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Subsurface Joint Deterioration Detection: A MnROAD Blind Test Comparison of
Ultrasound Array Technology with Conventional Nondestructive Methods

ABSTRACT

This paper presents the results of a blind test evaluation of various nondestructive testing
techniques including well established methods such as chain dragging, rod sounding, and
GPR as compared to an emerging ultrasonic array technology in determining the extent
of the concrete joint deterioration. Nondestructive testing at two concrete pavement
joints at MnROAD was performed and the results were independently evaluated and
submitted to MnDOT. Significant discrepancies in subsurface deterioration assessments
were observed among these techniques. Forensic evaluation (trenching and coring) were
utilized to resolve the discrepancies in test results. It was concluded that the ultrasound
array analysis was the only method able to accurately determine the horizontal extent of
the deterioration otherwise undetected by the other available nondestructive evaluation
methods. Additionally, ultrasonic tomography analysis was able to determine the depth
of the deterioration. This makes this emerging technology an attractive alternative to
traditional NDT methods for concrete pavement joint assessment.
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INTRODUCTION

Premature deterioration at concrete pavement joints reduces concrete pavement life on
highway infrastructure as well as city streets (1). Various nondestructive techniques have
been used to detect subsurface deterioration in the past with various degrees of success.
However, very limited systematic studies have been conducted in the past to
independently evaluate the relative accuracy of multiple techniques. This is especially
true for comparisons with ground truth data due to difficulties associate with obtaining
the latter information. Fortunately, the Minnesota Road Research Facility (MnROAD)
provides the opportunity to conduct this type of investigation (2).

This paper presents the results of a blind test to evaluate the capabilities of various
nondestructive testing techniques in determining the extent of the concrete joint
deterioration. The testing was conducted at the bypass along westbound 1-94 adjacent to
the MnROAD Mainline Test Section in MnDOT District 3. 1-94 in this area is a four lane
divided concrete roadway with a nominal thickness of 9 inches consisting of 27 foot
skewed joints. The pavement, built in 1974, has exhibited very few cracked panels but
high severity faulting causing poor ride. Falling weight deflectometer (FWD)
measurements showed the joints to have low joint efficiency.

In this study, four different nondestructive testing techniques were used to diagnose
deterioration. The evaluated methods include well established techniques such as ground
penetrating radar (GPR), rod sounding, and chaining as well as an emerging ultrasonic
array technology (MIRA). The results for all four techniques were submitted to
MnROAD independently to ensure a blind testing evaluation. Subsequent forensic
activities were conducted to evaluate the accuracy of each of the methods.

TESTING METHODOLOGY
Test Site

Two transverse joints of the MnROAD bypass were evaluated in this study using
nondestructive testing. The east most joint located toward the beginning of the bypass is
referred to as Joint 1 in this study while the west most joint is referred to as Joint 2. The
area was evaluated along the entire transverse joint extending to 18 inches on both sides
of the joints.

Conventional Testing Methods

Evaluation of pavements for delaminations or other internal conditions is commonly
conducted with traditional acoustical methods such as chain dragging and rod sounding
(3). In both types of evaluation a sound wave is sent into the pavement, and the pitch of
the response is subjectively evaluated to determine the condition of the pavement. There
are various ways to transmit the sound wave to the pavement by dragging the chain
depending on the operator. In this round of testing MnDOT personnel used an “S” type
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motion to drag the chain along the joint and “X” marks were made where a hollow
sounding response was observed. A sound wave can also be transmitted into the
pavement by dropping a heavy steel bar onto the pavement and listening for the pitch of
the response. Since the MnDOT operator in this study observed a better sound
penetration with the rod sounding technique as compared to the chaining, this method
was used to map areas of delamination. The “X” marks from the chain drag and map of
the deteriorated areas from the rod sounding were marked into notes on-site, and then
submitted using an electronic diagram before forensic evaluation.

