabiri 
2007; Leng et al. 2008; Tashman et al. 2008).

Discontinuities in HMA pavements resulting from layer 
debonding or stripping often cause slippage cracking and 
damage to the structural integrity of the pavement. Debonding 
occurs when there is inadequate tack between paved HMA lay-
ers. Stripping develops when the aggregates and asphalt binder 
are incompatible and water separates the asphalt binder from 
the aggregate.

Slippage (Figure 1.1) is a visible indicator of inadequate 
bonding between an asphalt wearing course and its binder 
layer in pavements where high horizontal stresses occur. 
This distress develops in areas where braking, accelerating, 
or turning wheels move and deform the surface layer of the 
HMA structure (West, Zhang, and Moore 2005; Romanoschi 
and Metcalf 2001a). Slippage can be seen on the pavement 
surface in the form of half-moon-shaped cracks with the 
ends pointing toward the traffic direction.

Severe damage to the structural integrity of the pavement 
occurs when two bonded pavement layers lose adhesion and 
separate. When this occurs, the pavement structure is quickly 
damaged as cracking propagates through multiple layers of 
the pavement (Figure 1.2) (Willis and Timm 2007). Research-
ers have shown that loss of bond could reduce the life of a 
pavement from 20 years to 7 or 8 years. A 50% reduction in 
fatigue life might be the result of a 10% decrease in bond 
strength (West, Zhang, and Moore 2005). Other studies have 
shown that the fatigue life reduction for a fully debonded 

pavement could be much more drastic and could prompt 
the need for repairs such as full-depth patches or complete 
reconstruction (Romanoschi and Metcalf 2001a, 2001b).

Delamination can propagate more quickly if water is 
forced along the interface between two layers (Figure 1.3) by 
hydrostatic pressures imposed through trafficking (Khandal 
and Rickards 2001).

Debonding between HMA layers typically results from 
poor construction practices or water damage, or both. Con-
struction miscues, such as mixture segregation and thermal 
(density) segregation, are common discontinuities in pave-
ment structures that have been linked to delamination. 
Other construction- or design-related issues, such as paving 
thin lifts of HMA, improper cleaning of surfaces, excessive 
or inadequate tack coat, introducing water onto an HMA 
lift surface, improper compacting of the upper lifts, and 
using water sensitive aggregate in the old pavement surface, 
have all been shown to reduce the bond strength of an HMA 
pavement (Tashman et al. 2008; Mejia et al. 2008; Canestrari 
et al. 2005).

Discontinuities, like delamination, in HMA pavements 
are difficult to detect before surface distresses and move-
ments occur. The following conditions are typical indicators 
of debonding or loss of bond strength between two layers. 
However, it is difficult to detect these indicators without 
using NDT equipment.

•	 There is an increase in the amount of voids at the locations 
that have been delaminated.

•	 A higher level of moisture is often present in the delami-
nated areas.

•	 Lower density is recorded where the HMA layers are 
delaminated.

•	 Stiffness of the pavement material at the delaminated 
locations is significantly reduced.

•	 The measured surface deflection is higher in the delami-
nated areas.

C h a P t e r  1
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research Objective and Scope

The main objective of the second Strategic Highway Research 
Program (SHRP 2) Project R06D was to identify and develop 
rapid NDT techniques with near 100% continuous coverage 
that would identify and determine the extent and depth of 
delaminations and discontinuities in HMA pavements. To 
achieve this objective, this study examined NDT methods 
that could identify key indicators commonly associated with 
potential areas of delamination, including lack of bond, strip-
ping, and segregation. This study focused on NDT technolo-
gies with the potential to measure the entire lane width in a 
single pass at acceptably safe operating speeds.

As recommended by the research team’s expert panel, the 
study focused on evaluating and developing any NDT tech-
nologies for construction and postconstruction inspection 
and pavement forensic study applications that would be 
capable of identifying and determining the extent and depth 
of delaminations in HMA pavements. This study expanded 
the number of technologies investigated but did not elimi-
nate the value of speed and full-width coverage.

The research team recognized the ultimate desire to develop 
equipment for network-level capability but first needed to 
determine that each technology could identify delamination 
in HMA pavements. The research fostered NDT develop-
ments by equipment manufacturers to improve the capability 
of each technology. The study evaluated NDT technologies 
for fully bonded and unbonded conditions. While degrees 
of bond existed in real pavements, the research focused on 
developing equipment that can first identify absolute con-
ditions (i.e., bonded versus unbonded conditions). The 
research challenged the current state of the technology to 
develop NDT methods that could effectively determine the 
existence, extent, and depth of delamination.

Figure 1.1. Slippage failure due to poor bond between 
HMA layers.

•	 The horizontal movement of the surface layer that was 
delaminated from the underlying layer would be higher 
under heavy loads.

There are numerous NDT methods available to the highway 
community to help identify distress and some of the causes, 
but these methods have typically been applied as a foren-
sic tool for isolated locations where premature distress was 
already visible. A rapid NDT method is needed to determine 
the existence, extent, and depth of delaminations or discon-
tinuities during construction, and such a method is needed 
as part of project-level pavement monitoring. With a rapid 
NDT method, the appropriate pavement maintenance, repair, 
or rehabilitation strategy can be considered before the prob-
lem expands and affects pavement service and safety.

Figure 1.2. Delamination in an HMA pavement.

Source: Willis and Timm 2007.

Figure 1.3. Moisture present at HMA layers interface.

Source: Khandal and Rickards 2001.
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The research team for this study was composed of experts 
in the fields of nondestructive testing (NDT) and hot-mix 
asphalt (HMA) from multiple organizations. The organi-
zations were the National Center for Asphalt Technology 
(NCAT); Infrasense, Inc.; the U.S. Army Corps of Engineers 
Engineering Research and Development Center (ERDC); 
and the Center for Nondestructive Evaluation. In addition, 
Infrasense used two NDT consultants from the University of 
Florida and Northeastern University.

This study was divided into two phases. Phase 1 was intended 
to identify potential NDT techniques and to prepare research 
programs for developing and evaluating these techniques. 
Phase 2 was intended to conduct the research programs and to 
refine the best candidate NDT technologies.

Phase 1

In the first part of Phase 1, the research team identified and 
assessed new and existing NDT techniques that would be 
capable of determining the existence, extent, and depth 
of delaminations and discontinuities in HMA pavements. 
Some of those NDT techniques would not have the poten-
tial to provide rapid results with near 100% continuous 
coverage of the pavement area. In addition to assessing the 
existing NDT methods found in the literature review, the 
research team also contacted manufacturers of NDT devices 
to discuss potential development of new or modification of 
existing NDT techniques for determining the delamination 
between HMA layers. Invitations were sent to 21 vendors 
based in the United States and other countries to attend 
an informational meeting with the research team. During 
the informational meeting, the research team (a) discussed 
the research plan and seed money that would be used to 
encourage the companies to develop or significantly mod-
ify the equipment and (b) requested preliminary proposals 
from the vendors. The research team received six prelimi-
nary proposals from the manufacturers. The research team 

evaluated each vendor’s preliminary proposal with a vendor 
evaluation form (Figure 2.1) in which the evaluation criteria 
were based on technical, economic, and practical conditions 
facing highway engineering practitioners. The most impor-
tant evaluation criterion was the potential of the NDT tech-
nique to identify delamination.

After completing the literature review and the evaluation 
of the preliminary proposals, the research team met with the 
panel of experts (Table 2.1), who represented the expertise 
and diversity critical to assist the research team with the task 
of selecting the most promising NDT techniques for further 
evaluation. At the meeting, the research team first presented 
an overview of the SHRP 2 research objective and work plan, 
a summary of the technologies under consideration, and the 
criteria developed to evaluate the proposals from interested 
vendors. Then, the six NDT equipment vendors gave brief 
presentations on their proposals. After the vendors’ presenta-
tions, the research team shared the team’s evaluation of the 
vendors’ proposals, presented recommendations on which 
vendor proposals to advance into Phase 2, and shared the 
outline for the Phase 2 effort. The expert panel provided valu-
able comments to the research team.

On the basis of results of Phase 1, including the meeting 
with the expert panel, the following six NDT technologies, 
consisting of three ground penetrating radars (GPR), two 
mechanical wave techniques, and two infrared (IR) thermog-
raphy devices, were selected for further evaluation in Phase 2.

•	 GPR from Geophysical Survey Systems, Inc. (GSSI), USA
•	 GPR from MALA AB, Sweden
•	 GPR from 3d-Radar AS, Norway
•	 Mechanical wave from Geomedia Research and Develop-

ment (Geomedia), USA
•	 Mechanical wave from Olson Instruments, Inc. (Olson), USA
•	 IR camera from Infrared Cameras, Inc. (ICI), USA
•	 IR camera from Infrasense, manufactured by FLIR, 

Worldwide

C h a P t e r  2
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Vendor:      Evaluator:  Each Research Team Member   

ID Evaluation 

Factor 

Evaluation Level Comments Point Weight

 Key 

Indicators 

Description: 

 

 

 na na 

A Potential for 

Identifying 

Delamination 

High (8–10 points) = high potential 

Medium (5–7 points) = low potential  

Low (<5 points) = not going to work 

  40% 

B Potential to 

Implement 

High (8–10 points)= can be implemented immediately 

Medium (5–7 points) = may be implemented if modified 

Low (<5 points) = cannot be implemented  

  5% 

 Equipment    

C Equipment 

Availability  

High (8 to 10 points) = commercially available 

Medium (5 to 7 points) = modification needed 

Low (<5 points)= prototype being developed 

  10% 

D Current 

Application 

High (8 to 10 points)=– used for evaluating asphalt pavements 

Medium (5 to 7 points) = used for evaluating other pavement 

types 

Low (< 5 points) = used for other structures or have not been 

  5% 

used 

E Costs 

(Equipment + 

Operation) 

High (8 to10 points)=– < $50,000 

Medium (5 to7 points) = $50,000 ~ $150,000 

Low (< 5 points) = > $150,000 

5% 

 Measurement and Analysis    

F Speed of Data 

Collection  

 

High (8 to10 pts) = highway speed greater than 45 mph 

Medium (5 to7 points) = speed of 5 to 45 mph 

Low (< 5 points) = speed less than 5 mph, point testing 

10% 

G Depth of 

Effective 

Applicability 

High (8 to10 points) = at least the top 5 in.  

Medium (5 to7 points) = top 3 in.  

Low (< 5 points) = top 1 in. 

10% 

H Simplicity of 

Data Analysis 

High (8 to10 points) = automated with minimum training 

Medium (5 to7 points) = automated but requires expertise  

Low (< 5 points) = manual and requires expertise 

10% 

Figure 2.1. Vendor evaluation form. (continued on next page)
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I Results High (8 to10 points) = detailed location and severity (3-D 

mapping) 

Medium (5 to7 points) = detailed location, no severity ( basic 

map) 

Low (< 5 points) = general presence, no detail (tables) 

5% 

 Advantages and Limitations    

 Advantages Description: 

 

 

 na na 

 Limitations Description: 

 

 

 na na 

 Possible Description:   na na 

Modification  

 

Note: na = not applicable.  

Figure 2.1. Vendor evaluation form (continued). 

Table 2.1. Panel of Experts

Name Affiliation Expertise Area

Jim Musselman the Florida DOT Pavement material and construction

Kim Willoughby the Washington State DOT Pavement material, research, and NDT

Andrew Gisi the Kansas DOT Pavement design, geotechnical, and research

Nadarajah Sivaneswaran Federal Highway Administration Pavement management, design, and research

John Harvey University of California, Davis Pavement design, material, and NDT research

Harold Von Quintus Applied Research Associates Pavement design, evaluation, and NDT

Note: DOT = Department of Transportation.

In addition, the expert panel recommended that the research 
include deflection measurement methods. Therefore, the fol-
lowing two deflection measurement methods were selected 
for further evaluation in Phase 2. FWD with equipment from 
NCAT and LWD with equipment from ERDC.

Phase 2

Phase 2 was divided into three primary tasks: controlled eval-
uation, uncontrolled evaluation, and reporting findings. The 
first task in Phase 2 evaluated all eight NDT technology ven-
dors and assessed which components of each system needed 
further development. Each NDT technique was evaluated 

under controlled laboratory conditions (except for the FWD) 
and controlled field conditions. The controlled testing was 
performed under both warm-dry and cold-wet environmen-
tal conditions to observe the change (if any) in the NDT mea-
surement. The controlled laboratory evaluation was carried 
out by using two slabs with built-in delaminated interfaces, 
and the controlled field evaluation was conducted with test 
sections built at the NCAT Pavement Test Track to simulate 
full-scale, real-world pavement conditions.

The first round of controlled testing was conducted under 
warm and dry environmental conditions. The layout of  
the delaminated areas for both controlled laboratory and 
field evaluation sections was withheld from the equipment 
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technicians who conducted the testing and analyzed the data. 
There were no identifying marks on the test slabs or test sec-
tions. After evaluating results of the first controlled evalua-
tion, the research team shared the evaluation results with each 
NDT equipment manufacturer. The team discussed potential 
refinement of existing NDT hardware and software to improve 
the device’s ability to measure delamination between HMA 
layers. The second round of controlled evaluation was con-
ducted under cool and wet pavement conditions. The proce-
dure for evaluating each NDT technique was the same as that 
conducted in the first round of testing. However, the start-
ing location for measurements was changed slightly to alter 
the location of the delamination during the test and water was 
injected into the delamination. Plastic standpipes were installed 
at several locations and filled with water to apply hydrostatic 
pressure into the delaminated layer interfaces. It was anticipated 
that the presence of water at the delaminated interfaces would 
change the GPR’s ability to detect the delamination.

At the completion of the controlled evaluations, the research 
team assessed the controlled testing results and the proposed 
improvements of hardware and software from the manufac-
turers to select the most promising NDT methods for further 
evaluation. The selection criteria were based on technical, 
economic, and practical conditions facing highway engineer-
ing practitioners. The parameters evaluated included the 

ability to measure the extent and depth of the delaminated 
area, accuracy, repeatability, area of coverage, speed of data 
collection, and speed and sophistication of data analysis. The 
research team also met with the SHRP 2 staff and panel of 
experts to review the evaluation and selection results. Two 
NDT techniques, GPR from 3d-Radar and mechanical wave 
technique from Olson Instruments, Inc., were selected for 
further refinement and uncontrolled field evaluation later in 
the study. Seed money was distributed to the two NDT ven-
dors to encourage them to refine the equipment and software.

After the vendors had refined their equipment and analy-
sis software, the uncontrolled field evaluation was conducted 
to measure the effectiveness of the NDT technologies under 
field conditions. Each evaluation site included uncontrolled 
pavement sections that had been identified as having delami-
nation problems. Validation sites were selected in Florida, 
Kansas, Maine, and Washington State. Cores were extracted 
from areas identified as delamination by NDT techniques to 
verify the NDT results.

At the conclusion of Phase 2, all testing results were ana-
lyzed and summarized, and two reports were prepared to 
document the study. This volume summarizes the study and 
highlights the findings. Volumes 2 through 5 provide more 
detailed information for readers with specific interests. See 
Appendix D for a list of the topics in these volumes.
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Controlled Evaluation  
of NDT Techniques

Test Slabs and Pavement Sections  
for Controlled Testing

This chapter provides brief information about the test slabs 
and pavement sections. More detailed information about the 
design and construction of the slabs and pavement sections 
is presented in Volume 3, Chapter 1.

Test Slabs

Figure 3.1 illustrates the design of the delamination con-
ditions of the two test slabs. Two types of delamination—
lack of bond and stripping—were simulated at two depths. 
Three interface treatments were used to achieve bonded and 
debonded conditions at the interfaces: (a) optimum amount 
of tack coat to the receiving surface for achieving full bond, 
(b) baghouse fines from the HMA plant to the receiving 
surface to achieve no bond, and (c) placement of a separate 
1-in.-thick, uncompacted, coarse-fractionated reclaimed 
asphalt pavement (RAP) to the receiving surface to represent 
a stripping condition.

To construct the two slabs, a short pavement section was 
built at the National Center for Asphalt Technology (NCAT) 
Pavement Test Track. After the construction was completed, 
the two slabs were cut out of the pavement section. The loca-
tions of stripped and debonded interfaces were examined 
and confirmed. Finally, the two slabs were boarded and trans-
ported to the main NCAT laboratory for testing. Extreme 
care was used to lift and transport the slabs without creating 
tensile and/or bending stress cracks.

Pavement Sections at NCAT Pavement Test Track

Ten controlled asphalt pavement test sections were built in the 
inside lane at the NCAT Pavement Test Track for controlled 

field testing. There was no bond or good bond (control) at the 
interfaces between dense-graded asphalt layers. The research 
team ensured the good bond by using a tack coat and bad 
bond by using bond breakers, including baghouse fines and 
two layers of heavy kraft paper. A 1-in.-thick, uncompacted, 
coarse-fractionated RAP material was used to simulate a 
stripping condition.

