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ABSTRACT

Accurate assessment of the condition of bridgessléadheir economic management. Ultrasonic seismic
methods can be successfully used for this purpose by evaluating changes in material characteristics and
detection of development of defects and zones tdrideation. The impact echo method is of special
benefit in evaluation of corrosion induced deck defetion, due to its nondestructive nature, speed of
evaluation and ability to detect delaminated zonesaaibus stages of deterioration: from initial to
progressed and developed. The traditional approadondition assessment of bridge decks by impact
echo based on review of individual test poietards, and a new automated approach based on three
dimensional data visualization are presented. déeeloped three dimensional visualization platform
allows both the advanced presentation and intepetaf impact echo datalhe data presentation is
provided in terms three dimensional translucent vigatitins of reflectors in a bridge deck section, and
horizontal and vertical cross sections through atirdiive zones, including a zone of delamination. The
associated interpretation platfordtoavs both the overall assessmenttoé condition of the deck, through
cumulative distributions and histograms of reflectiaemsity, and identification of deteriorated zones of
the deck for repair or rehabilitation in an effist and intuitive way. The visualization platform
effectively enables an impact echo device to be used as some kind of a bridge deck sonar device.
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INTRODUCTION

The condition of the transportation network in theitelth States is deteriorating and requires enormous
financial and human resources for its maintenama raitigation. According to the National Bridge
Inventory (NBI) (Federal Highway Administration, 2004), about 25.4% out of 600,000 bridges in the
United States are structurally deficient or obsolete. An important component of the inspection and
rehabilitation of concrete bridges the assessment of the britgeleck condition, whether the
deterioration manifests itself through material degradation or defect generation. One of the most common
problems in concrete bridge decks is a corrosiondedwleck delamination. The current practice of deck
inspection by chain dragging can be describech@wdestructive and relatively rapid. However, the
accuracy of chain dragging is significantly compromibgdhe fact that it can only be used to identify
delaminations at stages where the deterioration has already progressed to such an extent that major
rehabilitation measures are needed. The adventrafastructive evaluation techniques has significantly
aided this task, and several methods have been sfudlyesslized to detect common defects in concrete
bridge decks. Among these methods, ultrasonic seiseeicniques are one of the most widely used
technigues.

Impact echo (IE), together with other ultrasoseismic techniques, like ultrasonic body-wave
(UBW) and ultrasonic surface-wave (USW), hasetp successfully implemented in comprehensive
evaluation of bridge decky, 2, 3), in short and long term maaring of pavement materia(¢,5), and in
evaluation of other infrastructure syste(@. It has been demonstrated that IE can detect and assess
delaminations at various deterioration stages. Wihiis capable of detecting deck delaminations at
various stages of deterioration progression, precise interpretation of the measured parameters has yet to be
fully automated. Significant improvements to théoavation of the evaluation process are expected to
come from neural network algorithms developed u§imite element simulations of ultrasonic testing on
delaminated bridge deck3), and improved data visualization

An impact echo data visualization and intetatien framework for the assessment of concrete
bridge decks is discussed in this paper. The firstqfatte paper discusses fundamental aspects of impact
echo testing in bridge deck evaluation, its impatation in the field using one of the integrated
ultrasonic seismic devices, the Portable Seismic Propaalyzer (PSPA), and the current data analysis
and interpretation approach. Fietdplementation impact echo is illuated using results from testing on
two bridge decks in Virginia. The second part of thpepaliscusses IE data vaization and to it related
interpretation techniques, which can be used to éottance and simplify the interpretation of results of
testing on delaminated bridge decks. Finallye throposed data visualization provides practicing
engineers a more intuitive approach to bridge decluatiah, by effectively enabling IE devices to act as
some kind of bridge deck sonar devices.

BRIDGE DECK CONDITION ASSESSMENT BY IMPACT ECHO

IE method is an ultrasonic seismic method that ithen case of bridge deck evaluation, often used in
conjunction with other ultrasonic seismic methodse Tdillowing sections discuss the ultrasonic seismic
methods typically used in bridge deck evaluatiorjrtfield implementation, explanation of the rationale
behind the condition grading system, and theesu practice of data presentation.