Ground penetrating radar (GPR) transmits electromagnetic waves into the test medium
and the reflection of those waves at interfaces of different dielectric properties gives
information about changes in the test medium. The wave speed is dependent on the
dielectric properties of the material, and can be used to determine the target depth (4-6).
In this study a MnDOT owned and operated 2.6 GHz ground-coupled antenna was used.
A grid was painted above the concrete joints, with 2 foot intervals marked transversely.
The 2 ft points are marked with dashed lines at the top of the image shown in figure 1.
The first mark was 4 inches from the right edge of concrete while the last mark was 4
inches from the left edge of concrete. The surface of the concrete in the GPR outputs
appears flat because the antenna is in continuous contact with the surface while being
dragged. Figure 1 shows an example output of GPR where parabolic reflections can be
observed due to the presence of dowels. This testing was conducted within hours
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Figure 1. Example GPR output at 4 inches West of Joint 1.
Ultrasonic Tomography Testing Method
Ultrasonic tomography is a method that utilizes dry point contact transducers to transmit
relatively low frequency (~50 khz) shear waves into the pavement. To achieve radiation

and reception of a transformable short duration shear wave impulse each transducer
consists of two parallel piezoelectric elements oscillating at a 180 degree time lag
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(antiphase) (7). The development of these transducers and the availability of powerful
computers led to the introduction of an ultrasonic tomography device, MIRA, for
diagnostics of concrete structures (8). The ultrasonic tomography device used in this
study incorporates 10 channels operating in a multi-static nature, allowing for 45
transmitting and receiving pair time-of-flight measurements in approximately 1 second.
The spacing between adjacent transducer channels is 40 mm (1.6 in.). Thus, horizontally
spaced measurement pairs in each MIRA scan include nine pairs at 40 mm (1.6 in.)
spacing, eight pairs at 80 mm (3.1 in.) spacing, through one pair at 360 mm (14.2 in.)
spacing in 40 mm increments (9).

45 pairs per
measurement

Figure 2. Example ultrasonic tomography scan and transducer information

The data obtained from the transducers is processed using the Synthetic Aperture
Focusing Technique (SAFT), used to reconstruct the multiple measurement pair
information (10-14). Thus a visual representation of the cross section (SAFT B-scan)
below the scanned area can be observed. An example SAFT B-scan taken on sound
concrete at the MnROAD bypass from this study can be observed on the bottom-right of
figure 2.

Post-processing ultrasonic tomography data using SAFT-panoramic and SAFT-3D
reconstruction developed at the University of Minnesota can allow for a more detailed
visualization of subsurface features. The synthetic aperture focusing technique
panoramic (SAFT-panoramic) reconstructions are based on fusing absolute intensity of
reflections from multiple overlapping scans. Figure 3 shows four approximately 6 ft.
SAFT panoramic reconstructions each resulting from overlapping SAFT B-scans taken in
4 inch step sizes on joint 2 after they have been fused together. The four SAFT-
panoramic reconstructions were centered (from top to bottom in Figure 3) at 16 in., 10
in., 8 in, and 3 in. away from the joint at the same location along the leave slab of passing
lane joint 2.
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On the left side of each of the scans the high intensity reflections can be observed at the
approximate depth of the pavement (~9 in.) indicating relatively sound concrete
condition. Conversely, shallower high intensity reflections can be observed at the right
side of the SAFT-panoramic. These shallow reflections were used to diagnose
delamination. It can be observed that the shallow high intensity reflections extend further
left as they approach the joint. The filled orange squares at the top of each reconstruction
indicate the delamination crack initiation. This trend of extended delamination closer to
the joints was observed at multiple locations. This type of analysis was useful when
mapping the extent and severity of the deterioration prior to the forensic evaluation. As
discussed in more detail in previous literature each individual SAFT B-scan is affected by
the limited aperture of the sensor array (8, 9). This limitation can be overcome by taking
overlapping measurements and fusing the data together to creating a continuous
reflection at the depth of the PCC. This analysis also provides additional redundancy
allowing for deterioration analysis to determine distress trends in larger areas without
being impeded by the effect of limited aperture (8,14).
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Figure 3. SAFT-panoramic reconstructions from top to bottom at 16 in., 10 in., 8 in, and
3 in. from the joint.
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The synthetic aperture focusing technique 3-dimensional reconstructions (SAFT-3D) are
based on interpolation of intensity reflection locations that exceed a predefined threshold.
Figure 4 shows the delamination in this area as viewed from the SAFT-3D
reconstruction. Similar to the SAFT-panoramic reconstruction shown in figure 3, a
majority of the high intensity shallow reflections indicating delamination can be observed
on the right side. On the right side of figure 4, the high intensity reflections can be
observed along the depth of the dowels including locations between the dowels. This
type of reflection indicates a horizontal plane of delamination. Using the SAFT-3D
reconstructions the extent of delamination can be observed in both lateral and depth
directions by looking at different angles of the SAFT-3D reconstruction. This type of
SAFT-3D reconstruction can be useful for getting relational information about the high
intensity reflections to determine if the reflection is caused by an as designed inclusion or
damaged concrete in the vicinity.
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Figure 4. SAFT-3D reconstruction indicating a delaminated condition in the joint #2
passing lane leave slab