The design for the controlled field test sections is illustrated 
in Figure 3.2. The test sections were designed to simulate 10 
different bonded and debonded conditions that represent a 
majority of situations encountered in the top 5 in. of HMA 
pavements. Both full-lane-width and partial lane debonding 
conditions were constructed for evaluating the NDT meth-
ods. The partial lane debonding condition included wheel 
path and two 3-ft by 3-ft squared areas. Each test section 
was 12 ft wide (full paving width) and 25 ft long. To achieve 
compaction, the full-lane-width debonded areas were only 
10 ft wide. The outer 1 ft on either side of the section was 
fully bonded to confine the experimental debonded areas for 
compaction.

The 10 pavement test sections were built in the inside lane 
adjacent to Section N5 between Stations 0+15 and 2+65 (Fig-
ure 3.3). The old pavement section built between these sta-
tions was constructed in 2000 with a 24-in.-thick HMA layer 
on top of a 6-in.-thick aggregate base. Because of deep cracks 
between Stations 0+50 and 0+75, repairs were done before the 
construction of the delamination test sections. The asphalt 
and a portion of the aggregate base layers were milled at the 
beginning of the old pavement section. For the second half 
of the experimental section, the old asphalt layer was milled 
down approximately 6 in. to accommodate leveling and the 
delamination test sections. After the milling and backfilling 
work was completed, a 6-in.-thick concrete slab was con-
structed from Station 0+15 through Station 0+65. Layers of 
HMA leveling were paved from Station 0+65 through Station 
2+65 to prepare the surface for the delamination test sec-
tions. The 10 pavement test sections, designed as described 

C h a p T E r  3
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Figure 3.1. Design of two HMA slabs for controlled laboratory 
evaluation.
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surface 
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Note: Section 1 contains no bond between 5-in. HMA overlay and PCC pavement. Section 2 contains full bond 
between 5-in. HMA overlay and PCC pavement (control section). Section 3 contains full bond between 5-in. HMA 
overlay and HMA pavement (Control Section 1 of 2). Section 4 contains partial bond between 2-in. HMA overlay 
surface lift and 3-in. HMA overlay leveling lift. Section 5 contains no bond between 2-in. HMA overlay surface lift 
and 3-in. HMA overlay leveling lift. Section 6 contains simulated stripping in the wheel path between 2-in. HMA 
surface lift and 3-in. HMA leveling lift. Section 7 contains full bond between 5-in. HMA overlay and HMA pavement 
(Control Section 2 of 2). Section 8 contains simulated stripping in the wheel path between 3-in. HMA overlay leveling 
lift and HMA pavement. Section 9 contains partial bond between 3-in. HMA overlay leveling lift and HMA pavement. 
Section 10 contains no bond between 3-in. HMA overlay leveling lift and HMA pavement. 

Figure 3.2. Layout of controlled field test sections.

in Figure 3.2, were then built on top of the concrete slabs and 
asphalt leveling course.

Three lessons were learned from the construction of the con-
trolled test sections. First, kraft paper was not strong enough 
to resist tensile forces generated by HMA paving screed as the 
screed passed over the paper. A heavier or stronger type of 
paper should be used for the upper layer. Second, after the 
RAP is placed, the material should be allowed to soften from 
solar heating and compacted with one pass of a rubber tire. 
This tightens the material in place and reduces the potential 
for the paver screed to move the material ahead. Third, paper 
was picked up by paver tires. To avoid that problem, the paper 
should be covered with loose mix ahead of the paver.

After the first round of controlled laboratory and field test-
ing in late October and early November 2009, the research 
team extracted five cores to verify the interface conditions of 
the field test sections, as follows:

•	 Two portions of Core 1 (cut from Section 1) broke at a 
depth of approximately 5 in. from the pavement surface 
during coring. This result confirmed that the baghouse 

fines placed on top of the concrete slab (at a depth of 
approximately 5 in. from the surface) caused the debond-
ing problem at the interface as anticipated.

•	 Core 2 was extracted from Section 2 (one of the control sec-
tions), and this core showed no signs of delamination as 
expected.

•	 Core 3 was extracted from Section 5. An interface of bag-
house fines (the debonding material) was observed between 
the lifts at the 2-in. depth, as expected. The layers did not 
separate during coring, indicating that some degree of partial 
bond was present at that location.

•	 Core 4 was extracted from Section 8. The interface at a depth 
of approximately 5 in. broke during coring. This inter-
face was delaminated with an approximately 1-in.-thick, 
uncompacted RAP layer.

•	 Core 5 was cut from Section 9. The core broke at the 5-in. 
interface where two layers of brown paper were used as a 
bond breaker.

In addition, before the second round of controlled labora-
tory and field testing started, a plastic standpipe was installed 
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at each of the following locations. The pipe was filled with 
water to apply hydrostatic pressure to inject water into the 
delaminated layer interfaces. This was done to investigate 
the NDT’s ability to detect the delamination when water was 
present at the delaminated seams.

•	 Section 1 at Station 0+15 and 2 ft from the inside edge to 
inject water into the delaminated interface constructed by 
using baghouse dust at a depth of approximately 5 in.;

•	 Section 4 at Station 1+03 and 2 ft from the inside edge to 
inject water into the bonded interface at a depth of approx-
imately 2 in.;

•	 Section 5 at Station 1+28 and 2 ft from the inside edge to 
inject water into the delaminated interface constructed by 
using baghouse dust at a depth of approximately 2 in.;

•	 Section 6 at Station 1+46 and 2 ft from the inside edge to 
inject water into the stripped layer constructed by using 
RAP at a depth of approximately 2 in.;

•	 Section 8 at Station 2+03 and 2 ft from the inside edge to 
inject water into the stripped layer constructed by using 
RAP at a depth of approximately 5 in.;

•	 Section 9 at Station 2+28 and 9 ft from the inside edge  
to inject water into the delaminated interface constructed 
by using baghouse dust at a depth of approximately  
5 in.; and

•	 Section 10 at Station 2+53 and 7 ft from the inside edge to 
inject water into the delaminated interface constructed by 
using baghouse dust at a depth of approximately 5 in.

Ground-Penetrating Radar

Background

Delamination can potentially be identified in radar profiles by 
the pulse reflected from the delamination boundary, or by the 
change in the overall transmission characteristics caused by 
the delamination. In asphalt pavements, if two layers of HMA 
are well bonded, the only detectable effect in the GPR signal 
would be caused by the difference in properties between the 
two layers. When delamination occurs, the damage and water 
infiltration at the debonded area can produce anomalous 
reflections beyond those that would normally occur, and the 
anomalous reflections can potentially be detected with GPR.

GPR can be used at any speed up to normal driving speeds 
with air-coupled antennae. Lane closures are not required, 
and traffic is not interrupted. Thus, personnel are not exposed 
to safety hazards. GPR can detect subsurface anomalies down 
to 24 in. in HMA with a 1-GHz horn antenna and down to  
15 in. with a 2-GHz horn antenna.

Surveys carried out by the Departments of Transporta-
tion (DOTs) in Montana and South Dakota showed that the 
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primary state DOT applications of GPR were for measure-
ment of pavement thickness (ASTM D 4748-06), bridge deck 
delamination, and depth of reinforcing steel (Maser and 
Puccinelli 2009; Maser 2005). While the use of GPR for mea-
suring pavement thickness and bridge deck delamination is 
fairly routine (Hammons et al. 2005; Maser 1999; Scullion 
and Rmeili 1997; Hammons et al. 2006; Manning and Holt 
1987; Maser 2008), GPR has been used only on a case-by-case 
basis for identifying moisture damage (“stripping”) in asphalt 
pavement (Hammons et al. 2006; Scullion and Rmeili 1997). 
For example, the Texas A&M Transportation Institute studied 
the use of GPR to detect stripping in a section of asphalt over 
concrete. The study showed that GPR was successful in accu-
rately identifying areas where stripping occurred but was not 
particularly sensitive to severity (Scullion and Rmeili 1997). 
The Georgia DOT and Applied Research and Associates car-
ried out one study in 2006 with a 1-GHz air-coupled antenna 
along with infrared thermography (IR), falling weight deflec-
tometer (FWD), and mechanical wave methods. The study 
found that GPR was not a stand-alone solution but was help-
ful in focusing the efforts of the more accurate point tests 
(Manning and Holt 1987).

Theory and Modeling

GPR transmits electromagnetic energy and receives reflec-
tions from the pavement layers. Dielectrics of each layer are 
then determined and can be used to determine the delami-
nation boundary. For example, areas where there is a high 
dielectric constant indicate the presence of moisture due to 
water’s relatively high dielectric constant of 81 versus typi-
cal pavement material constants ranging from 4 to 12. Other 
contributors to a pavement’s varying dielectric constant are 
the conductivity of the pavement and air void content.

As part of this project, an analytical simulation study was 
carried out to investigate the ability of GPR systems to detect 
asphalt pavement delamination. The study investigated an 
8-in.-thick pavement radiated by both 1- and 2-GHz anten-
nae. The delamination was modeled as a 1-mm-thick air- or 
water-filled gap in the asphalt structure, located at depths 
of 2 and 4 in. from the surface. Later-stage delamination 
(stripping) was modeled as a 1-in.-thick granular material 
with higher void ratio and moisture content than would be 
expected of a properly constructed asphalt mixture. Single 
monostatic and bistatic antenna configurations were consid-
ered in the modeling study.

In all cases, the 2-GHz antenna provided better results 
than those of the 1-GHz antenna. Both frequencies provided 
adequate resolution down to the bottom of the pavement  
(8 in. or 200 mm). Changing the height of the transmission 
and receiving antenna pair from zero to 0.12 in. (3 mm) 
above the surface seemed to have little discernible impact 

on the results. As expected, water-filled delaminations were 
much more evident in the simulation results than were air-
filled delaminations of the same size.

A bistatic move-out simulation showed that a spacing 
between transmit and receive antennae was often desirable. 
However, the ideal separation was governed by a variety of 
factors, including depth of damage and the electromagnetic 
properties of the materials—both of which affected the angle 
of reflection. For this reason, an array configuration with a  
single transmitter and multiple receivers may be beneficial. 
From the move-out results, it appears that spacing between 100 
and 170 mm (3.9 and 6.7 in.) is optimal for detecting delami-
nation. More details are presented in Volume 2, Chapter 1.

Equipment

A typical GPR system consists of an antenna, a control cable, 
and a data acquisition, control, and display unit. Some GPR 
systems are able to run multiple antennae simultaneously. 
The frequency and type of GPR antenna generally control the 
depth of penetration and the level of detail. Low-frequency 
antennae (200 to 400 MHz) can penetrate deeper (6 to 8 ft) 
but do not provide the level of detail required to distinguish 
pavement layers. Higher-frequency antennae (1 to 3 GHz) 
provide the pavement layer detail but have penetration limits 
of 1 to 3 ft. Ground-coupled antennae provide good penetra-
tion into the pavement but must be operated at low speeds, 
while air-coupled horn antennae can collect data at normal 
driving speeds.

For the pavement delamination application, it is appropri-
ate to focus on high-frequency antennae to obtain the detail 
required for delamination detection. Also, it is of interest to 
look at arrays of multiple antennae, so that the full width of 
the pavement can be investigated and the horizontal extent 
of delamination can be distinguished. With these objectives 
in mind, the following equipment systems were considered.

•	 A 3-GHz “horn antenna” (Figure 3.4a) and a 2.6-GHz 
“ground-coupled” antenna (Figure 3.4b) provided by GSSI. 
The GSSI system focused on the implementation of new 
high-frequency antennae that would have the resolution to 
detect the small changes associated with pavement delamina-
tion. The specific advantage of the horn antenna is that it is 
noncontact and can be used to survey a pavement at much 
higher speeds than can a ground-coupled antenna, which 
requires contact with the pavement. The horn antenna tested 
as part of this work was a prototype. The ground-coupled 
antenna is a currently manufactured product.

•	 A 1.3-GHz ground-coupled antenna array (MIRA) (Figure 
3.5a) and a 2.3-GHz ground-coupled antenna (Figure 3.5b) 
provided by MALA AB. The MIRA system from MALA is a 
16-channel array that has the advantage of obtaining greater 
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coverage with multiple paths from the array of transmitters 
and receivers. The MIRA’s disadvantage is that it is a ground-
coupled system that is deployed at a relatively low (walking) 
speed, and the antenna frequency (1.3 GHz) is not opti-
mal for delamination detection. To address those concerns, 
MALA also tested a 2.3-GHz ground-coupled antenna for 
which a high-speed deployment arrangement was available.

•	 A swept frequency (150 MHz to 3 GHz) noncontact 
antenna array provided by 3d-Radar (Figure 3.6). The 3d- 
Radar system uses a 29-channel array (14 transmitters and 
15 receivers) producing 29 channels of data. The system  

is operated in a swept frequency mode from 150 MHz to 
3 GHz, thus producing data over a wide range of depths. 
The array has the coverage advantages described above for 
the MIRA system. In addition, the antenna elements are 
housed in a single unit that operates about 6 to 12 in. above 
the pavement surface.

Controlled Laboratory and Field Testing

Controlled laboratory and field testing were conducted 
in two rounds. For the first round of testing, the GSSI and 

(a) (b)

Figure 3.4. GSSI GPR equipment at NCAT Pavement Test Track: (a) prototype 3-GHz horn antenna and  
(b) 2.6-GHz ground-coupled antenna.

(a) (b)

Figure 3.5. MALA GPR equipment at NCAT Pavement Test Track: (a) 1.3-GHz ground-coupled antenna array 
(MIRA) and (b) 2.3-GHz ground-coupled antenna.
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3d-Radar systems were evaluated on November 8–9, 2009, 
and the MALA system was tested on November 22, 2009. The 
second round of testing took place on March 7–8, 2010, for 
all the systems.

The first round of laboratory and field testing was carried 
out in an “as-is” condition. In the second round of testing, 
water was introduced into the delaminated areas by using 
standpipes to see whether the presence of water would affect 
their detection.

Controlled laboratory testing

The three GPR technologies were evaluated in the NCAT 
laboratory by using two slabs with intact and delaminated 
interfaces as described previously. More information about 
the laboratory testing of the GPR technologies is provided in 
Volume 3, Chapter 2.

The data analysis was presented as “time-depth slices,” 
showing amplitude variations for the multiple antenna data 
lines within a particular time range (slice). The time slice was 
converted to a depth slice by using an assumed dielectric con-
stant, which for asphalt is typically between 5 and 6. The depth 
slices presented by each organization were accompanied by 
supporting B-scan samples for individual lines of data.

The results of the first and second rounds of testing on 
Slab A are shown in Figure 3.7. Only the GSSI 3-GHz horn 
antenna depth slice for Round 1 was able to detect a signifi-
cant anomaly in the delaminated area. After the water was 
introduced in Round 2, however, each of the three systems 
detected an anomaly in this area.

Figure 3.8 shows the results obtained for Slab B. In the 
results of the first round of testing, both the GSSI and 
3d-Radar systems detected an anomaly near the debonded 

interface at a depth of 4 in. No anomaly was detected in the 
stripped area. This is surprising because (a) the debonded 
interface at a depth of 4 in. in Slab B should be harder to 
detect than the debonded at a depth of 2 in. in Slab A, and  
(b) the stripped area should be much easier to detect with 
GPR than the debonded interface. This observation suggested 
that the property discontinuity at the debonded interface at a 
depth of 4 in. was more pronounced than one would expect. 
As with the debonded interface at a depth of 2 in. in Slab A, 
the detection of the debonded interface at a depth of 4 in. in 
Slab B was enhanced by introducing moisture.

Controlled Field testing at nCat Pavement test traCk

All testing was conducted on the pavement sections with 
simulated no-bond and good-bond conditions. A brief 
description of the field evaluation of each GPR technology 
is presented in this section. More information about the field 
evaluation of the GPR technologies is presented in Volume 3, 
Chapter 2.

GSSI tested the 2.6-GHz ground-coupled antenna pair 
and the prototype 3-GHz horn antenna, and each system 
was deployed from a survey vehicle as shown in Figure 3.4. 
The first round of field testing evaluated both systems, but 
the second round of testing focused on the 3-GHz horn. The 
tests were carried out by using a series of parallel survey lines 
spaced initially at 1 to 1.5 ft apart and ultimately at 6 in. apart. 
Data were collected at rates ranging from 4 to 12 scans/ft. 
The position of the data was registered by using a distance 
encoder mounted to the wheel of the test vehicle. Data col-
lection speed ranged from 3 to 5 mph. The 2.6-GHz ground-
coupled antenna pair was placed end-to-end on a skid plate, 
while the horn antenna was suspended about 12 in. above the 

Figure 3.6. 3d-Radar swept frequency (150 MHz to 3 GHz) noncontact array: (a) rear view and (b) side view.