Ultrasonic Seismic Methodsfor Bridge Deck Testing

Seismic methods enable the evaluation materiapgities and structural defects by measuring the
velocity of propagation of elastiwaves and by observing variouswegpropagation phenomena, such as
reflections, refractions and dispersions. Of particuhterest for bridge deck evaluation are three
ultrasonic techniques: UBW, USW and IE. UBW and USW techniques are used to measure velocities of
propagation of compression (P) and surface (R) waMesse velocities can then be well correlated to
elastic moduli. Thus, UBW and USW can be described as material quality control techniques. In contrast,
the IE technique is used to identify position of wag#ectors in bridge deck or pavement structures.
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Thus, it is used to detect defects in the structure and can be thought of as a diagnostic tool in defect
identification.

Application of UBW, USW and IE techniques iretkvaluation of a bridge deck is illustrated in
Figure 1. In the first part of the evaluation, the UBW and USW tests are conducted using an impact
source and two receivers. The UBW technique seduto measure the velocity of propagation of
compression (P) waves. By measuring the travel time of the P-wave between two receivers, the first wave
arrivals, the P-wave velocity g¥is calculated. Because it is often difflt to identify P-wave arrivals in
an automated way, a more reliable procedure to egtithatP-wave velocity is through a measurement of
the surface (Rayleigh or R) wave velocity using the USW test. The USW test is identical to the SASW
test(7,8), except that the frequency range of interesdimiged to a narrow high frequency range where
the velocity of the surface wave (phase velocity) does not vary significantly with freq@n©griation
in the phase velocity would be an indication of variation of material properties (elastic moduli) with
depth. Once the R-wave velocity is determinedait be well correlated to both compression and shear
(S) wave velocities, and thus to the Young’s and simeatuli. In the second part of the evaluation, the IE
test is conducted using an impact source and a giegliy receiver. Because of a significant contrast in
rigidity of concrete and air, the elastic wave iagtically entirely reflecteaff the bottom of the deck
back to the deck surface. The frequency of the reflectialled return frequency, can be identified in the
response spectrum of the recorded signal. Findflg, depth of the refleat, in this case the deck
thickness, can be obtained from the return frequamclthe previously determined P-wave velocity, as
illustrated in Figure 1.

A UBW - USW A IE
t T=f./2V,
f
elastic £ return
modulus r et ~ thickness
frequency
2 [—

|

FIGURE 1 Measurement of bridge deck elasticdntus and thickness by UBW and IE methods.

While the primary objective of IE testing is to determine dominant reflectors, according to the
relationship described in Figure 1, a unique thicknestepth of the reflector can be correlated to every
component of the frequency spectrum. This is itatsd in Figure 2 by a frequency spectrum, and the
corresponding thickness spectrum. The thickness specnables simple data interpretation, because
positions of the dominant and secondary peaks desciélely the pattern of energy partitioning, and
thus the degree of delamination. Spectra for a set of points along a single test line can be combined to
form spectral surfaces. As shown in the same figueguency spectra for one test line on a bridge deck
are combined to form a frequency spectral surfaice are converted into a corresponding thickness
spectral surface. The following observations, regarding the advantages of the two surface types, can be
made when linear scales are used for both frecjge and depths. The frequency spectral surface
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emphasizes presence of shallow delaminations, while the thickness spectrum emphasizes presence of
apparent deep reflectors, deck zones in a sedondition that will be discussed in the following section

(10). Because the thickness spectrafate represents a more natural choice for data viewing, a properly
selected nonlinear depth scale can provide a wellhbath image for identification of all detected
reflectors.

T2 1.2
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FIGURE 2 Frequency and thickness spectra and spectral surfaces.

Current Practice of Condition Assessment

In the case of a delaminated deck, reflections oPtweave occur at shallower depths, causing a shift in
the response spectrum towards higher frequen@epending on the extent and continuity of the
delamination, the partitioning of energy of elastiocvemmay vary and different grades can be assigned to
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that particular section of a deck as a part ofcihrdition assessment process. This is illustrated in Figure
3. In the case of a sound deck (good condition)sndtive peak in the response spectrum corresponding
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FIGURE 3 Grades for various degrees of deck delamination.