Blind Testing Results Summary

A summary of testing results for the conventional sounding methods (chain drag and rod
sounding) as well as the ultrasonic array technology is presented in figure 5 for joint 1
(5a) and joint 2 (5b). The chain drag-detected deterioration is denoted with an “X.” The
curved line in the center of figure 5 shows the boarder of rod sounding-detected
deterioration. The ultrasound array deterioration is marked using darker shades of gray to
indicate deteriorated conditions. The legend in figure 5 shows the associated markings.
GPR testing did not result in a mapped evaluation of the condition, so the results are
given in Table 1. Also, since the analysis was based on intensity of the dowel reflection,
any information past the end of the dowels or below the dowels was not available.
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Joint #2: ROD SOUNDING

Joint #2: CHAIN DRAG RESULTS Joint #2: MIRA RESULTS
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Figure 5. Conventional sounding and ultrasonic array technology (MIRA) summary of
test results. 5(a) Joint 1 is shown on the top and 5(b) Joint 2 is shown on the bottom.
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Table 1: GPR general test results.
Location GPR Evaluation
Joint 1: 4 in. east of joint All dowels visible in both lanes, bars near
the center of roadway in both lanes visible
indicating possible corrosion or socketing
Joint 1: Directly over joint Only one dowel clearly visible in right
lane, indicating probable corrosion and/or
socketing. Dowels in passing lane barely
visible indicating probable corrosion and/or
socketing, but not quite as severe as in
driving lane.
Joint 1: 4 in. west of joint All dowels visible in both lanes, bars near
center of roadway somewhat less visible
indicating possible corrosion and/or
socketing.
Joint 2: 4 in. east of joint Dowel bars in truck lane are present and
look ok. Dowels in passing lane are
significantly less visible, indicating
probable corrosion and/or socketing.
Joint 2: Directly over joint Only one dowel is slightly visible in truck
lane. Dowels in passing lane not visible;
mid—depth deterioration and/or voids are
apparent — particularly in the left-most 8
feet of the joint.
Joint 2: 4 in. west of joint All dowels visible, but dowels in passing
lane are less clear indicating possible
corrosion or socketing.

Comparison of the outputs from each technique shows that chain dragging and GPR
resulted in a limited amount of data as compared to the coverage of rod sounding and
ultrasonic array technology. Moreover, there were inconsistencies in the joint assessment
among the techniques. There were some locations where all four methods indicated the
presence of deterioration. For example, the presence of subsurface distress was detected
by each method in the passing lane of joint 2, although to various extents. At the same
time, there are various locations, especially at joint 1, where there was disagreement in
joint deterioration assessments. To resolve these discrepancies, forensic activities were
conducted.
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Forensic Evaluation

Forensic analysis was conducted after nondestructive testing results were submitted at
two transverse joint locations. The saw cuts were made 18 in. away from the transverse
joint on both the approach and leave slab creating a 3 ft. wide (longitudinally) trench.
Additional saw cuts were made in the longitudinal direction resulting in 1 approximately
1 ft by 3 ft slab, and 8 approximately 3 ft by 3 ft concrete slabs at each joint. The slabs of
joint 1 were labeled A through I in the transverse direction from driving lane to passing
lane with an underline denoted on the approach slab side. The slabs were similarly
labeled 1 through 9 in joint 2.

To evaluate the presence and extent of deterioration of the underside of the concrete
initiated at the joints the slabs were flipped upside-down. This type of deterioration
initiated at the joint is referred to as “tenting” herein, where the amount of deteriorated
concrete increases with depth at the transverse joint. Figure 6 gives an example upside-
down slab location where significant tenting can be observed at joint 2, slab #2.

Figure 6. Example “tenting” distress observed at joint 2, in both approach and leave slab
#2 as viewed from the south side of the slab.