(a) (b)
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pavement surface with a wooden support beam. The align-
ment of the data lines was visually maintained by the vehicle 
driver by using spacing markers painted on the pavement 
surface every 100 ft.

For the first round of field testing of the MALA equip-
ment, the conditions were rainy, and the pavement was 
wet at the test track. Testing included a pair of 2.3-GHz 
ground-coupled antennae and a 16-channel MIRA system 
using 1.3 GHz antennae (Figure 3.5). At the test track, the 
2.3-GHz antennae were attached end-to-end, and data 
was collected as a series of parallel survey lines spaced 1 ft 
apart. The MIRA system (covering about 30 in. in width) 
covered the full width of the test lane by using six over-
lapping passes. The MIRA data were collected by using 
three transmit-receive antenna configurations, including 
standard (monostatic), end-fire array, and common mid-
point (CMP). The MIRA system was deployed by using 
a wheeled cart, and position of the data was obtained by 
using a total station. The 2.3-GHz antennae were deployed 
by using a wheeled cart, and position was recorded with a 
linear distance encoder. The second round of testing was 
conducted under more favorable field conditions by using 

the same antenna systems. However, the 2.3-GHz antenna 
cart deployed four antennae side-by-side.

In the first round of field testing, 3d-Radar used a 7.5-ft 
(2.3-m)-wide antenna unit housing 29 antenna elements and 
producing 29 channels of data. The horizontal coverage of 
this array was approximately 7.4 ft (2.25 m). The elements 
produced data by using a swept frequency with a range of 
150 MHz to 2.69 GHz. Signal generation and data acquisi-
tion were controlled by a unit called the “GeoScope,” which 
was mounted in the bed of the test vehicle. Data location was 
registered by using a linear distance encoder mounted to one 
of the antenna support wheels. Three acquisition configura-
tions were evaluated by varying the density of the data in the 
x and y directions and the corresponding speed of data col-
lection. Full coverage of the test section was obtained with 
two overlapping longitudinal runs of the system, one on the 
left half of the lane and one on the right half. For the second 
round of testing, 3d-Radar used a smaller, 29-channel unit 
(Figure 3.6) that had a frequency-sweep range of 140 MHz 
to 3 GHz and a lateral coverage width of approximately 4.9 ft 
(1.5 m). The test area was scanned with five parallel overlap-
ping longitudinal runs.
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The GPR data for each system were analyzed by using a time-
depth slice technique, which is a representation of the reflec-
tion activity in a horizontal plane at a particular time and depth 
interval. Time-depth slice data obtained for each GPR system 
in Sections 4, 5, 6, and 7 (Figure 3.9) show that all systems were 
sensitive to the stripping condition located in Section 6, and 
to the presence of moisture in debonded areas, as noted by the 
standpipe locations. Other than where moisture was present, 
the GPR systems are not able to detect the extensive presence of 
debonding at a depth of 2 in. in Sections 4 and 5.

Time-depth slices for Sections 8, 9, and 10 (Figure 3.10) 
also show that all systems were able to detect the stripping 
condition located in Section 8 at a depth of 5 in., as well as 
the presence of moisture in the debonded areas at a depth of 
5 in. in Sections 9 and 10. None of the systems appeared to be 
capable of detecting the extensive areas of debonding in Sec-
tions 9 and 10 when moisture was not present. The 3d-Radar 
system was tested at three different speeds: 5, 10, and 30 km/h. 
In order to achieve the higher speeds, the sampling grid was 
progressively increased in size from 7.5 × 10 cm to 15 × 30 cm. 
The higher collection speeds provided the same stripping 
information as did the lower collection speeds, but the 
detailed boundaries of the damaged areas for higher speeds 
were less clear.

Infrared Thermography

Background

The use of IR thermography for detecting delamination is 
based on the disruption in heat flow caused by the delamina-
tion. In the presence of a heat source, the disruptions in heat 
flow lead to temperature differences on the surface, which can 
be detected by an IR camera. In manufacturing and aerospace 
industries, the heat source is generally provided by heat lamps 
or other controllable power sources. For large structures such 
as bridge decks and pavements, the heat source has generally 
been solar energy. When the pavement surface is exposed to 
solar radiation, the temperature above a delaminated inter-
face increases relative to neighboring intact areas as a result 
of the disruption in vertical heat flow caused by the delami-
nation. In bridge decks, for example, delaminated areas can 
be as much as 5°C hotter during daytime hours than the 
surrounding sound areas (Holt and Eckrose 1989). At night, 
the delaminated interfaces cause the surface above them to 
dissipate heat faster than the surrounding solid areas, so the 
surfaces above the interfaces register cooler. These tempera-
ture differentials are normally detected by using an IR cam-
era. In order to enable the IR camera to detect the pavement 
temperature differences, certain environmental conditions 
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Figure 3.9. GPR time-depth slices for Sections 4, 5, 6, and 7.

Figure 3.10. GPR time-depth slices for Sections 8, 9, and 10.
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are required, including a minimum temperature difference 
of 0.5°C and a wind velocity of less than 30 mph (ASTM 
D4788-03).

Interpretation of the IR image should be done with some 
field confirmation data, such as taking cores. Also, the IR data 
are generally accompanied by a visual image to ensure that 
the observed anomalies are not related to surface blemishes 
or stains. Typically, the confirmation testing consists of coring 
the pavement in locations determined during the IR survey. 
These locations include both delaminated and sound areas. 
This procedure will establish what the delaminated areas look 
like in the IR image. Under favorable conditions for bridge 
decks, 80% to 90% of the existing delaminations can be 
detected with the IR camera (Manning and Holt 1987). The 
main limitation of the IR thermography technique is its lack 
of ability to determine the exact dimensions (depth and size) 
of the localized defects.

IR thermography has been used routinely by state highway 
agencies for detecting delamination bridge decks. This appli-
cation has been carried out as part of the Wisconsin DOT’s 
statewide deck inspection program, and by the Illinois DOT 
on a case-by-case basis. The use of IR thermography in HMA 
pavements has been primarily for detecting segregation in 
newly placed HMA (Stroup-Gardiner and Brown 2000). 
In this latter application, the hot asphalt provides the heat 
source, and segregation produces the detectable temperature 
changes. This application has been implemented primar-
ily by the Washington State DOT and the Texas DOT. The 
Washington State DOT uses hand-held IR cameras for qual-
ity control to image the newly placed pavement and to locate 
potential problem areas. The Texas DOT has pursued the use 
of an array of IR sensors mounted behind the paver to pro-
vide feedback on problem areas during the paving process.

Theory and Modeling

The use of IR thermography is based on the detection of sur-
face thermal anomalies associated with subsurface defects. 
These anomalies develop under the influence of solar heat-
ing and cooling. To evaluate the potential effectiveness of this 
method, thermal models were used to calculate the magnitude 
of surface thermal anomalies associated with delamination. In 
the model, solar radiation was modeled as a triangular input 
radiation pattern from sunrise to sunset, with a maximum 
value of 800 W/m2 and with radiational cooling and convec-
tion to ambient temperature taking place when there was no 
sunshine. Two types of solar inputs were considered. The first 
type was a continuous solar input assuming that the pave-
ment was continuously exposed to the sun. The second type 
assumed that the solar input was blocked for a period of time.

An 8-in.-thick pavement was modeled, with delamination 
at a depth of 2 in. The thickness of the delamination was 

0.04 in. (1 mm), and the delamination was filled with either air 
or water. The delamination was considered as either continu-
ous or intermittent. A stripped layer 0.6 in. (15-mm) thick at a 
depth of 2 in. was also modeled, as both dry and wet. This layer 
was assigned lower density than the surrounding asphalt and 
thermal properties associated with its composition.

The results of each analysis were presented as a temperature 
difference between the delaminated case and the intact case. 
If this difference exceeds the detectability limits of a typical 
commercial IR camera, the condition can be detected in the 
field. On the basis of the results, it appears that the tempera-
ture differentials produced by a dry, stripped pavement layer 
were below the threshold of detectability. On the other hand, 
the temperature differentials for an air-filled delamination 
area were up to 3°C, which was within the detectable range. 
Considering intermittent or partial contact, the maximum 
temperature differential decreases to half, and the likelihood 
of detection reduces. Unlike with GPR, the presence of mois-
ture in the delamination or stripped area reduces the detect-
ability with IR thermography. More details of this modeling 
work are presented in Volume 2, Chapter 2.

Equipment

IR thermography equipment is produced by a number of 
manufacturers, and numerous models are available for dif-
ferent applications. IR temperature measurements can be 
made at a point by using spot radiometer, or imaged over an 
area by using an IR camera. The imaging cameras are most 
commonly used for IR thermography, since the cameras visu-
ally reveal the thermal anomalies of interest. The cost of an 
IR camera can range from $1,000 to $100,000, depending on 
the camera’s features and capabilities. A typical camera has an 
array of sensors that emit voltage proportional to incoming 
IR radiation. The incoming radiation focuses on the array by 
using a lens, and calibration data are used to convert radia-
tion to temperature. In order to detect the levels of incoming 
radiation accurately, the detector array must not be sensitive 
to the internal temperature of the camera. Some cameras are 
electronically cooled to achieve this purpose, while others do 
not require cooling. An IR camera can provide a real-time 
thermal image and record the image in a format similar to a 
standard video file.

Two IR cameras were made available for this testing: an 
Infrared Cameras, Inc. (ICI) 7320 camera and a FLIR Systems 
A40M camera with a wide-angle lens. The ICI 7320 camera 
has a resolution of 320 × 240 pixels and a frame rate of 30 Hz. 
The FLIR A40M camera also had the same pixel resolution but 
a maximum frame rate of 60 Hz. The wide-angle lens was used 
in conjunction with the FLIR camera so that a full lane width 
could be captured from a mounting platform about 13 ft above 
the pavement surface. The ICI camera has a similar wide-angle 
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lens, but this lens was not available at the time of testing. The 
primary difference between the two cameras is size. The FLIR 
camera weighs about 3 lbs and measures 3 in. × 3 in. × 6 in., 
and the ICI camera is about the size of a pocket digital camera.

Controlled Laboratory Testing

For each test slab, the IR cameras were operated from a lad-
der to provide sufficient height to allow a complete IR image 
view of the entire test slab. A series of still IR images were 
recorded at specified times during the heating/cooling cycle 
of the test slab. The slabs were heated by using an array of 
eight high-intensity heat lamps, and the surface and bottom 
slab temperatures were continuously monitored during the 
heating process. During the heating process, the area around 
the heated slab was enclosed to contain the heat.

After the slabs were heated, thermal anomalies are observed 
on both slab images. For Slab A, one of the anomalies was 
located in the intact section, and thus was apparently caused 
by factors other than subsurface delamination (for example, 
uneven heating). The anomalies in Slab B could be related to 
the debonding and stripping at 4 in. depth, but the results of 
Slab A suggest that these anomalies could also be due to other 
factors. Therefore, the laboratory IR tests were inconclusive. 
More details of the controlled laboratory testing of IR ther-
mography techniques are presented in Volume 2, Chapter 3.

Controlled Field Testing at the NCAT 
Pavement Test Track

For controlled field testing, an IR camera mounting and 
recording system was provided, as shown in Figure 3.11.  

Testing with this system was carried out continuously for both 
the FLIR and ICI cameras by using a vehicle speed of approxi-
mately 3 mph. During each test, IR images were collected at 
1-ft intervals and sequentially stored on the laptop hard drive. 
Simultaneously, a visual video image was recorded through 
a digital video recorder. The distance traveled was encoded 
with a counter and superimposed on the video image using 
a video overlay device. The first round of IR system tests was 
carried out on November 8, 2009. Two series of tests were 
carried out: the first from 1 to 2 p.m. and the second from 3 
to 4 p.m. The temperature conditions on the pavement were 
relatively the same during each series of tests. The weather 
conditions were sunny with temperatures in the 60°F range.

The second round of controlled field testing was carried 
out on March 7–8, 2010. One of the objectives of this second 
series was to explore a larger range of temperatures. During 
this second round, tests were carried out with ambient tem-
peratures ranging from 34°F to 62°F and with pavement tem-
peratures ranging from 35°F to 105°F.

The IR images from the test track test section were spliced 
together to produce a single composite strip IR image for the 
entire test section. One such image was produced for each test. 
The images were evaluated visually, in conjunction with the 
visual video data, to identify IR anomalies that could be associ-
ated with subsurface debonding, delamination, and stripping.

Figure 3.12 shows an example of the analysis of the IR 
data. The figure shows a portion of the composite IR image 
representing Sections 4, 5, 6, and 7 at the test track. The 
image shows some anomalies in Section 6 in the area where  
0.75 in. of RAP was placed 2 in. down from the surface to sim-
ulate stripping. However, examination of the surface video 
shows those anomalies to correspond with surface features 

FLIR camera

Figure 3.11. Infrared thermography setup for testing at the NCAT Pavement 
Test Track.
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and tire marks, rather than subsurface features. In general, the 
IR image anomalies did not clearly correlate with the known 
subsurface defects placed in the test sections.

Mechanical Wave Methods

Background

Mechanical energy wave methods are used for determining 
material properties and detecting defects based on the princi-
ples of elastic wave propagation. The methods are conducted 
by striking the surface of a material, generating elastic waves, 
and receiving the waves propagating to two or more locations 
at some distance from the source impact. There are two types 
of elastic waves: body waves (i.e., P-waves or S-waves) and sur-
face waves (R-waves). Surface waves have higher amplitudes 
and lower frequencies than do body waves (Mejia et al. 2008).

Two mechanical wave methods—impact-echo (IE) and 
spectral analysis of surface waves (SASW)—have been used 
for evaluating bonding condition between HMA layers. More 
commonly, IE has been used in bridge deck evaluations and 
pavement evaluations. High-frequency mechanical waves 
(ultrasound) are used in railroad engineering for detect-
ing small fractures and flaws in rail. IE identifies body-wave 
reflections in the surface response, and SASW determines the 
changes in surface wave dispersion characteristics and elastic 
properties (Mejia et al. 2008).

Theory and Modeling

Munoz (2009) conducted an extensive evaluation of the 
capabilities of mechanical wave testing methods to charac-
terize pavements containing delaminations. The evaluation 
utilized finite element simulations and included IE, impulse 
response, and ultrasonic surface waves (USW) methodolo-
gies. The study concluded that (a) IE can detect totally and 
partially debonded defects and can determine defect depth 

for depths greater than 4 in. (100 mm), (b) impulse response 
can detect defects for delamination depths less than 6 in.  
(150 mm), and (c) USW technology can detect totally 
debonded defects, but not partially debonded defects and not 
for depths greater than 4 in. (100 mm).

In a study carried out as part of this project, the use of sur-
face waves with one source and up to 20 receivers was consid-
ered. This was an enhancement over SASW, which typically 
uses only two receivers. The study also used a finite element 
model, in which the delamination was represented both as a 
thin layer with low modulus and by an interface element that 
allowed sliding between layers. Both representations yielded 
similar results. The study concluded that delaminations are 
detectable by measuring surface waves and showed how the 
detectability increased as the delamination became closer to 
the surface and as the area of the delamination increased. More 
details of this modeling are presented in Volume 2, Chapter 3.

Equipment Availability

Mechanical wave testing devices from Geomedia and Olson 
were evaluated by the research team. Geomedia manufac-
tures the portable seismic pavement analyzer (PSPA). Olson 
manufactures several pavement testing devices, including the 
scanning IE/SASW device and the multiple impact of surface 
waves (MISW) device.

The PSPA (Figure 3.13) can automatically conduct both IE 
and SASW tests simultaneously. SASW tests measure the stiff-
ness, and IE tests measure the thickness of the bound layer. 
The PSPA is used to estimate the in-situ modulus of asphalt 
and concrete pavements and determine relevant strength 
parameters to a depth of 12 in. for use in pavement evalu-
ations. Moduli estimated with the PSPA are low-magnitude, 
high-frequency values.

The PSPA is operated from a laptop computer connected 
by a cable to an electronics box that transmits power to the 

Figure 3.12. Infrared strip image of Sections 4 through 7.
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receivers and the source. The source strikes the pavement sur-
face and generates stress waves that are detected by the receiv-
ers. The measured signals are returned to the data acquisition 
board in the computer. The system measures the velocity of 
the propagated surface wave and computes the material mod-
ulus. Testing duration is typically 1 min per test. This dura-
tion includes three test replicates at one location.

The scanning IE/SASW device was initially developed for 
IE testing on concrete bridge decks while being towed behind 
a truck at a speed of 1 to 2 mph. The system consists of two 
transducer wheels made of high-density polyethylene with 
six embedded receiver sensor heads from Olson Instruments 
around the circumference of each wheel at 6-in. intervals. Each 
sensor head is paired with a small steel solenoid impactor. The 
wheels are coupled together with a rubber isolated axle, which 
provides alignment for SASW testing or misalignment for IE 
testing. Figure 3.14 shows a photo of the scanning IE/SASW 
system.