to the full depth of the deck, can be observed. Ehitustrated by two spectra under the schematic of the
bridge deck. The upper spectrum in the figure represesthematic of the expected spectrum, while the
lower spectrum is taken from actual field testihgtial delamination (fair condition) is described as

occasional separations between the two deck zones. It can be identified through the presence of two
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distinct peaks, indicating energy partitioning frawo dominant wave propagation patterns. The first
peak corresponds to reflections from the bottom efdéck, while the second corresponds to reflections
from the delamination. Progressed delamination (poadition) is characterized by a single peak at a
frequency corresponding to a reflector depth that is shallower than the deck thickness, indicating that little
or no energy is being propagated towards the bottotneofleck. Finally, in a very severe case of a wide
delamination (serious condition), the dominant resparighe deck to an impact is characterized by a

low frequency response of flexural mode oscillatiohshe upper delaminated portion of the deck. This
response is almost always in the audible frequencyeramdike response of the deck in the fair and poor
condition that may be in the ultrasonic range. Becdusesignificantly lower than the return frequency

for the deck bottom, it produces an apparent refladdpih that is larger than the deck thickness.

Field Implementation of Impact Echo and Condition M aps

IE is commonly implemented in deck evaluations by conducting point testing on a grid of selected
spacing. The testing is conducted using impadtoedevices, which in some case integrate other
ultrasonic seismic methods. One of such devices is R@#has a sole purpose of evaluation of surface
pavement layers and bridge decks. The devitegiates all three previously described ultrasonic
techniques (UBW, USW, IE). The mof the PSPA system is a sensor box (Figure 4a), a box containing

a solenoid type impact hammer and two high frequency accelerometers, 7.5 and 21.5 cm away from the
hammer. All controls and data acquisition are in enater that is connected by a serial cable to the
sensor box. A new design of the PSPA (Figure 4c¢) haata acquisition and control elements are a part

of the unit. Field evaluation of bridge decks is typically done on grids of 0.6x0.6 m to 0.9x0.9 m (Figure

FIGURE 4 Older and newer versions of PSBénsor box (a and c), and flemplementation (b and d).
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4d). Testing using the PSPA is simple and for a sipgint takes less than 30 seconds. The sensor box is
placed at the test point (Figure 4c), a series of impacts (6-10) qfs5@uration are applied and
acceleration histories are recorded. The testing is fiaislnsitive to traffic indeed vibrations because of
the high frequency range used—typically between 2 and 30 kHz.

-
o N B O 00 O

Lateral distance, ft

Lateral distance, ft

Longitudinal distance, ft

] Legend
Chain drag 3.75+ 3to3.25 2.25t0 2.5 1.5t0 1.75
3.5t03.75 275103 2to 2.25 1.25t0 1.5
3.25t0 3.5 25t0 2.75 1.75t0 2 1t01.25
Good Fair Poor Serious

FIGURE 5 Condition assessment maps for Carter CreddgBr(top) and Van Buren Bridge (bottom).

PSPA testing results are commonly describedringeof shear and Young’s moduli (or P- and S-
wave velocity) distributions, and condition assesdmistributions (with respect to the degree of
delamination). This is illustrated lpnditions maps for sections of two bridges in Virginia, Carter Creek
and Van Buren bridges (Figure 5). As can beeoked in the upper condition assessment plot for the
Carter Creek bridge, the deck is in a good @iord and only smaller zones of initial and progressed
delamination, and minor zones of a deck in a semouslition, can be identified. On the other hand, the
bottom condition assessment plot for Van Burerdd®i deck illustrates a deck in a significantly
deteriorated condition. Zones of all previously diwat conditions (grades) can be identified in the
condition assessment plot. Since tleeldwas also evaluated by chain dragging, the PSPA results were
compared to those of the chain drag. The comparison points to similarity of the two approaches in
detection of areas with progressed delamination (fmeerious condition). The ability of the chain drag
to identify zones in a serious condition can be erpldiby the fact that the frequency response in such
cases is in the audible range. On the other hanadndsé of the zones identified by the PSPA as zones of
initial delamination (fair to poor grades) were not detected by the chain drag. This ability to detect signs
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of initial delamination represents a significant advamtafthe PSPA device (seismic ultrasonic testing)
over the chain drag approach. It allows more accurate definition of boundaries of delaminated zones,
better prediction of delamination progression, and leads to better assessment and timing for
implementation of rehabilitation measures.

DATA VISUALIZATION AND INTERPRETATION

Significant enhancements in IE data interpretation can be achieved by using advanced data visualization
techniques. This may include presentation of dataafbitrary vertical and horizontal cross sections in
terms of spectral plots, or translucent three-dinoerad plots of bridge deck sections. In all cases, the
ultimate objective can be described as providing a vigewvthe internal structure of the bridge deck and
assessment of structural problems. Those may inclatdeninations, but IE is also suitable for detecting
single or multiple scattering targdtkl). In the proposed bridge deckspection framework, the IE data

set is visualized in 3D space for inspection by a user.