Spalling and PCC cracking information could be gathered at each of the saw cut interface
locations of each of the slabs provided. This observed distress was generally horizontal
and initiated at uncut tie wires of the dowel baskets and is referred to as “delamination”
herein. Additional cores were taken to determine the amount of delamination within
locations where no side surface was visible and differing nondestructive testing results
were submitted. Figure 7 shows example locations where delamination can be observed.
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An interface where the crack has not propagated a significant distance can be observed at
joint 2, slab #8, on the right side of figure 7. A location where the crack has initiated at
the tie wire and propagated to the joint can be observed on the bottom left of figure 7
showing joint 2, slab #6, on the south side. The top, left corner of figure 7 shows
delamination initiated at the tie wire that has propagated to the joint as well as to 18
inches away from the joint. It can also be observed that the crack at this pictured location
(joint 2, slab #8) is deteriorating and widening.

T T ANy Ty R e |

Joint 2 — #8 South Crack initiation

7(a) Crack initiation.
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" Joint 2 #6:
South Crack
initial
propagation

7(b) Initial propagation

Joint 2 #8
North

Widened
Crack

7(c) Crack widening
Figure 7. Example delamination observations at various locations showing the different
extents of observed delamination.

BLIND TESTING COMPARISONS
Summary of Blind Testing Comparison Findings

Comparison of ultrasonic array technology with traditional methods, and subsequent
forensics showed the ultrasonic method with associated analysis tools to be the most

TRB 2013 Annual Meeting Paper revised from original submittal.



Hoegh, Khazanovich, Worel, and Yu

proficient at identifying the extent and depth of subsurface deterioration. Rod sounding
was found to be the best alternative to ultrasound as it correlated fairly well with the
“tenting” results near the joint, although it did not detect a significant portion of the
delamination, especially at greater depths and further away from the joint.

While ground coupled GPR and chaining were able to detect several significantly
deteriorated areas, a detailed map of the tested area could not be provided and a
significant amount of the distresses confirmed by forensics was not identified by these
methods. Due to the dependence of electromagnetic waves on changes in dielectric
properties to gather information, GPR is more sensitive to metal or water inclusions as
compared to layer boundaries such as delamination or the interface between the concrete
and the base. It was also indicated by the GPR operator that the dry conditions might
have contributed to the lack of detailed information at deteriorated areas. In the case of
chaining, the operator indicated that the impact was not as great as the rod sounding
making it more difficult to determine flaws at greater depths.

Ultrasonic array technology and rod sounding were the only methods able to map the
general location of deterioration, while the ultrasonic array method showed the most
extensive and accurate results including the depth of the deterioration. It should also be
noted that the 3D GPR was not available for the blind test, and the GPR used in this study
consisted of a single sending/receiving antenna. It is possible that an array GPR setup
could increase the precision of this technique.

Forensic activities identified that the deterioration covered the extent of the tested area at
both approach and leave slabs of the passing lane of Joint #2. Comparing this result to
those submitted prior to forensic activities showed that ultrasonic array technology blind
testing was the only method that indicated deterioration to the extent of the tested area at
these locations. There were also other cases where forensics was used to resolve
discrepancies between methods as detailed in the section below. The following section
also uses forensic results to verify the depth of the distresses identified by ultrasonic array
analysis in the blind test.
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Comparison of NDT Methods with Forensics at Areas with Discrepancies

There were some situations where there was disagreement between the various NDT
methods. In this section, the forensic results at some of these locations are presented to
enable objective evaluation of the tested techniques.

Ultrasonic array technology was the only technique that showed significant deterioration
away from the joint. The results of forensics confirm this assessment. Figure 8 presents
the ultrasound array technology analysis results along with associated forensics at a
portion of the leave slab of joint #2. The figure shows the starting and stopping point of
the ultrasonic array technology measurements for the given section (top), the SAFT-
panoramic reconstruction (middle), as well as the forensic verification (bottom). The
orange box around the SAFT-panoramic reconstruction corresponds to the orange box
around the cross section of the pavement at that scanned location as revealed by trenching
the joint.