The MISW method collects data similar to that collected 
with the SASW method but involves multichannel data-
processing techniques to determine pavement modulus and 
thickness information. Hence, the amount of data collected 
with the MISW method is significantly greater than that col-
lected with the SASW method. An accelerometer is placed 
on the pavement surface, and several impactors are triggered 
at various distances from the accelerometer to measure the 
surface wave responses.

Controlled Laboratory and Field Evaluation

Portable seismiC Pavement analyzer

Data obtained from testing the test sections on the test track 
were analyzed by evaluating the shapes of the time and fre-
quency domain plots and by determining the average vector 
distances. Then, probabilities of the pavement to be bonded 
were determined for each testing location. The worst case (a 
5% probability of being bonded) was determined based on 
the average vector distances of the shallow delaminated por-
tion of the laboratory slab. The best case (100% probability 
of being bonded) was determined d on the basis of the aver-
age vector distances of Section 3 (one of the control sections) 
on the test track. Probabilities of being bonded for other test 
points on the test track were determined d on the basis of the 
worst and best conditions.

Figure 3.15 shows the probabilities of being bonded for 
all the test points on the test track d on the basis of aver-
age vector distances. The probabilities are given for the data 
collected in October and February along with the pavement 
temperature at the time of testing. Section 2, consisting of 
bonded HMA over portland cement concrete (PCC), had a 
more abnormal and sensitive power distribution because the 
PCC layer may have provided additional reflected energy to 
confound the analysis method.

On the basis of design of the test sections, most test loca-
tions with probability of 0.6 or more were in bonded areas, 
while most of those test locations with probability of 0.5 or less 
were in delaminated areas. On the basis of the above probabil-
ity levels, the PSPA was able to detect approximately 69% and 
78% of delamination in the warm and cool temperature condi-
tions, respectively. The PSPA did a better job of identifying the 
delamination in the cooler pavement temperature conditions.

Overall, the PSPA was able to identify the bonded sections. 
The nondestructive device had a difficult time detecting the 
delamination at 2-in. depth when the baghouse dust was 
used. However, the PSPA was able to detect the delaminated 
areas at 5-in. depth by using the baghouse dust, particularly 
in the cooler pavement temperature conditions. This test 
does not provide continuous measurement of the bond, but 
the test does identify bond for each test location. More details 
of the controlled evaluation are in Volume 3, Chapter 4.

Figure 3.13. PSPA Testing at NCAT Test Track.

Figure 3.14. Scanning IE/SASW System 
Used for Controlled Testing.
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Test Date October 2009
Test location (ft)  > 17.5 22.5 27.5 32.5 37.5 42.5 47.5 52.5 57.5 62.5

Test Line 1  > 0.1 0.2 0.2 0.2 0.1 0.4 0.9 0.6 0.5
Test Line 2  > 0.2 0.3 0.2 0.1 0.1 0.9 0.8 0.9 0.9 1.0
Test Line 3  > 0.2 0.2 0.2 0.3 0.5 1.0 1.0 0.7 1.0 0.8
Test Line 4  > 0.4 0.2 0.1 0.1 0.1 0.8 1.0 0.9 0.9 0.9

Pavement Surface Temperature (F) > 63° 64° 65° 64° 66° 69° 70° 70° 71° 70°
Test Date February 2010

Test Line 1  > 0.1 0.2 0.2 0.5 0.2 0.7 0.3 0.3 0.7 0.6
Test Line 2  > 0.3 0.2 0.3 0.2 0.3 0.7 0.6 0.6 1.0 1.0
Test Line 3  > 0.2 0.2 0.2 0.3 0.7 0.6 0.6 0.7 0.7 1.0
Test Line 4  > 0.6 0.1 0.1 0.2 0.7 1.0 0.9 0.6 1.0

Pavement Surface Temperature (F) > 41° 42° 41° 41° 40° 42° 44° 47° 49° 51°

67.5 72.5 77.5 82.5 87.5 92.5 97.5 102.5 107.5 112.5 117.5 122.5 127.5 132.5 137.5
1.0 1.0 0.8 1.0 0.8 0.9 0.6 0.5 0.4 0.0 0.6 0.3 0.9 0.8
1.0 0.8 1.0 0.7 1.0 0.9 0.9 0.9 1.0 0.8 0.1 0.3 0.8 0.8 0.7
1.0 1.0 0.9 1.0 1.0 1.0 0.4 0.8 0.2 1.0 1.0 0.4 0.1 1.0 0.3
1.0 0.9 0.7 1.0 0.7 0.9 1.0 0.9 0.8 0.9 0.7 1.0 0.7 0.7 0.6
70° 71° 71° 70° 71° 72° 74° 81° 81° 84° 85° 85° 86° 86° 86°

0.9 1.0 1.0 0.9 1.0 1.0 1.0 0.5 0.8 0.3 0.1 0.3 0.2 0.5 1.0
1.0 1.0 1.0 1.0 0.8 0.9 1.0 1.0 1.0 1.0 0.1 0.2 1.0 1.0 1.0
1.0 0.8 0.8 1.0 1.0 0.8 0.7 1.0 0.2 1.0 1.0 0.4 0.1 1.0 0.7
1.0 0.9 1.0 1.0 0.9 0.9 1.0 1.0 1.0 1.0 1.0 1.0 0.8 0.1 0.8
52° 52° 53° 53° 54° 55° 56° 57° 59° 59° 58° 53° 51° 51° 52°

142.5 147.5 152.5 157.5 162.5 167.5 172.5 177.5 182.5 187.5 192.5 197.5 202.5 207.5 212.5
0.8 0.3 0.8 0.7 0.6 0.8 0.7 0.8 0.7 0.8 0.5 0.5 0.6 0.5 0.3
0.9 0.6 1.0 0.8 0.8 0.7 0.9 0.5 0.7 0.5 0.6 0.6 0.7 0.7 0.2
0.8 0.6 0.8 0.8 0.8 0.9 1.0 1.0 0.7 0.9 0.8 0.7 0.7 0.8 0.4
0.2 0.1 0.8 1.0 0.9 0.6 0.7 0.9 0.6 0.7 0.6 0.7 0.7 0.4 0.6
87° 86° 86° 87° 84° 84° 83° 82° 52° 84° 85° 84° 84° 85° 52°

1.0 0.1 0.6 1.0 1.0 1.0 1.0 0.3 0.1 1.0 1.0 0.2 0.4 0.5 0.3
0.7 0.9 0.8 1.0 1.0 1.0 1.0 1.0 1.0 0.7 0.3 0.4 1.0 1.0 0.3
1.0 1.0 0.8 0.9 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.5 0.6 0.8
0.2 0.1 0.1 0.2 0.6 1.0 1.0 0.9 1.0 0.5 0.5 1.0 0.6 0.3 1.0
53° 53° 51° 51° 51° 51° 51° 51° 51° 51° 51° 51° 52° 53° 53°

217.5 222.5 227.5 232.5 237.5 242.5 247.5 252.5 257.5 262.5
0.3 0.7 0.6 0.1 0.1 0.5 0.3 0.0 0.8 0.2
0.8 0.9 1.0 0.6 0.9 0.2 0.3 0.6 0.6 0.3
1.0 0.7 0.7 0.5 0.6 0.7 0.6 0.5 1.0 0.6
0.6 0.6 0.5 0.6 0.8 0.7 0.8 0.7 0.5 0.4
52° 52° 52° 52° 52° 53° 54° 55° 58° 58°

0.4 0.4 0.6 0.4 0.5 0.3 0.4 0.3 0.5 0.2
0.5 0.5 0.9 0.3 0.3 0.1 0.4 0.1 0.3 0.2
0.6 0.2 0.4 0.4 0.3 0.3 0.5 0.4 0.5 0.7 0.1 0.3 0.5 0.7 1.0
0.6 0.4 0.2 0.6 0.3 0.4 0.6 0.8 0.5 0.3 >> increasing bond >>
53° 54° 54° 55° 57° 58° 58° 58° 57° 58°

Section 9 Section 10

Section 1 Section 2

Section 3 Section 4

Section 6 Section 7 Section 8

Section 5

Sect 1 – no bond at 5-in. depth
Sect 2 – full bond (control)
Sect 3 – full bond (control)
Sect 4 – partial bond at 2-in. depth
Sect 5 – no bond at 2-in. depth
Sect 6 – partial stripping at 2-in. depth
Sect 7 – full bond (control)
Sect 8 – partial stripping at 5-in. depth
Sect 9 – partial bond at 5-in. depth
Sect 10 – no bond at 5-in. depth

Figure 3.15. Probabilities of test track test points to be bonded.
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Scanning iE/SaSW and MiSW dEvicES

Figures 3.16 and 3.17 show examples of detailed results of the 
scanning IE test in the form of resonant frequencies during 
the second round of testing on Sections 1, 2, 9, and 10. The 
resonant frequency shown in the figures is directly related to 
the pavement structure’s thickness. The thicker areas shown 
in blue, purple, and green, which represent low-frequency 
flexural resonances, indicate delamination. The areas in 
orange and yellow are considered to be bonded. The results 
show that the scanning IE identifies the bonded areas well 
and does a fair job of identifying the delaminations simulated 
with paper at a depth of 5 in. and the stripping simulated with 
RAP at a depth of 2 in.

It was important to try to quantify the results of the scan-
ning IE device to compare with the PSPA results. The same 
analysis procedure used for the PSPA was used with the 
scanning IE device; however, only the February results (with 
cooler pavement temperature) were analyzed. On the basis 
of the results, it appears that the scanning IE device was able 
to detect approximately 74% of the delaminated areas on the 
test track.

The MISW accurately predicted bonding or delamination 
for six of the 10 tests conducted on the test track during the 

October testing (with warmer pavement temperature). The 
test method had the ability to determine the delamination 
depth; however, the measurements were not accurate. The 
amount of testing with the MISW was minimized because of 
the test time required with this equipment. The MISW test-
ing was performed at 12 locations on the test track during the 
February testing (with cooler pavement temperature). The 
MISW test accurately identified the bonded or delaminated 
areas for 10 of the 12 tests performed. No tests were con-
ducted on the areas that had delaminations at a depth of 2 in. 
Therefore, it was difficult to judge the test method’s potential 
for accurately identifying shallow HMA delamination.

The scanning IE/SASW and MISW methods demonstrated 
ability for measuring delamination, but the MISW method 
was time-consuming and not very practical for rapid testing. 
It was difficult to judge the potential for the MISW method 
to identify HMA delamination accurately on the basis of a 
few data points. The scanning IE/SASW device was quicker 
and easier to use, and it showed some potential for measuring 
delamination. The shallow delaminations (at a depth of 2 in. 
or less) appeared to be difficult to observe with the IE testing 
alone. It was concluded that testing at colder temperatures 
was a significant advantage for relatively high frequency (500 

Section 1 Section 2 
No bond Full bond 

5-inch depth control 

Figure 3.16. Scanning IE thickness plots for Sections 1 and 2.

Section 9 Section 10 
Partial bond No bond 
5-inch depth 5-inch depth 

Figure 3.17. Scanning IE thickness plots for Sections 9 and 10.
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to 200,000 Hz) wave propagation–based test methods, such 
as the PSPA, the scanning IE/SASW device, and the MISW 
device. More details of the controlled evaluation are in 
 Volume 3, Chapter 4.

Deflection Measurement Methods

Background

Deflection measurement methods are conducted by apply-
ing an impulse load on the pavement surface. The applied 
force and the pavement deflections are measured and used 
in a backcalculation program to estimate the moduli of each 
pavement layer. For this study, two deflection measurement 
methods, the lightweight deflectometer (LWD) and FWD, 
were evaluated.

There have been several investigations regarding the use of 
the FWD to detect delamination of HMA at layer interfaces. 
Past experience with using the FWD for detecting delamina-
tion has shown mixed results (Mejia et al. 2008). The major-
ity of the literature studied pointed out that a decrease in 
bituminous stiffness or an unexpected lower backcalculated 
asphalt concrete modulus was an indication of HMA layer 
debonding (Mejia et al. 2008; Hammons et al. 2006; Sangiorgi 
et al. 2003; Gomba 2004; Al Hakim, Armitage, and Thom 
1998). The surface deflections measured with the FWD are 
influenced by delaminated HMA.

Advantages of using the FWD for detecting HMA delami-
nation are that the tests are simple to run and the equipment 
is available to most agencies. Disadvantages include that 
the impulse duration at a frequency of 25 Hz is too long to 
focus on the top thin layers, and the variability in thickness 
and modulus of underlying layers may mask the detection 
of delamination (Mejia et al. 2008; Al Hakim, Armitage, and 
Thom 1998). In addition, the geophone spacing used for 
routine applications may not be appropriate for the top thin 
HMA layers.

Theory and Modeling

The BISAR (BItumen Structures Analysis in Roads) software 
developed by Shell Global Solutions (DeJong 1973) for com-
puting stresses, strains, and displacements at any position in 
an elastic layered system under surface loading was used to 
investigate the effect of the delamination condition on HMA 
pavement responses. All interfaces between layers have an 
interface friction factor that can vary from 0 (fully bonded) 
to 1 (no bond) between layers.

Two case scenarios of HMA pavement structure under 
9-kip FWD loading were modeled. Case 1 represents a 
12-in.-thick HMA pavement structure with delamination at 
different depths (at 2, 6, and 10 in. below the surface). Case 

2 represents a 6-in.-thin HMA pavement structure with 
delamination at different depths (at 2, 3, and 4 in. below the 
surface). For both cases, differences in the predicted verti-
cal deflections were observed. In both cases, greater deflec-
tions were observed in the HMA pavement structure with 
delamination at the mid-depth of the HMA layer. The results 
indicated that vertical deflection measurement methods can 
be analyzed to detect delamination in HMA pavements. More 
details of the modeling are in Volume 2, Chapter 4.

Equipment Availability

LWD is an NDT device that provides a structural evaluation 
of pavements by using a drop weight and one to three sen-
sors (D1, D2, and D3) (Figure 3.18). The drop weights for 
the LWD are selected from 22, 33, or 44 lb. The loading plate 
diameter can be adjusted to 3.8, 7.8, or 11.8 in. The height 
of the drop is adjustable. The weight is dropped onto a rub-
ber buffer located on top of a load cell. The results are pre-
sented as a plot of the time history of the measurements from 
the load cell and the geophones. Peak deflection and surface 
deflection measurements of each sensor are recorded.

Figure 3.18. LWD testing at NCAT test track.
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FWD is an impact load device that applies a single-impulse 
transient load of approximately 25- to 30-ms duration. With 
this trailer-mounted device, a dynamic force is applied to the 
pavement surface by dropping a weight onto a set of rubber 
cushions. This results in an impulse loading on an underlying 
11.8-in. diameter circular plate in contact with the pavement. 
The applied force is measured with a load cell, and the pave-
ment deflections are measured with velocity transducers. The 
drop heights of the weights can be varied from 6 to 15.7 in. 
to produce a force varying from 6,000 to 27,000 lb. Velocities 
are measured and deflections are computed at seven locations 
from the center of the load plate.

Controlled Laboratory and Field Evaluation

lWd testing

The drop weight used for the LWD testing on the test track 
was 22 lb. The distances from the center of the loading plate 
to the three geophones (D1, D2, and D3) were 0 (underneath 
the loading plate), 6 in., and 12 in., respectively. The 7.8-in.-
diameter load plate was used. During both rounds of testing, 
accelerometer D3 did not appear to provide much informa-
tion. The measured deflections for D3 were close to 0 mils in 
the field and in the lab. A closer inspection of geophone D3 
after the Round 2 evaluation was completed proved that the 
accelerometer was not working properly during Round 1 and 
Round 2 testing.

There were significant differences with the LWD data col-
lected between the test sections on the test track. Similar 
trends were seen with the Round 1 testing in October and the 
Round 2 testing in February. The average measured deflec-
tions from Round 2 testing were typically lower than those 

in Round 1 testing, as shown in Figure 3.19. The measured 
deflections from Round 2 were approximately 45% lower 
than the measured deflections from Round 1, particularly in 
Sections 5 through 10. This result was expected because of the 
lower pavement temperatures. The test pavement from Sta-
tion 0+00 to approximately Station 1+00 was backfilled with 
RAP, which explains the higher measured deflections of Sec-
tions 1 through 4 compared to those of Sections 5 through 10.

The 10 sections were also analyzed separately. The data 
points were analyzed to determine the differences in measured 
deflection between each of the sections and to compare the 
measured deflections of a fully bonded area to a debonded 
area. The measured deflections for each type of simulated 
delamination and bonded area were compared to each other 
for Sections 7 through 10. Sections 1 through 6 were left out 
of the comparison because of concern about the effect of the 
backfilled RAP on deflections in these sections. Figure 3.20 
shows the results of the comparisons for Round 1 testing.