It can be observed that the mid-depth of the high intensity reflection on the left of the
SAFT-panoramic is approximately 9 inches, which corresponds to the PCC slab thickness
and indicates sound concrete. Forensics confirms this assessment as shown on the left
side of the interface in figure 8. A shallower high intensity reflection can be observed on
the right side of the SAFT-panoramic reconstruction. The mid-depth of this reflection is
approximately at 4.5 in. This corresponds with the depth of the delamination that can be
observed at about 4.5 in. depth on the right side of the forensic interface. Although, as
can be observed by figure 8, this is a fairly straight forward diagnosis using ultrasonic
array technology, the other techniques were not able to identify this delamination (see
figure 5). Similarly, only ultrasonic array analysis diagnosed delamination away from the
joint in the approach slab of joint #2. Figure 9 shows similar results where the depth of
the delamination diagnosis corresponds to the depth of the delamination verified by
forensics.
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Figure 8. SAFT-Panoramic reconstruction and comparison with the actual delamination
crack path at 18 in. from Joint #2 in the leave slab.
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Figure 9. SAFT-Panoramic reconstruction and comparison with the actual delamination
crack path at 18 in. from Joint #2 in the approach slab.

Depth, inch

Some of the locations, where ultrasonic array technology diagnosed subsurface
deterioration and the conventional methods did not, were located where forensic
information was not initially available. In a couple of these locations cores were taken to
resolve the discrepancies. The cores taken in these examples confirmed the ultrasonic
tomography diagnosis of delamination. Figures 10 through 12 illustrate an example
where core verification was used. In the example case shown here, a core was taken in
panel G of the leave slab at 10 in. away from the joint. Figure 10 gives a zoomed in view
of this location with a red circle denoting the core location.

Joint #1: CHAIN DRAG RESULTS Joint #I:RR;E;(-:;UNDING Joint #1: MIRA RESULTS
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Figure 10. Zoomed in view of figure 5 showing a core location where ultrasound

tomography was the only method to show deterioration.
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Figure 11 shows the SAFT-panoramic reconstructions of the Joint 1 leave slab panel G
location. Shallow high intensity reflections can be observed on the right side of the
SAFT-panoramic at this location. Figure 12 shows the associated core where
delamination is clearly visible at the depth of the indications from ultrasonic array
analysis.

201 2—04-06104901 r01 BB1 6

~ 7 14 21 28 35 2_49 56 63 70 77
Transverse Width. inches

Figure 11. SAFT-panoramic reconstructions of the Joint 1 leave slab (panels G and F) at
10 and 8 in. from the joint.

| Joint 1 Leave
Slab Core
\Qelamination

Figure 12. Core centered at appoximately 10 in. from joint one in the leave slab
direction.
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CONCLUSIONS

Nondestructive testing at two concrete joints on westbound MnROAD bypass 1-94 lanes
followed by forensic activities allowed for a comparison of several conventional testing
techniques (chain dragging, rod sounding, and GPR) with an emerging ultrasonic array
technology. To make the comparison objective, the results of each method were
independently prepared and submitted to MnROAD. Significant discrepancies in
subsurface deterioration assessments were observed among these techniques. Forensic
evaluation (trenching and coring) were utilized to resolve the discrepancies in test results.
It was concluded that the ultrasound array analysis was the only method able to
accurately determine the horizontal extent of the deterioration. Additionally, ultrasonic
tomography analysis was able to determine the depth of the deterioration. This makes
this emerging technology an attractive alternative to traditional NDT methods for
concrete pavement joint assessment.

While the applicability of each technique is a tradeoff between accuracy, time, and cost to
acquire and process the data, this study focused on accuracy as the primary measure to
establish baseline capabilities of the different techniques. The only requirement in this
study was that the testing should be conducted, processed, and reported prior to the
forensics which was conducted the next day after testing to ensure a “blind test.” The
tradeoff between accuracy and productivity needs to be evaluated as part of a separate
study.

TRB 2013 Annual Meeting Paper revised from original submittal.



Hoegh, Khazanovich, Worel, and Yu

ACKNOWLEDGMENTS

The authors would like to thank the following MnDOT personnel for their efforts. Mr.
Steve Olson conducted both chain drag and rod sounding techniques and provided
additional analysis including the template for mapping the deterioration, provided many
of the forensic markings and pictures, as well as other forensic activities and analysis.
Mr. Dan Franta marked the testing grids and recorded MIRA testing information. Mr.
Len Palek and Mr. Doug Lindenfelser saw cut and removed the pavement panels as well
as other forensic activities. Mr. Matt Lebens conducted the GPR testing. Dr. Shongtao
Dai is the Project Manager from MnDOT for the project that developed many of the
ultrasonic array analysis methods used in this study.

REFERENCES

1. Taylor, P., Rasmussen, R.O., Torres, H., Fick, G., Harrington, D., Cackler, T.,
“Investigation of Jointed Plain Concrete Pavement Deterioration at Joints and the
Potential Contribution of Deicing Chemicals.” Federal Highway Administration,
and State Departments of Transportation of Indiana, lowa, Michigan, Minnesota,
New York, South Dakota, and Wisconsin. Transportation Pooled Fund Study
TPF 5(224). September 2011.

2. Tompkins, D., L. Khazanovich, and D.M. Johnson (2008). “Benefits of the
Minnesota Road Research Project,” Transportation Research Record: Journal of
the Transportation Research Board, 2087: 12—19.

3. Chong K. P., Carino N.J., and Washer G., “Health monitoring of civil
infrastructures.” National Science Foundation, National Institute of Standards and
Technology, and the Federal Highway Admisistration. Institute of Physics
Publishing. Smart Materials and Structures PII: S0964-1726(03)61742-8, Date:
2003, pages 483493

4. Gucunski N., Romero F., Kruschwitz S., Feldmann R., Abu-Hawash A., Dunn
M., “Multiple Complementary Nondestructive Evaluation Technologies for
Condition Assessment of Concrete Bridge Decks.” Transportation Research

Record: Journal of the Transportation Research Board of the National Academies.
Volume 2201. Pages 34-44. 2010. Online Date: Wednesday, December 01, 2010.

5. Li, J., Zollinger, D.G., Lytton, R.L., “Detection of Delamination in Concrete
Pavements Using Ground-Coupled Ground-Penetrating Radar Technique.”

Transportation Research Record: Journal of the Transportation Research Board,
Volume 2087 /2008, pp. 68-77, 2008

6. Maierhofer C., “Nondestructive Evaluation of Concrete Infrastructure with
Ground Penetrating Radar.” Federal Institute for Materials Research and Testing

TRB 2013 Annual Meeting Paper revised from original submittal.



Hoegh, Khazanovich, Worel, and Yu

(BAM) Berlin, Germany. Journal of Materials in Civil Engineering. ASCE.
Volume 15, Issue 3, Issue Date: May/June 2003, pp. 287-297.

7. Nesvijski, E.G., “On the Problem of Application of the Conic and Exponential
Wave Guiding Extensions for Ultrasonic Transducers for Materials Testing”.
Journal: NASTA Technical Bulletin, Philadelphia, PA, USA, 1997 (ISSN 1079-
8498), Volume 3, pp. 49-56.

8. Hoegh K., Khazanovich L., Yu H.T. “Ultrasonic Tomography Technique for
Evaluation of Concrete Pavements.” Transportation Research Record: Journal of
the Transportation Research Board, No. 2232, pp. 85-94. 2011.

9. Hoegh, K., Khazanovich, L., “Correlation Analysis of 2D Tomographic Images
for Flaw Detection in Pavements.” ASTM International. Journal of Testing and
Evaluation. Volume 40. Issue 2. March 2012.

10. Langenberg, K.J. et al. Inverse Scattering with Acoustic, Electromagnetic, and
Elastic Waves as Applied in Nondestructive Evaluation. Chapter 2 in Wavefield
Inversion. Edited by Armand Wirgin (2001).

11. Marklein, R. et al. Linear and Nonlinear Inversion Algorithms Applied in
Nondestructive Evaluation. University of Kassel. Inverse Problems (2002). Inst.
of Physics Publishing. 1733-1759

12. Hoegh, K., Khazanovich L., Yu, H.T. “Concrete Pavement Joint Diagnostics
Using Ultrasonic Tomography.” accepted for publication in Transportation
Research Record: Journal of the Transportation Research Board, Washington
D.C. 2012.

13. Hoegh, K., Khazanovich L., Maser K., “Evaluation of an Ultrasonic Technique
for Detecting Delamination in Asphalt Pavements.” accepted for publication in
Transportation Research Record: Journal of the Transportation Research Board,
Washington D.C. 2012.

14. Mayer, Klause et al. Characterization of Reflector Types by Phase-Sensitive
Ultrasonic Data Processing and Imaging. Journal of Nondestructive Evaluation
(2008). Springer Science. Pp. 35-45.

TRB 2013 Annual Meeting Paper revised from original submittal.