As shown in Figure 3.20, the fully bonded areas provided 
similar deflection measurements to those areas with RAP and 
baghouse dust. Simulated debonding using paper had much 
higher deflections compared to the baghouse dust, RAP, and 
fully bonded areas. It seems that using the paper created a loss 
in bond and possibly some loss in friction between the two 
layers, while the baghouse dust may have resulted in a higher 
bond than when the paper was used. The higher measured 
deflections with paper may have been an indication of loss of 
friction between the layers under loading, resulting in more 
relative movement at the interface between the two layers. As 
the load from the LWD was applied, the HMA layers were 
able to slide along the paper, resulting in increased movement 
and deflection. Some friction most likely existed within the 
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Figure 3.19. Average D1 measurements from controlled field evaluations.
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delaminated areas simulated with baghouse dust because of 
the texture provided by the baghouse dust.

On the basis of field testing results, the LWD does not 
appear to be able to show differences in deflection between 
the various sections. It is difficult to identify what causes this 
lack of change in deflection, but a section that is delami-
nated should have higher deflection than a section that is 
not delaminated. Although the LWD can detect changes in 
the pavement structure, it is doubtful that the LWD can be 
used to identify the cause of the change in deflection and the 
depths at which the delaminations occur.

The research team used its LWD on the controlled test 
sections containing good bond and delamination. Since the 
LWD equipment could be included at no additional cost to 
the project, LWD equipment was used in the uncontrolled 
field testing to measure pavement response at suspected 
delamination areas. More details of the controlled evaluation 
are in Volume 3, Chapter 6.

FWD TesTing

The FWD testing was carried out at four load levels: approxi-
mately 6, 9, 13, and 18 kips. The locations of nine geophones 
were at 0 in. (D0), 8 in. (D8), 12 in. (D12), 16 in. (D16),  
20 in. (D20), 24 in. (D24), 28 in. (D28), 32 in. (D32), and  
36 in. (D36) from the center of the FWD loading plate. Seven-
teen locations representing all interface bonding conditions 
in the 10 test sections were selected for this testing. At each 
location, two FWD tests were conducted at each load level. 
For each test, both the maximum deflection information and 
time-history data were collected for analysis.

Two methods were used to analyze the FWD data. The first 
method compared the maximum deflections measured by 
each geophone and the deflection basin parameters, includ-
ing the area under the deflection basin curve (AREA), area 
under pavement profile (AUPP), impact stiffness modulus 
(ISM), surface curvature index (SCI), base curvature index 
(BCI), and base damage index (BDI). The differences in 
the maximum deflections and deflection basin parameters 
between the intact and delaminated sections were not signifi-
cant. This result may have been due to the thick and strong 
layers built under the test sections.

The second method evaluated delamination behavior on 
the basis of FWD deflection time history. Figure 3.21 shows 
an example of deflection time history measured under the 
center of the loading plate for the 18-kips load level of FWD 
Test 6 in Section 4. FWD Test 6 in Section 4 was conducted on 
the inside wheelpath (IWP) with partial delamination and on 
the outside wheelpath (OWP) with full delamination. As seen 
in Figure 3.21, peak deflections of both locations under load-
ing show no significant difference, but deflections of OWP 
(delamination) under unloading are recovered more quickly 
and higher. This behavior was observed in some of the FWD 
test results in delaminated sections. More details of the con-
trolled evaluation are in Volume 3, Chapter 7.

Selection of Most Promising NDT 
Technologies for Field Evaluation

On the basis of results of the controlled evaluations, the 
research team followed the same set of evaluation factors 

Full bond Partial Stripping Partial bond No bond
Section 7 Section 8 Section 9 Section 10

control 5-inch depth 5-inch depth 5-inch depth

Figure 3.20. Round 1 average deflections of each delamination 
type (Sections 7 through 10).
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used in Phase 1 to rank the evaluated NDT techniques. Nine 
factors were rated on a scale of 1 (low) to 10 (high) and fur-
ther weighted relative to each other. The ability to measure 
delamination was given the highest weighting (40%).

At the end of the controlled laboratory and field evalua-
tions of the NDT techniques, the research team met with the 
expert panel. The purposes of this meeting were to (a)  present 
a summary of the findings of the controlled evaluations and 
(b) present recommendations for which NDT technologies 
should be given further consideration for equipment devel-
opment and uncontrolled field evaluation.

In the meeting, the research team presented a summary of 
the evaluation for each NDT technology and vendor as listed 
below:

•	 GPR from GSSI, USA;
•	 GPR from MALA AB, Sweden;
•	 GPR from 3d-Radar AS, Norway;
•	 PSPA technique from Geomedia Research and Develop-

ment, USA;
•	 Scanning IE/SASW technique from Olson, USA;
•	 IR cameras from FLIR and ICI, USA;
•	 FWD with equipment from the NCAT; and
•	 LWD with equipment from the ERDC.

Each summary included a sample of the data collected and 
the relative success of the technology to identify the delamina-
tion. The team presented the strengths and weaknesses of the 

equipment and software and the types of hardware and soft-
ware improvements needed. Table 3.1 shows a summary of the 
evaluations. The evaluations showed that IR techniques were 
not able to detect delamination and were not considered for 
further evaluation. GPR techniques had good potential to detect 
severe delamination (stripping). Mechanical wave technologies 
(SASW and IE) had fair potential to detect debonded layers. 
LWD and FWD may have potential to detect delamination, but 
their deflection time histories need to be examined further.

On the basis of results of the evaluation, the panel agreed 
with the research team’s recommendation that one GPR and 
one mechanical wave technique be selected for hardware and 
software improvement and uncontrolled evaluation. The 
research team would continue to examine LWD data by using 
equipment available to the team. Two vendors were selected 
on the basis of their ability and interest to make equipment 
improvements. The selected vendors, 3d-Radar and Olson 
Instruments, Inc., were then contacted to begin negotiations 
on hardware and software development required to receive 
research seed money and continued evaluation in the study.

Uncontrolled Field Evaluation

Description of Test Sites

Pavement sections with some delamination problems in 
four states were selected for uncontrolled field testing of the 
two NDT techniques. However, because of some delays in 

18kips/IWP/No. 1
18kips/IWP/No. 2
18kips/OWP/No. 1
18kips/OWP/No. 2

-2
0

(SHRP Section_4/FWD ID_5/Delamination_2 in._OWP)
OWP(Line): Outside wheel path
IWP(Dot): Inside wheel path
Notes: IWP is no delamination/OWP is delamination.

10 20 30
Time (millisecond)

F
W

D
 b

ad
 (

kp
s)

40 50 60 70

0
2
4
6
8

10
12
14
16
18
20

Figure 3.21. D0 Time history under 18-kip loading for FWD Test 6 in 
Section 4.
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Table 3.1. Summary of Findings from Controlled Laboratory and Field Evaluation

Factor

GPR Mechanical Wave Deflection Measurement

GSSI 3d-Radar MALA MISW IE PSPA LWD FWD

Detection of  
stripping

Good Good Good Poor Fair Fair Fair Poor

Detection of  
debonding

Fair Poor Poor Poor Fair Fair Poor Poor

Potential for  
implementing

Fair to good Good Good Fair Fair Good Good Good

Equipment  
availability

Not multichannel Not FCC-approved Available Limited Limited Available Available Available

Current  
application

Used in United 
States

Used outside 
United States

Used in United 
States

Limited use in 
United States

Limited use in 
United States

Used in United 
States

Used in United 
States

Used in United 
States

Cost ($) ~100,000 ~250,000 ~100,000 NA NA ~30,000 ~12,000 ~200,000

Speed TBD with multi-
channel

3 to 45 mph; reso-
lution varies

40 mph with  
8 channels

Point-load 2 to 5 mph Point-load Point-load Point-load

Effective depth Good Good Good Variety 4 to 6 in. 0 to 12 in. Depends on 
structures

Good

Data analysis Good for time 
slices

Good for time 
slices

Good for time slices Poor Poor Poor Fair Fair

Results 2-D map 2-D map 2-D map Point list 2-D map Point list Point list Point list

Advantages Noncontact; largest  
supplier

No development 
required

Minimum  
development;  
off-the-shelf

None Full coverage:  
rolling

Low cost Low cost Availability

Limitations Requires  
development

Price = not FCC-
approved

Mechanical deploy-
ment

Time- 
consuming

Walking speed Point-load Point-load Point-load

Possible  
Modification

Implement  
multichannel

None Mechanical deploy-
ment

Equipment  
development

Equipment 
development

Software 
refinement

Analysis method Analysis 
method

Note: FCC = U.S. Federal Communications Commission; 2-D = two-dimensional; NA = not available; TBD = to be determined.
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equipment improvement, uncontrolled field testing did not 
begin until winter 2010 for the GPR technique and began 
in spring 2011 for the mechanical wave technique. Weather 
conditions were not suitable for field testing in Maine and 
Washington State. Therefore, the two NDT techniques were 
evaluated only on pavement sections in Florida and Kansas.

In Florida, the pavement sections selected for high-speed 
GPR testing were northbound and southbound segments 
between MP 413 and MP 409 on I-75. After the high-speed 
GPR testing was completed, results were reviewed, and a 
southbound section approximately 4,500 ft in length starting 
from MP 413 was selected for low-speed GPR testing. Core 
data in this area provided by the Florida DOT showed a total 
asphalt thickness of approximately 9 in. In 1996, the pave-
ment was milled approximately 5.5 in. and replaced with a 
0.5-in. layer of asphalt rubber membrane interlayer (ARMI), 
a 2-in. layer of 19-mm Superpave mix, a 1.25-in. layer of 
12.5-mm Superpave mix, and a 0.75-in. layer of open-graded 
friction course (OGFC). On the basis of results of indirect 
tensile strength testing of field cores, moisture damage may 
be occurring either between the 12-mm mix and the 19-mm 
mix or between the 19-mm mix and the interlayer layer.

After reviewing results of the GPR testing and other infor-
mation provided by the Florida DOT, the research team 
decided to conduct field testing of the mechanical wave tech-
nique on the same 2000-ft section starting from MP 413. In 
addition, locations where anomalies had been identified in 
the GPR results were selected for LWD testing and cutting 
cores to verify the pavement condition. More details on the 
core locations are in Volume 5, Chapter 1.

In Kansas, a westbound pavement section between MP 
412 and MP 425.5 on US-400 was selected for high-speed 
GPR testing. Results of the high-speed GPR testing were then 
reviewed, and a pavement section of approximately 3,500 ft 
in length starting from MP 417.1 was selected for low-speed 
GPR testing. On the basis of core data provided by the Kansas 
DOT, the pavement thickness of the long section varied from 
13.5 to 19 in., and the pavement thickness of the short sec-
tion was approximately 13.5 in. This section was a full-depth 
asphalt pavement. In 1988, an 8-in. dense-graded asphalt base 
layer was built on top of subgrade and then surfaced with a 
2-in. asphalt layer. In 1991, this section was overlaid with an 
asphalt layer 1 to 1.5 in. thick. Another surface layer approxi-
mately 2 in. thick was placed on top of this section in 1999. 
The data also showed that all the cores cut from the short 
section broke between 1.75 and 4.75 in. from the surface, and 
the base layer had a severe stripping problem.

After reviewing the GPR test results and other informa-
tion provided by the Kansas DOT, the research team decided 
to conduct field testing of the mechanical wave technique 
on the same 3,500-ft section starting from MP 417.1. Loca-
tions where anomalies had been identified in the GPR results 

were selected for LWD testing and cutting cores to verify the 
delamination condition. More details on the core locations 
are in Volume 5, Chapter 3.

Uncontrolled Field Testing of 
3d-Radar GPR System

Technology Improvements

Full lane Width antenna

The system provided by 3d-Radar for the uncontrolled field 
test sites used a wider antenna array than that used for the 
controlled testing at NCAT. The antenna array model B3231 
has the ability to collect up to 31 parallel B-scans simulta-
neously, with a minimum spacing of 10 cm (approximately  
4 in.). The array has an overall width of 3.2 m (approximately 
10 ft 5 in.) and is controlled with a single cable connected 
to the Geoscope control unit. This antenna covers close to 
a complete lane width, and thus represents a wider swath of 
data than the data collected at the NCAT Pavement Test Track. 
With this survey width, field testing can be performed with a 
single pass, and it was not necessary to piece together parallel 
passes of data as was necessary for the controlled testing.

antenna dePloyment system

For these field tests, a special tower mount was designed to 
shift the antenna quickly between data acquisition and sys-
tem transportation. The mount consists of a vertical cylinder 
fixed to the hitch receiver of the vehicle. The antenna array is 
attached to a sleeve that can be raised and lowered along the 
main tower by an electric power winch. During data acquisi-
tion, the antenna array is lowered down and perpendicular 
to the direction of travel, covering the largest part of a traffic 
lane. During transportation between survey sites, the array 
can be lifted and turned 90° to minimize possible issues of 
traffic safety and equipment damage.

delamination deteCtion algorithm

A prototype delamination detection algorithm was devel-
oped on the basis of data collected at the NCAT facility dur-
ing 2009 and 2010. The algorithm was built to account for 
the fact that delamination can occur at a relatively wide range 
of depths and show a variety of amplitude characteristics in 
the recorded data. The chosen approach was based on isolat-
ing a subvolume (depth range) where delamination is most 
likely to happen and performing an energy-based study of 
frequency intervals. Advantages are that by considering fre-
quencies, every sample will carry information about the 
whole depth range to be analyzed, while sorting the energy 
values takes care of the varying amplitudes of signatures due 
to delamination. Schematically, the time window of inter-
est is extracted from every trace and converted to frequency 
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domain, where the spectrum is divided into frequency inter-
vals, or “bins.” The algorithm computes the energy contained 
in every bin and then sorts the obtained values. The value 
that will be finally extracted is relative to only one bin, which 
is selected by the user. The user then defines a threshold value 
and the minimum size for an anomaly of interest to produce 
the final output (Figure 3.22). In that figure, red rectangles 
are the final output of the algorithm, the result of a statistical 
analysis based on parameters input by the user.

Uncontrolled Field Evaluation

At each site, tests were conducted at 3 speeds: high, medium, 
and low. It was understood that lower speeds could provide 
more detailed data, but higher speeds would be more repre-
sentative of the overall objective of the project.

To determine the relationship between the speed of the sur-
vey and the level of data detail, the time required to perform a 
complete array scan together with the in-line sampling needs 
to be calculated. 3d-Radar provided an Excel-based utility to 
assist with these calculations to define the maximum survey-
ing speed during the acquisition. As summarized in Table 3.2, 
three different system configurations were tested to allow for 
different maximum vehicle speeds.

In the Kansas testing, the high-speed and medium-speed 
tests were carried out in the westbound direction over the full 
length of the site, from milepost (MP) 412, west of the west-
ern county line, to the intersection between US-400 and K-7. 
The nominal antenna height for those tests was 11 in. above 
the pavement. A repeat of the westbound medium-speed 
test was conducted with an antenna height of 8 in. After the 

medium-speed tests, the data were analyzed by using the 
delamination detection algorithm described above. On the 
basis of results of this analysis, surface observations, and prior 
core data, a shorter section 3,500 ft in length was selected 
for evaluation by using the low-speed survey protocol. This 
section was located between two bridges, beginning directly 
after MP 417 and ending approximately at MP 417.78. The 
low-speed test was carried out with an antenna height of 8 in.

In the Florida tests, the high-speed and medium-speed 
tests were carried out over the full length of the site, from 
MP 408 to MP 413 in both the northbound and southbound 
directions. On the basis of visual observation of the data and 
the pavement surface, a shorter section, southbound from 
MP 413 to the rest area (approximately 4,500 ft), was selected 
for the low-speed testing.

Evaluation Results

The data analysis for the Florida and Kansas sites focused on 
the low-speed data because these data provide the greatest 
level of detail. In each case, the data were analyzed manually 
with the depth slice feature of 3d-Radar’s Examiner program. 
This program provides a visual display of the raw data and 
allows the user to view horizontal slices of the data at dif-
ferent depths. The purpose of the initial data analysis was to 
identify locations for coring.

The analysis concentrated on the presence of anomalies 
in the GPR data, similar to anomalies that were detected at 
the delaminated areas in the NCAT test track. A series of 
anomalies were identified at each site, and the station, offset, 
and depth were recorded. Figure 3.23 shows a sample of this 

Figure 3.22. Red rectangles showing final output of algorithm, 
identifying locations with potential delamination.

Table 3.2. System Configuration for Uncontrolled Field Testing

Description Slow Speed Medium Speed High Speed

Frequency range 200–3,000 MHz 200–3,000 MHz 200–3,000 MHz

Frequency step 2.5 MHz 2.5 MHz 2.5 MHz

Dwell time 1 µs 0.6 µs 0.5 µs

In-line sampling 10 cm (~4 in.) 20 cm (~8 in.) 30 cm (~12 in.)

Cross-line sampling 10 cm (~4 in.) 20 cm (~8 in.) 30 cm (~12 in.)

B-scans per swath 31 16 11

Maximum speed ~3.5 mph ~18 mph ~45 mph
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interpretation of the GPR data by using the depth slice at  
4.7 in. (12 cm) (top), the longitudinal section at 31 in.  
(0.8 m) from the center of the lane (bottom left), and the 
transverse section at Station 795.8. These observations served 
as a basis for selecting the coring locations. Locations 1, 2, and 
3 are shown in the figure. Note that Core 2 is located at a GPR 
anomaly, while Cores 1 and 3 are outside the anomaly area.

Coring locations and observed conditions for the Florida 
and Kansas sites are shown in Tables 3.3 and 3.4. Note that all 
of the Florida cores were extracted intact, but a detailed analy-
sis of the individual core layers, including indirect tensile test-
ing, revealed evidence of moisture damage. The Kansas cores, 
on the other hand, all fell apart when extracted and showed 
obvious evidence of moisture damage in between lifts.

An automated analysis method for quantifying the visual 
GPR data observations discussed above was explored by the 
project team using the 3-D volume of time domain data 
provided by the 3d-Radar system. This analysis is based on 
an activity analysis (Maser 2008). This analysis detects the 
intensity of GPR reflection activity at each location. Loca-
tions where there was more intense activity (i.e., anomalies) 
were more likely to be delaminated or damaged, because the 
damage created anomalous reflections in the GPR data.

The activity analysis was carried out on the Kansas and 
Florida data sets, to see whether the results would replicate 

the visual observations of the data. The complete activity 
analysis plots are shown in Volume 5, Chapters 2 and 4. A 
sample result from this analysis is shown in Figure 3.24. This 
result replicates the visual observation shown in Figure 3.23. 
The analysis, however, does not explain the significant overall 
differences observed between the cores taken at the two sites.

Technology Implementation Status

A technical brief on GPR is provided in Appendix A. The brief 
describes the required features of this NDT technology on the 
basis of the results of this study. The technical brief describes 
the basic principle of the technology, lists the NDT hardware 
and operating parameters, recommends data collection and 
analysis requirements, and lists advantages and limitations. 
As GPR technology advances, the technical brief will need to 
be revised to reflect those improvements.

From a traffic control point of view, it would be most 
desirable to collect data at a normal driving speed. From a 
pavement evaluation point of view, it would be desirable to 
collect a high density of data (lower travel speed). 3d-Radar 
is improving its system so that speeds can be increased by a 
factor of two or more.

The analysis of the data collected has also indicated that 
slow speed measurements are affected by movement of the 
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Figure 3.23. Sample of GPR data sections used to identify coring locations.
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Table 3.3. GPR versus Core Information for Florida I-75 Site

Core
Distance (ft) 
from MP 413 Offset

GPR  
Observation

Core Condition  
for Layer 2a

Tensile 
Strength (psi)

Stripping 
Ranking

1 2,232 RWP No anomaly 133.9 4

2 2,242 RWP Anomaly 117.7 4

3 2,252 RWP No anomaly 130.2 4

4 3,607 RWP No anomaly  97.3 4

5 3,632 RWP Anomaly 119.4 4

6 3,640 RWP Anomaly 105.4 4

7 3,742 RWP Anomaly 137.1 4

8 3,745 RWP Anomaly 132.7 4

9 4,270 CL No anomaly 132.2 4

10 4,286 CL Anomaly 128.5 4

Note: CL = centerline; RWP = right wheelpath; LWP = left wheelpath.
a According to AASHTO T 283.

Table 3.4. GPR versus Core Information 
for Kansas US-400 Site

Core
Distance (ft) from 
South Deck Joint Offset

GPR  
Observation

Core  
Condition

1 1,080.8 CL Anomaly Stripped

2 1,694.2 RWP Anomaly Stripped

3 2,271.5 CL Anomaly Stripped

4 2,996.3 RWP Anomaly Stripped

5 3,022.6 LWP Anomaly Stripped

6 3,224.6 RWP Anomaly Stripped

7 288.8 CL Anomaly Stripped

8 427.9 CL No anomaly Stripped

Note: CL = centerline; RWP = right wheelpath; LWP = left wheelpath.

Figure 3.24. Sample result of activity analysis for Florida I-75 site.
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antenna, particularly visible close to the surface. Suspicions 
are that this behavior is due to the resonant frequency of 
the vehicle suspension; that is, the antenna vibrates together 
with the vehicle and produces small undulations in the data. 
Cross-checking typical values for resonance frequency of the 
suspensions with the variations in the data showed that this 
seems to be the case. Future equipment development will 
need to address this issue, directly in the hardware if pos-
sible, either by modifying the antenna mount or by using an 
optional antenna trailer, or possibly by using postprocessing 
software.

The size of the generated files (5 to 10 gigabytes) was 
another issue encountered during this study. Storing files, 
transferring files, and postprocessing of data require an 
unusually large amount of time because of the large file size. 
Modification of the Examiner software package to support 
optional routines for semiautomatic partitioning, in order 
to allow fast processing and access of subsections, is being 
implemented. Future releases of Examiner will allow the data 
to be divided into smaller portions, an operation currently 
performed only manually by the user.

3d-Radar’s delamination detection algorithm was devel-
oped on the basis of experience at the NCAT facility, where 
human-introduced simulated delamination provided solid 
and clean characteristics. Further study of the data collected 
in real situations, combined with ground truth, will help 
refine the signature given by an interesting delamination both 
qualitatively and quantitatively. The next step for the detection 
algorithm is to increase its robustness to detect a specific type 
of anomaly. Additionally, the algorithm will attempt to factor 
in characteristics of the road substructure, where variation 
in depth of targeted layers and eventual lateral discontinui-
ties are present. Finally, this version of the algorithm requires 
multiple inputs from the user, which means that the data ana-
lyst must have a background in GPR data processing. A fur-
ther refinement, which includes a more detailed and targeted 
analysis of the data and ground truths collected during this 
project, should minimize the input required in future revi-
sions and make the algorithm a more user-friendly tool for 
nonspecialist operators.

Uncontrolled Field Testing of Olson 
Engineering Mechanical Wave Technique

Technology Improvements

A series of modifications of the Olson scanning IE/SASW 
system were made before the uncontrolled field testing. The 
objectives of the modifications were to improve the system’s 
ability to detect shallow delaminations (a depth of approxi-
mately 2 in.) and to increase the test area coverage, thus 
reducing the required test time on a single pavement section.

The improvements included designing and constructing 
an expanded IE/SASW system from a single pair of wheels 
to three separate pairs of wheels. The decision to expand to 
six measurement wheels was made when the testing plan was 
designed to perform IE testing over five 2-ft. spacings to cover a 
12-ft-wide lane. The improved system with three sets of paired 
wheels requires two passes of SASW testing to cover a full lane 
width. Additional expansion of the system could be accom-
plished in the future to eliminate the need for two passes per 
traffic lane. Currently, the system scans every 1.0 square feet 
(a nominal 2-ft lane width every 0.5 ft of lane length) at an 
approximate speed of 1 to 2 mph, or walking speed.

The additional four measurement wheels were constructed 
to be nearly identical to the original pair of transducer 
wheels. Each wheel includes (a) six IE/SASW transducers 
evenly spaced around the circumference at 6-in. intervals; 
(b) six impactor solenoids; and (c) electronic circuitry for 
signal conditioning, solenoid firing, and data acquisition 
initiation. As the additional four wheels were prepared, a 
few slight modifications were made to improve the design. 
A lip was added onto the high-density polyethylene wheel 
to secure the urethane tire, and a variable attenuator circuit 
was added to the signal conditioning to allow the signal to be 
reduced in voltage amplitude to avoid clipping during data 
acquisition. The spacing between each pair of transducer 
wheels was changed from 12 in. to 6 in. to allow for a more 
accurate result and to give more sensitivity for locating shal-
low delaminations (2 to 6 in.). Rubber couplings were used 
for the 6-in. spacing to avoid excessive vibration noise. The 
distance between the impactor and 6-in. transducer spacing 
remained at 1.75 in.

Another major modification was the addition of data 
acquisition initiation timing circuitry to synchronize the data 
collection of the three independent transducer wheel pairs. 
The timing circuitry collects data only when the wheel pairs 
test sequentially from left to right, thus allowing the data to be 
well organized in the software. The timing circuitry has two 
separate options, which allows the scanning system to be run 
as three sets of SASW testing wheel pairs or as six individual 
IE testing wheels.

The last major change was the addition of an independent 
distance wheel to record the distance from the start of the 
scan to each data collection point with any of the transducer 
wheels or pairs. The distance wheel outputs 128 pulses per 
revolution, thus resulting in a distance measurement resolu-
tion of approximately 0.1 in.

Additional miscellaneous modifications included a 
simplified and redesigned assembly of the wheel pair car-
riage to make it easier and quicker to assemble. The towing 
assembly mounted to the truck was also altered slightly by 
adding more pin connections to ease field assembly. The 
attachment of the wheel pairs to the towing assembly was 
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changed to a clamping attachment that can slide across the 
towing assembly bar, allowing endless measurement con-
figuration possibilities. Lift bails were added to the towing 
assembly to allow the transducer wheels to be picked up 
off the pavement surface to back the system up or to repo-
sition the truck with greater ease. Also, the wiring between 
the transducer wheels and the data acquisition computer 
was simplified.

The six-wheel scanning IE/SASW system was designed to 
perform IE testing on all six transducer wheels, or IE test-
ing on the transducer wheel near the impactor solenoid 
and SASW testing by using the pair of transducer wheels. 
The six-wheel IE testing is best for assessing concrete bridge 
slabs or parking garage deck slabs without an asphalt overlay. 
The IE/SASW setup with three paired wheels is best for test-
ing asphalt material, either full depth or as an overlay. For  
IE/SASW testing, sensor elements in both transducer wheels 
(within a pair) are aligned and locked with a pin to prevent 
slippage. The sensor elements are offset approximately 2 in. 
between each adjacent pair of transducer wheels. The sole-
noids are powered either with a 12-VDC battery or with an 
AC vehicle adapter.

For this study, the system was set so that only the solenoids 
of the left transducer wheel (of each pair) were used for gen-
erating impacts. The solenoids of the right transducer wheel 
were disabled for the duration of the testing. The impact 
sequence started with firing the single solenoid used for the 
left pair of transducer wheels followed by the solenoid for 
the middle pair of transducer wheels and then the solenoid 
for the right pair of transducer wheels. The sequence was 
then repeated. Once one of the solenoids fires, data for all 
three pairs of transducer wheels (six channels) are acquisi-
tioned simultaneously. Only the data from the pair of wheels 
where the solenoid is fired and impacts are analyzed. At each 
acquisition, two channels (one wheel pair) actually have 
valid surface wave data. The other four channels (two pairs) 
acquire background noise. The postanalysis software scanned 
through all the acquired data and pulled out only valid SASW 
data for further analysis.

The system is operated with the Olson Freedom Data PC, 
which runs the acquisition software and receives all data. Fea-
tures of the postanalysis software include auto windowing, 
dynamic masking/dispersion curve display, and composite 
velocity calculations. The plotting of the test results is per-
formed in Surfer software. Figure 3.25 shows a photograph 
of the current scanning IE/SASW system.

Uncontrolled Field Evaluation

Before the uncontrolled field testing, Olson Engineering per-
formed additional controlled field testing of the improved 
scanning IE/SASW system at the NCAT Pavement Test Track. 

The scanning IE/SASW test was performed on the 10 test sec-
tions on the test track in two runs.

The field evaluation of the scanning IE/SASW system 
took place in Gainesville, Florida, on March 1, 2011, and in 
Pittsburg, Kansas, on April 26, 2011. During testing, the tem-
perature ranged from approximately 65°F to 70°F in Florida 
and from approximately 50°F to 60°F in Kansas. A 2,000-ft-
long area in the right lane along I-75 was selected for testing 
in Florida, and a 3,500-ft-long area in the right lane along 
US-400 was selected for testing in Kansas. The test sites were 
selected on the basis of results of previous GPR testing.

At each site, two passes of the scanning IE/SASW system 
were required to cover the traffic lane. The three pairs of 
wheels were positioned on the right side of the lane for the 
first pass and on the left side of the lane for the second pass. 
More details of the uncontrolled evaluation are in Volume 4, 
Chapter 2.

Evaluation Results

nCat Pavement test traCk

The scanning IE/SASW test results from the test track are pre-
sented as surface wave velocity plots at different depths from 
0.1 to 0.8 ft (1.2 to 9.6 in.) from the surface. Figure 3.26 pre-
sents the surface wave velocity profile from Section 1 on the 
test track. Surface wave velocities are presented in grayscale, 
and they range from 3,000 (light gray) to 5,000 ft/sec. (black). 
The higher the surface wave velocity, the better the condition 
of the pavement. Anomalies can be seen as a light spot where 
the velocities are lower.

Figure 3.26 shows a drop of surface wave velocity between 
the depths of 0.4 and 0.5 ft (4.8 and 6 in.). Thus, the results 
show the likelihood of debonding between depths of 0.4 and 

Figure 3.25. Olson Engineering IE/SASW scanning 
system.
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0.5 ft. The interpretation of the scanning SASW results agrees 
well with the as-built condition, which is delamination at a 
5-in. depth simulated with baghouse dust and paper.

The same surface wave velocity plots were generated for 
the other nine test sections on the test track. The results show 
that the scanning SASW was good at detecting intact pave-
ment and RAP materials at a 2-in. depth. The scanning SASW 

was less accurate at detecting the deeper delaminations (5 in.) 
of the other sections simulated with RAP materials, baghouse 
dust, and paper. The scanning SASW did a fair to poor job of 
detecting the 2-in.-deep delaminations simulated with bag-
house dust.

The scanning IE data collected on the test track were 
also analyzed. The results indicated that the scanning 

Surface Wave Velocity (ft./sec.)

Depth = 0.1 – 0.2 ft 

Depth = 0.2 – 0.3 ft 

Depth = 0.3 – 0.4 ft  

Depth = 0.4 – 0.5 ft 

Depth = 0.5 – 0.6 ft 

Depth = 0.6 – 0.7 ft 

Note: Section 1 = 0 to 25 ft. 

3000
3100
3200
3300
3400
3500
3600
3700
3800
3900
4000
4100
4200
4300
4400
4500
4600
4700
4800
4900
5000

Figure 3.26. Profile plots of surface wave velocity.
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IE/SASW system was able to detect the 5-in.-deep delamina-
tions but not the shallower 2-in.-deep delaminations. This 
was most likely a result of the current system’s difficulty in 
exciting high frequencies in asphalt mixtures at higher tem-
peratures; this was due to asphalt’s temperature-dependent 
elastic moduli.

gainesville, Florida, testing

The scanning SASW results from the Florida Interstate are 
presented graphically in Volume 3, Chapter 3 in 50-ft-long 
sections. The results are presented as surface wave velocity 
plots at depths from 0.1 to 0.7 ft (1.2 to 8.4 in.) from the 
surface. The surface wave velocities are illustrated by using 
a color scale ranging from 1,000 to 3,500 ft/s. In general, the 
higher the surface wave velocity, the better the condition of 
the asphalt pavement. The surface wave velocities from data 
measured on the NCAT Pavement Test Track were higher 
because the pavement was cooler and less distressed.

Overall, there were three categories of test results observed 
from the Florida test site, as follows:

•	 Two percent of the test locations evaluated had a relatively 
constant and high (≥3,500 ft/s) surface wave velocity from 
depths of 0.1 to 0.7 ft (1.2 to 8.4 in.). This condition indi-
cates sound pavement.

•	 The majority (about 93%) of the test locations evaluated 
had a sharp drop (>500 ft/sec) of surface wave velocity 
between 0.2 and 0.4 ft (2.4 and 4.8 in.). The location of 
the drop is likely the depth of debonding or a thin layer of 
low-velocity (low-strength) material.

•	 Approximately 5% of the test locations evaluated had a 
slow drop of surface wave velocity, indicating degradation 
of the pavement at greater depths.

Significant amounts of surface distress were observed on 
the test pavement, but the majority of the data had relatively 
high surface wave velocities (>3,500 ft/s) near the pavement 
surface.

In general, the conditions of all locations within the 
2,000-ft-long section along I-75 were similar, with the 
majority of the scanning SASW data indicating either 
possible debonding or an existence of a thin layer of low-
strength material at depths between 0.2 and 0.4 ft (2.4 and 
4.8 in.). In addition, the pavement along the center of the 
lane seemed to be in better condition than that of the wheel-
paths. The general condition of the pavement in the right 
wheelpath (RWP) appeared to be in worse condition when 
compared to the left wheelpath (LWP). It should be noted 
that the Florida pavement was rough with exposed aggre-
gate when compared to the smooth experimental sections 
of the NCAT Pavement Test Track.

Pittsburg, kansas, testing

The scanning SASW test results from the Kansas test site are 
presented graphically in Volume 4, Chapter 4, in 50-ft-long 
sections. The surface wave velocities are illustrated with a 
color scale ranging from 1,000 to 3,000 ft/s.

Overall, the majority of the measured data along the 
US-400 test site had relatively high surface wave velocities 
(>3,000 ft/s) near the pavement surface (<0.3 ft deep) and 
decreasing velocities with depth, thus indicating weaker 
underlying materials. The overall data interpretation is that 
the pavement likely had a relatively new asphalt overlay in 
good condition with older underlying pavement composed 
of weaker materials with a widely variable condition. In 
some areas, the velocity decrease with depth was gradual 
and interpreted as an expected result of newer materials 
overlying older material. The drop in the surface wave 
velocity was typically steady, indicating a more gradual 
change in material strength with depth. However, in some 
areas, the velocity decrease was sharp and severe, indicating 
poor condition of the underlying materials. The degree of 
change appeared severe with velocities at depths of 0.4 to 
0.7 ft (4.8 to 8.4 in.), or less than half of the velocity at the 
pavement’s surface.

More detailed analysis along the Kansas test site is described 
as follows:

•	 0 to 160 ft. The pavement was a concrete bridge deck, 
which had velocities far above the color scale maximum 
of 3,000 ft/s.

•	 160 to 210 ft. This section had relatively high velocities 
throughout the pavement and exhibited less of a velocity 
decrease with depth. This outcome may indicate a stiffer 
subbase preparation for the bridge approach slabs.

•	 210 to 350 ft. In relation to much of the Kansas test seg-
ment, this area appeared to be in fair condition with 
slightly lower velocities and velocity values decreasing 
with depth.

•	 350 to 1,000 ft. This section showed significant degrada-
tion with depth in the left half of the lane. As noted pre-
viously, the surface layer had reasonably sound velocities, 
and the lower layers had significantly lower velocities.

•	 1,000 to 2,200 ft. The degradation in this section was 
similar to that in the previous section but extended across 
the full lane width. The surface layer had reasonable sur-
face wave velocities, which then drastically decreased 
with depth.

•	 2,200 to 2,500 ft. This section measured relatively high 
velocities throughout the cross section and was considered 
one of the best areas of the test site.

•	 2,500 to 3,100 ft. The degradation in this section extended 
across the full lane width. The surface wave velocities 
decreased with depth.
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•	 3,100 to 3,285 ft. This section had relatively high surface 
wave velocities throughout the cross section and was con-
sidered one of the best areas of the test site.

•	 3,285 to 3,495 ft. The surface wave velocities decreased 
with depth, showing degradation extending across the full 
lane width.

•	 3,495 to 3,600 ft. This section also had relatively high sur-
face wave velocities throughout the cross section and was 
considered one of the best areas of the test site.

Technology Implementation Status

Technical briefs on SASW and IE are provided in Appendices 
B and C, respectively. The briefs describe the required fea-
tures of these NDT technologies on the basis of results of 
this study. Each technical brief describes the basic principle of 
the technology, lists the NDT hardware and operating param-
eters, recommends data collection and analysis requirements, 
and lists advantages and limitations. As SASW and IE tech-
nologies advance, these technical briefs will need to be revised 
to reflect those improvements.

The field testing results indicate that the Olson Engineer-
ing scanning IE/SASW system is able to locate delaminations 
or stripping or both at a variety of depths. The device can 
complete lane-width testing in two passes while operating at 
a walking speed. One lane mile of pavement can be scanned 
in 1 to 2 h.

The IE/SASW scanning system is a prototype device and is 
not ready for commercial use. There have been only a limited 
number of trials of the improved system in the field. Hard-
ware components should be consolidated to simplify assem-
bly. The data interpretation and analysis software requires 
technical expertise and experience to operate. Additional 
software is needed to automate the data interpretation to 
reduce the data analysis time.

The testing speed is a significant improvement over man-
ual point testing but still needs to be improved to meet the 
SHRP 2 project objective. The system can determine the depth 
of the pavement material discontinuity but cannot measure 
the condition of the pavement below the discontinuity.

Uncontrolled Field Testing of the LWD

Technology Improvements

There were no modifications or technology improvements to 
the LWD for the field testing in Florida and Kansas. The drop 
weight used for the LWD during testing was 22 lb, and the 
spacing of the accelerometers was 6 in. The LWD was tested 
in the field because the equipment was readily available, rela-
tively simple to operate, and added no cost to the project. 
Also, the LWD had shown some promise for at least being 
able to help identify areas of delamination and stripping at 

point locations. Measured deflections from accelerometers 
D1, D2, and D3 were used for the analysis.

Uncontrolled Field Evaluation

Testing in Gainesville, Florida, took place on March 1, 
2011. The air temperature ranged from approximately 65°F 
to 75°F throughout the testing time. The locations of 10 
core samples were determined within the predetermined 
2,000-ft test lane on the basis of results of the GPR test-
ing conducted previously. The LWD was tested at each core 
location before the samples were cut and removed. The 
testing procedure included operating the LWD on top of 
the core hole area, moving and testing the LWD approxi-
mately 3 ft behind the core hole area, moving and testing 
the LWD approximately 3 ft to the left or right of the core 
hole area (depending on whether the core area was in the 
right or left wheelpath), and moving and testing the LWD 
approximately 3 ft in front of the core hole area. Each test 
location had a minimum of three test repeats to obtain a 
representative average.

The testing in Pittsburg, Kansas, took place on April 26, 
2011, when the air temperature ranged from approximately 
50°F to 60°F. Previous GPR testing and analysis recom-
mended six locations for extracting core samples within the 
predetermined 3,600-ft test lane. The same basic procedure 
of testing the LWD on and around a 3-ft perimeter of each 
core hole area, as conducted in Florida, was performed in 
Kansas.

Evaluation Results

The LWD was operated at and around each predetermined 
core hole area at each test site before the core samples were 
removed from the pavement. Ten cores were extracted from 
the test site in Florida. Each of the 10 core samples was intact 
when removed from the pavement, indicating full bond. Fig-
ure 3.27 gives the deflection results of the LWD tests at and 
around each core hole area. The tests labeled with a 1 after 
the core hole number (e.g., 1-1, 2-1, 3-1) are the results of the 
LWD being tested directly on top of where the core sample was 
to be removed. The red horizontal lines seen on Figure 3.27 
are the averages of D1 (the accelerometer directly under the 
center of loading) with each core location. It was difficult to 
analyze the results since none of the core samples showed 
signs of stripping or delamination.

Six core sample locations were identified for removal in 
Kansas. Every core sample crumbled when removed from 
the pavement, thus indicating stripping. Figure 3.28 gives the 
deflection results of the LWD at and around each of the six 
core hole areas. An attempt to obtain good pavement base-
line data was made inside the 3,600-ft-long test area; however, 
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the core samples that were removed from the pavement all 
showed signs of delamination. Thus, there was no compari-
son for data measured with the LWD.

Both the Florida and Kansas sites consisted of thick 
asphalt pavement. The thickness of the Kansas pavement 
(13.5 in.) would typically result in lower LWD deflection 
values in comparison to the Florida pavement (9.0 in.). The 
higher deflections on the Kansas pavement demonstrate the 
ability of LWD to identify the presence of a severe discon-
tinuity. Unfortunately, a sound pavement section was not 
tested on the Kansas site to verify the difference between 

sound and delaminated pavement for a typical site specific 
evaluation.

Technology Implementation Status

The LWD is easily portable, commercially available, and 
widely used. However, the device is a point-load system and 
did not meet the SHRP 2 project objective. The LWD is capa-
ble of determining changes in pavement stiffness but is not 
able to determine the causes of stiffness changes or the depth 
of stiffness changes.
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Figure 3.27. LWD deflection results on I-75 in Florida.
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SASW can identify variations in the top 7 in. of the pave-
ment, provided the analysis uses a reasonable value for the 
stiffness of the pavement. Like IE, the SASW measurement 
has limited ability to provide the degree of severity and 
cannot measure pavement condition below the top of the 
discontinuity.

GPR, IE, and SASW can be valuable project-level tools used 
independently or in series. Table 4.1 provides a summary of 
the features of the NDT technologies that were further devel-
oped as a part of this study. As the NDT industry continues 
to improve the hardware and software, these NDT tools will 
become more effective tools for pavement evaluation. For 
example, data analysis software development is needed to 
make NDT a network-level tool for detecting delamination 
in HMA pavements.

Recommendations

On the basis of results of this study, the following recommen-
dations can be made. These recommendations are based solely 
on the NDT technologies available but should not preclude 
other innovative approaches as they develop.

1. GPR demonstrated full lane-width testing and IE/SASW 
improved its lane width capability from a width of 2 ft to 
a width of 6 ft. NDT manufacturers should continue to 
develop their equipment to provide testing hardware that 
can measure full-lane width. The hardware development 
must include the ability to narrow the width of the equip-
ment during transport from site to site for the safety of 
both equipment and other vehicles.

2. GPR and SASW technologies require an extensive 
amount of manual data analysis. NDT manufacturers 
should continue to improve the data analysis software 
with the goal of providing real-time results that would 
be valuable for project- and network-level pavement 

Conclusions

NDT hardware to measure changes in pavement response is 
available. GPR is the only NDT technology that is currently 
capable of testing full lane width and at moderate testing speed. 
Advances in mechanical wave NDT equipment significantly 
reduce the testing time but are limited to testing at speeds of 
less than 5 mph.

Software to analyze the data is available and requires a 
highly trained technician. The level of automated data analy-
sis must be improved to reduce the manual time required to 
obtain results.

None of the NDT technologies can conclusively distinguish 
between types of pavement discontinuities. The measurement 
identifies a discontinuity, or change, in the pavement condi-
tion, but cannot determine from the measurement why the 
change occurred. GPR, IE, and SASW each use a unique signal 
measurement that is influenced by the pavement condition. 
The technician will need to understand how the pavement 
condition influences the signal. Coring will still be required 
to confirm the nature of the discontinuity. None of the NDT 
technologies is capable of identifying partial or no bond due 
to inadequate tack coat during construction.

GPR can identify variations in the pavement, isolate the 
depth of a discontinuity in the pavement, and provide a rela-
tive degree of severity. Severe conditions, such as stripping, 
can be observed with conventional analysis software. Detect-
ing debonding between asphalt layers is only possible when 
there is moisture trapped in the debonded area between 
the layers using current analysis methodology. Software to 
quantify the extent of discontinuities over a large survey 
area is needed.

IE can identify variations in the pavement below a 4-in. 
depth, but confident analysis requires the HMA to be cool 
and stiff. The measurement has limited ability to provide the 
degree of severity and cannot measure pavement condition 
below the top of the discontinuity.

Conclusions and Recommendations

C h a p t e R  4
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assessment. Software to provide real-time IE results is 
available.

3. If highway agencies expressed an interest in apply-
ing NDT for pavement evaluation, the NDT industry 
would see market potential and continue to develop its 
equipment.

4. GPR equipment should have an array of antennae and fre-
quency sweep pattern ranging up to 3 GHz. Use GPR with-
out a lane closure to locate discontinuities in a pavement. 
Operate the GPR equipment full-lane width at moderate 
travel speed to perform a preliminary assessment of HMA 
pavement condition. The results of the GPR analysis will 
assist engineers in identifying pavement sections that 
require a more intensive evaluation.

5. IE/SASW equipment can be built as multiple unit pairs 
in a towing package. Use IE and SASW within a lane closure 
to locate the depth of pavement discontinuities. This 
equipment costs less than a lane-width GPR antenna full 
package does, but the data collected are also less compre-
hensive. IE and SASW can be used to supplement GPR 
analysis.

6. Highway agencies might consider research funding to 
support development of software for project-level and 
network-level analysis.

7. Many highway agencies operate FWD equipment. Research 
funding should be considered to explore further the use 
of FWD time history data as an NDT tool for identifying 
pavement discontinuities.

Table 4.1. Summary of Improved NDT Technologies

Technology GPR SASW IE

Measurement width Full-lane width Half-lane width Half-lane width

Measurement speed Up to 40 mph Less than 5 mph Less than 5 mph

Effective measurement depth Lower than top 2 in. 0 to 7 in. 4 to 12 in. (for cold-stiff HMA)

Analysis software Manual = complicated; some 
automated features

Manual = complicated Automated = real time
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•	 Time/depth slice for a given time range;
•	 Transverse profile for a given location or station; and
•	 Output format should be a volume of data with amplitude 

as a function of x (longitudinal distance), y (transverse 
offset), and z (wave response time).

Data Collection Protocol

Because of the number of antennas and the data collection 
rate, this type of GPR system collects large volumes of data. 
For example, a 7-mi test section with data collected at 8 in., 
longitudinally and transversely, resulted in an 11-gigabyte file. 
For project-level work, it is recommended that the project be 
divided into 1- to 2-mi sections for data collection. The start 
and end points of data collection should be referenced with 
mile markers or other fixed reference points. Roadway features 
encountered during the survey (intersections, bridge decks, 
etc.) should be annotated with some type of manual markers 
in the data. The data should be observed visually during col-
lection to ensure that the system is operating properly and that 
the expected features (e.g., AC layers) are appearing in the data. 
For network-level work, it would be desirable to relax the data 
density so that more area can be covered without generating 
overwhelming quantities of data. For example, if data were col-
lected every 2 ft longitudinally and transversely, the coverage 
would be roughly 42 lane miles for an 11-gigabyte file.

Data Analysis

The objective of the analysis is to identify anomalous reflec-
tion activity within AC layers or at AC layer boundaries, or 
both, that may be associated with asphalt mixture stripping 
or moisture infiltration into debonded areas. This evaluation 
can be carried out qualitatively by looking at cross sections 
and depth slices of the GPR data, as shown in Figure A.2. 
To handle large volumes of data, as required for a typical 
project or network-level application, the analysis needs to be 

Basic Principle

Ground-penetrating radar (GPR) sends high-frequency radio 
waves into the pavement from a moving antenna attached 
to a survey vehicle. The equipment can collect data at up to 
normal driving speeds. The GPR waves reflect back from 
layer boundaries and discontinuities within the pavement. 
Testing has shown that stripped asphalt concrete (AC) layers 
and debonded AC layers with trapped moisture will produce 
detectable reflections that are not normally seen with intact 
pavement layers. Semiautomated software to detect these 
reflections and map the areas of potential damage has been 
developed.

Equipment and Operation

The GPR system is implemented by using a multiantenna 
array. The purpose of the array is to collect equally spaced 
parallel lines of data simultaneously so that coherent areas 
of delamination can be identified and mapped. Figure A.1 
shows an example of such equipment. Data is collected con-
tinuously while the system is driven along the surface of the 
pavement. The data collection is typically triggered by using 
a distance measuring instrument (DMI) mounted to the 
vehicle wheel or to an external distance wheel.

Equipment Specifications

Table A.1 lists equipment specifications for GPR systems.

Data Output and Display

The field operation and playback software should be capable 
of the following displays, as shown in Figure A.2:

•	 Direct time domain waveform (A-scan);
•	 Longitudinal profile for a given transverse offset (B-scan);

Technical Brief: Ground-Penetrating Radar
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automated but may require some user interaction to identify 
the AC layers of interest in the GPR data. Once identified, 
these layers will be automatically tracked by the software. The 
results of the analysis should be a display of areas of potential 
delamination and stripping versus milepost or roadway sta-
tion. A sample of this type of output is shown in Figure A.3.

Equipment Availability and Cost

Currently, one manufacturer (3d-Radar) makes a complete 
GPR system of the type outlined in the specifications. The 
3d-Radar system has a provisional license for selected use, but 
has not yet received full approval by the FCC for sale in the 
United States. Two other manufacturers—Geophysical Survey 
Systems, Inc. (GSSI) and MALA—deliver a multichannel 

Figure A.1. Example of full lane width GPR antenna 
array.

Table A.1. GPR System Equipment Specifications

System Type

Array of Multiple, Air-Launched 
Antenna Elements Lined Up 
Transverse to the Direction  

of Travel

Frequency Range

  Impulse radar systems Center frequency of pulse: 2.0 GHz 
(minimum); 10 db limits:  
1.0–3.0 GHz

  Frequency sweep radar  
 systems

Frequency range: up to 3.0 GHz

Lateral spacing of 
antenna elements

1.5 ft (maximum)

Lateral coverage per  
pass

12 ft (full lane width)

Longitudinal data  
collection rate

1 scan per foot per antenna  
element (minimum)

Travel speed during data 
collection

20 mph (minimum)

Travel speed during mobi-
lization

Posted speed limit

Real-time display B-scan for selected antenna  
elements

System monitoring and 
control

Within survey vehicle

Data collection rate Data collection triggered on distance 
when a DMI is used

Spatial reference Vehicle DMI or GPS, or both

Note: GPS = Global Positioning System.

787.5

Depth slice Area of damage

Top of pavement

Bottom of asphalt

Transverse profileB-scan (longitudinal profile)
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Figure A.2. Sample display of data.
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GPR system that can meet the specifications. However,  
neither GSSI nor MALA offers the full lane-width configu-
ration, with antenna array and mechanical support, as a 
standard product at this time. It is possible, however, for a 
potential user to purchase the necessary components and 
configure a system. The estimated cost of each of these GPR 
systems is approximately $200,000.

Advantages and Limitations

The primary advantage of a GPR system is its ability to col-
lect three-dimensional (3-D) subsurface condition infor-
mation while moving at speeds that do not require lane 

Figure A.3. Sample output of data processing.

closures. GPR is particularly sensitive to moisture, so a  
GPR system can pick up areas of moisture infiltration 
and damage. A second advantage of a GPR system is its 
multifunctional capability. The system can collect data 
relative to the entire pavement structure, including base, 
subgrade, shallow drainage structures, utilities, and bridge 
approaches.

The principal limitation of GPR is that it is not capable of 
detecting physical debonding between pavement layers. GPR 
detects electromagnetic properties, not mechanical proper-
ties. A second limitation is the complexity of the data analysis. 
More automated software analysis tools are needed to exam-
ine the large 3-D data files.
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using a distance measuring instrument (DMI) mounted to 
the vehicle wheel or to an external distance wheel. Equip-
ment specifications are listed in Table B.1.

Data Output and Display

The field operation and playback software should be capable 
of the following displays:

•	 Direct time domain waveforms from each of the two receiv-
ers (Figure B.2);

•	 Dispersion curve for each wheel pair (Figure B.3);
•	 Waterfall plot of dispersion curves collected versus dis-

tance covered for each wheel pair; and
•	 Output format should be a volume of data with surface 

wave velocity as a function of x (longitudinal distance), y 
(transverse offset), and z (depth).

Data Collection Protocol

Due to the relatively low collection speed, this system should 
be used exclusively for project-level work, with a focus on spe-
cific locations and areas of concern. The start and end points 
of data collection should be referenced with mile markers or 
other fixed reference points. Landmarks encountered during 
the survey (e.g., intersections, bridge decks) should be anno-
tated with some type of manual marker in the data. The 
data should be observed visually during collection to ensure 
that the system is operating properly and that the expected 
features are appearing in the data.

Data Analysis

The objective of the analysis is to identify locations where a 
sharp drop in surface velocity with depth is associated with 
delamination (debonding) of an asphalt layer from the layer 

Basic Principle

In the spectral analysis of surface waves (SASW) test, the 
pavement is struck with a short, high-frequency source, 
thus creating a surface wave that propagates away from the 
source. Two receivers spaced near the source, but at dif-
ferent distances, detect the arriving surface wave, and data 
from these two locations are used to calculate the curve of 
wavelength versus frequency (dispersion curve) for the sur-
face wave. Because wavelength is related to depth of pene-
tration, this dispersion curve is interpreted as a relationship 
between surface wave velocity and depth. A sharp drop in 
velocity at a particular depth is indicative of a discontinu-
ity in the pavement structure, which would be associated 
with delamination (debonding) and stripping. Automated 
equipment has been developed to carry out this test con-
tinuously at a slow walking speed. Software to analyze the 
data is partially automated but still requires considerable 
user interaction.

Equipment and Operation

The SASW system consists of an array of rotating sensor 
wheel pairs, with each pair of wheels spaced approximately 
2 ft laterally from the adjacent pair. The purpose of the array 
is to collect equally spaced parallel lines of data simultane-
ously so that coherent areas of delamination can be iden-
tified and mapped. Figure B.1 shows an example of such 
equipment. In that example, each wheel is approximately  
1 ft in diameter and is mounted with six displacement 
sensors and impactor pairs. Each sensor/impactor pair is 
spaced at 6 in. intervals around the circumference of the 
wheel. Each sensor wheel pair is coupled with a rubber iso-
lated axle. Data are collected continuously at 6-in. intervals 
while the system rolls along the surface of the pavement. 
The data collection for each wheel is independently trig-
gered, and the position of the collected data is obtained by 
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below. To accomplish this task, the surface wave profiles at 
each location (Figure B.3) are assembled as a full volume of 
data, where x and y are the coordinates of the test point, z is 
the wavelength (or depth), and the value at point (x, y, z) is 
the surface wave velocity. Surface wave velocities can be pre-
sented for each selected depth range (or “depth slice”), and 
the velocity values within the slice are presented in grayscale. 
In the example in Figure B.4, velocities range from 3,000 ft/s 
(light gray) to 5,000 ft/s (black). The higher the surface wave 
velocity, the better the condition of the pavement. Anomalies 
can be seen as light spots where the velocities are lower. It is 
clear in this example that there is a sharp drop in velocity at 

a depth of approximately 0.4 ft, suggesting a delamination at 
that depth.

Analysis of the depth slices shown in Figure B.4 can be 
labor-intensive. It would be desirable to have data analysis 
software that can automatically search through the volume 
of data, detect locations where there is a sharp drop in the 
velocity with depth, and report those locations and depths in 
a plan area map that can be readily interpreted by a highway 
engineer.

(a)

(b)

Sensor Impactor

Distance wheel Transducer Wheel Pairs  

Data Acquisition Computer 

Figure B.1. IE/SASW scanning system (test setup  
of 6-in. transducer spacing and 2 ft between pairs): 
(a) layout of sensor wheel array and (b) detail of 
sensor wheel pair.

Table B.1. SASW Equipment Specifications

System Type

Array of Pairs of Rotating Sensor 
Wheels, Lined Up Transverse to the 

Direction of Travel

Sensor frequency 
response

Up to 50,000 Hz

Impact source input  
frequency

Up to 50,000 Hz

Lateral spacing between 
wheel pairs

Variable (2.0 ft typical)

Lateral coverage per pass 6 ft with three wheel pairs (half-lane 
width)

Longitudinal data  
collection rate

1 test per ft (minimum)

Travel speed during data 
collection

1 to 2 mph

Travel speed during  
mobilization

Posted speed limit

Real time display Single wheel pair waveforms at 
reduced display rate

System monitoring and 
control

Within or outside survey vehicle

Data collection rate Based on speed and sensor spacing 
on sensor wheel

Spatial reference Vehicle DMI or external distance 
wheel

Source

A
m

pl
it

ud
e

First 
Sensor

Second 
Sensor

Figure B.2. Detected waveforms.
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Equipment Availability and Cost

The SASW continuous scanning system discussed in this 
brief is not available commercially. A prototype system has 
been developed and tested by Olson Engineering. Also, the 
data interpretation and use of the analysis software in its cur-
rent state require a fair amount of experience. An estimated 
cost of a fully operational system is not available.

Advantages and Limitations

The primary advantage of an SASW system is its ability to 
detect delamination (debonding) within asphalt pavement 
layers directly. The principal limitation is speed. The system 
is restricted to testing at walking speed and, thus, its appli-
cation is limited to project-level analysis and diagnostic 
investigations.

(a)

(b)

Su
rf

ac
e 

w
av

e
Su

rf
ac

e 
w

av
e

Figure B.3. Dispersion curves calculated from SASW data: (a) dispersion curve from sound 
pavement and (b) dispersion curve from pavement with debonding at depth of 5 in.
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Surface Wave
Velocity (ft/sec.)

Depth = 0.1 – 0.2 ft 

Depth = 0.2 – 0.3 ft 

Depth = 0.3 – 0.4 ft  

Depth = 0.4 – 0.5 ft 

Depth = 0.5 – 0.6 ft 

Depth = 0.6 – 0.7 ft 

3000
3100
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3300
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5000

Figure B.4. Depth slices of SASW velocity versus depth data.
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Equipment and Operation

A typical hand-held portable IE device consists of a source 
and a receiver, and it requires about 15 to 30 s to place the 
device, conduct the test, and move to the next location. The 
actual IE measurement occurs in milliseconds. For the pur-
poses of scanning a larger area of pavement, an automated 
system is preferred. The system consists of an array of rotat-
ing sensor wheels, each equipped with impact sources and 
motion sensors around the perimeter. The purpose of the 
sensor wheel is to carry out IE tests while the wheel is con-
tinuously rolling. Use of multiple sensor wheels spaced trans-
versely across the width of the pavement allows coverage of 
an area of pavement while traveling at a slow walking speed. 
The purpose of the wheel array is to collect equally spaced 
parallel lines of data simultaneously so that coherent areas of 
delamination can be identified and mapped.

Figure C.1 shows two examples of IE equipment. In those 
examples, each wheel is approximately 1 ft in diameter, and 
is mounted with six pairs of a displacement sensor and an 
impact source. Each sensor/source pair is spaced at 6-in. inter-
vals around the circumference of the wheel. Every two sensor 
wheels are coupled together with a rubber isolated axle. Data 
are collected continuously at 6-in. intervals while the system 
rolls along the surface of the pavement. The data collection for 
each wheel is independently triggered, and the position of the 
collected data is obtained by using a distance measuring instru-
ment (DMI) mounted to the vehicle wheel or to an external 
distance wheel. Table C.1 lists equipment specifications for IE.

Data Output and Display

The field operation and playback software should be capable 
of the following displays:

•	 Direct time domain waveforms from each source-receiver 
pair;

Basic Principle

Impact echo (IE) is a point test method that transmits a 
high-frequency mechanical (sound) wave into the pavement 
and measures the P-wave reverberation (echo) between the 
top and bottom surfaces. An impact source and receiver 
are placed adjacent to each other on the pavement surface. 
The amplitude of the reverberation detected by the receiver 
is converted into the frequency domain as amplitude ver-
sus frequency. For a homogeneous pavement layer, there is a 
resonant or dominant frequency directly proportional to the 
thickness of the pavement layer, according to the equation 
below. This resonant frequency is referred to as the “thickness 
resonance.” The frequency data are typically converted into 
thickness by using the following equation with an assumed 
P-wave velocity.

T V f= 2

where
 T = thickness,
 V = P-wave velocity in pavement, and
 f = frequency.

For a uniform pavement with no delaminations, the cal-
culated thickness resonance will be relatively uniform. How-
ever, when there is delamination, the reverberation will be 
disrupted and other, lower frequency modes of vibration 
will occur. This lower frequency will lead to abnormally 
high calculated thickness values at delamination locations. 
For a series of IE tests conducted over an area, the calculated 
thickness can be plotted, and areas where the thickness is 
unreasonably high (i.e., not expected in the pavement struc-
ture) are interpreted as delaminated. Automated equipment 
has been developed to carry out this test continuously at a 
slow walking speed. Software to analyze the data is partially 
automated.
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•	 Running amplitude/thickness plot, or equivalent b-scan, 
for each sensor wheel; and

•	 Output format should be a two-dimensional (2-D) array 
of data with thickness as a function of x (longitudinal dis-
tance) and y (transverse offset).

Data Collection Protocol

Because of this system’s relatively low collection speed, this 
system should be used exclusively for project-level evaluation, 
with a focus on specific locations and areas of concern. The 
start and end points of data collection should be referenced 
with mile markers or other fixed reference points. Roadway 
features encountered during the survey (e.g., intersections, 
bridge decks) should be annotated with some type of man-
ual markers in the data. The data should be observed visu-
ally during collection to ensure that the system is operating  

properly and that the expected features are appearing in 
the data.

Data Analysis

The objective of the analysis is to identify locations where 
a significant increase in computed thickness is associated 
with debonding or delamination of an asphalt layer from the 
layer below. To accomplish this task, the amplitude/thickness 
plots created at each location are assembled as a 2-D array of 
data, where x and y are the coordinates of the test point, and 
z is the resonant thickness value. These thickness values can 
be contour plotted, and thickness values exceeding a speci-
fied threshold can be highlighted as those associated with 
debonding and delamination. An example of such a plot is 
shown in Figure C.2.

Equipment Availability and Cost

The IE scanning system discussed in this technical brief is 
not available commercially. A prototype system has been 
developed and tested by Olson Engineering. Also, the data 
interpretation procedures and analysis software are reason-
ably well developed. An estimated cost of a fully operational 
system is not available.

(a)

(b)

Synchronized 
transducer 

Automated 
Impactors 

Cable to data 
acquisition PC

Vehicle 
ball hitch 

mount 

Distance wheel Transducer Wheel 

Data Acquisition 
Computer 

Figure C.1. Current IE/SASW scanning 
systems: (a) six-sensor wheel array and  
(b) two-sensor wheel unit.

Table C.1. IE Equipment Specifications

System Type

Array of Six Rotating Sensor 
Wheels, Lined Up Transverse 

to the Direction of Travel

Sensor frequency response Up to 50,000 Hz

Impact source input frequency Up to 50,000 Hz

Lateral spacing of sensor 
wheels

2.0 ft (typical)

Lateral coverage per pass 12 ft (full lane width)

Longitudinal data collection 
rate

One test per foot (minimum)

Travel speed during data  
collection

1 to 2 mph

Travel speed during  
mobilization

Posted speed limit

Real time display Resonant frequency

System monitoring and control From within or outside survey 
vehicle

Data collection rate Based on speed and sensor 
spacing on sensor wheel

Spatial reference Vehicle DMI or external distance 
wheel
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Note: dark blue/cyan areas = anomalously high thicknesses; light green = expected AC thickness.

Figure C.2. Contour plot of resonant thickness.

Advantages and Limitations

The primary advantage of an IE system is its ability to directly 
detect debonding and delamination within asphalt pavement 
layers. The principal limitations are temperature and speed. The 

detection capability is limited to periods of colder temperatures, 
where the asphalt has a high enough stiffness to generate the 
reverberations detected by this method. The system can operate 
only at slow walking speed and its application is thus limited to 
project-level analysis and diagnostic investigations.
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List of Topics for Volumes 2 Through 5

a p p e n d i x  d

This SHRP 2 study generated a sizable amount of docu-
mentation that contains more details regarding the find-
ings of evaluations and equipment development. Because 
of the quantity of detailed documentation on specific 
topics, these topic-specific documents are contained in 
 Volumes 2, 3, 4, and 5. The topics covered in these volumes 
are listed below. Some of the topic-specific documents were 
prepared by groups associated with the study. Authorship 
of each paper is noted in each chapter in Volumes 2 through 5.

Volume 2: Theoretical Models

•	 Theoretical Models for Ground-Penetrating Radar
•	 Theoretical Models for Infrared Thermography Technology
•	 Theoretical Models for Mechanical Wave Technology—

Impact Echo, Impulse Response, and Ultrasonic Surface 
Waves

•	 Theoretical Models for Mechanical Wave Technology—
Deflection-Based Approach

Volume 3: Controlled Evaluation Reports

•	 Control Laboratory and Field Evaluations: Construction 
Report

•	 Laboratory and Field Evaluation of Ground-Penetrating 
Radar Systems

•	 Laboratory and Field Evaluation of Infrared Thermog-
raphy Systems

•	 Controlled Evaluation of Mechanical Wave Technologies: 
Portable Seismic Pavement Analyzer, Scanning Impact 
Echo, and Multiple Impact Surface Waves

•	 Ultrasonic Tomography Testing at NCAT Pavement Test 
Track

•	 Controlled Evaluation of Lightweight Deflectometer
•	 Controlled Evaluation of Falling Weight Deflectometer

Volume 4: Uncontrolled Evaluation Reports

•	 3d-Radar Report
•	 Olson Engineering, Inc. Results
•	 Olson Engineering, Inc., SASW Test Results from Florida 

Test Section
•	 Olson Engineering, Inc., SASW Test Results from Kansas 

Test Section

Volume 5: Field Core Verification

•	 3d-Radar Ground-Penetrating Radar Field Testing Results 
for Locating Cores—Florida

•	 Florida Cores Analysis
•	 3d-Radar Ground-Penetrating Radar Field Testing Results 

for Locating Cores—Kansas
•	 Kansas Cores Analysis
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Nondestructive Testing to Identify Concrete Bridge Deck Deterioration (R06A)
Evaluating Applications of Field Spectroscopy Devices to Fingerprint  

Commonly Used Construction Materials (R06B)
Using Infrared and High-Speed Ground-Penetrating Radar for Uniformity  

Measurements on New HMA Layers (R06C)
Real-Time Smoothness Measurements on Portland Cement Concrete  

Pavements During Construction (R06E)
Assessment of Continuous Pavement Deflection Measuring  

Technologies (R06F)
High-Speed Nondestructive Testing Methods for Mapping Voids, Debonding, 

Delaminations, Moisture, and Other Defects Behind or Within Tunnel  
Linings (R06G)
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