B It Eicho Wi G EeE B It Fohia Vit

En Cptors Heb o Ggioms ey
s
)

Eow Impact Coho Yimwar Qi Frw Bripitet Echin Wimwns
Ein (Ophons Help o Cotons el

(c) (d)

FIGURE 6 Interactive visualization of IE data. Carter Créidge (a) (c), Van Buren Bridge (b) and (d).
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3D Visualization of Impact Echo Data

A 3D visualization platform for IE data was developed. The platform is written in C++ for Microsoft
Windows, and depicted in Figures 6a and 6b for Carter Creek and Van Buren bridge decks. The IE data
consists of a reflection value, noriaad in the range [0, 1], and saleg on a discrete 3D grid of voxels.

Using OpenGL, the data is rendered as a seriésxtire-mapped planes that slice through the volume,
where the reflection strength is used as an indexairtmlormap look-up table that consists of red, green,
blue, and alpha (transparency) values. The user can rotate and shift the camera position, enlarge or shrink
the volume and observe the data from different vigwpositions and angles. Additionally, as shown in
Figures 6¢c and 6d, the user can interactively adpesttransparency so thateaker reflectors become

more transparent, allowing better visualization of the strong reflectors. Similar to the observations in the
previous section, in the visualizations provided in Fegéiit can be noticed that the Carter Creek Bridge,
visualized in 6a and 6c¢ is in reasonably good condition. The primary reflections are coming from the
bottom of the deck. In contrast, the Van BurendBe, visualized in Figures 6b and 6d, has a large
number of reflections throughout the volume, indiogd highly deteriorated condition. Data presented in

3D viewer can be inspected as vertical and horizantals sections or slices, as illustrated in Figure 7.

b Impact Echio Viewer D EERE b Impact Echo Viewer e CER

h. Impact Echo Viewern L @ ) @@@ §.-. Impact Echo Viewer

File Cptions Help Flle  Options Help

FIGURE 7 Vertical (top row) and horizontal (bottom row) cross-sections through the data. Left: Carter
Creek Bridge (vertical section for y=1.6 m (a) and horizontal for z=0.54 m (c)), Right: Van Buren Bridge
(vertical section for y=3.5 m (b) and horizontal for z=0.84 m (d)).
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Data Analysisand I nterpretation

While data visualization is very useful for the uder visually inspect the bridge deck data, this
framework also provides analytical software toiblat characterize the IE data and provide averall
assessment of the condition of a bridge deck. The same tools are used to identify zones of the deck that
require repair or rehabilitation. The sections bel@satibe these tools thateabased on the distribution

of reflection intensity. While a number of bridgeclle were analyzed, results for Carter Creek and Van
Buren bridge decks are presented herein to highiighépplication of these analytical software tools.

Reflection Intensity vs. Depth Relationship

To locate the depth of the strongest reflectors, which could be indicators of defects in a bridge deck, it is
very useful to study the relationship between tHieegon intensity and depth of the bridge deck. In
Figure 8a, strongest reflections appear around ehdspial to about 0.2 m, which corresponds to the
bottom of the deck. This phenomenon indicates thatléfok is in good condition, consistent with the
previous observation and analysis. However, in E@lr, strong reflections appear throughout the deck,
particularly in the lower regions (close to a 1 nptti¢ of the deck, indicating presence of flexural
oscillations of the upper portion of the deck and thus serious condition.
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FIGURE 8 Percent Volume for Various Reflection Intensituss Depth. Carter Creek (a), Van Buren (b).

Cumulative Distribution of Reflection Intensity

We also examined the cumulative distribution ofefiion intensities, shown as Fig. 9. Specifically,
these graphs plot the percentage of the IE reflectilidy is greater than or equal to a specific reflection
strength. From this figure, it is obvious that strongecfirs at depths deepeaththe bottom of the deck

are existing in the Van Buren (b) are more than those in the Carter Creek Bridge (a). This is considered to
be a sign that the former bridge deck is in a worse condition. Quantitatively, this can be presented in
terms of the areas under the curve, which foreZaZteek is 1909.8 and Wauren Bridge 2376.6.
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Histogram of All Reflection Intensities

A histogram is the graphical version of a tableichhshows what proportion of cases fall into each of
several or many specified categories. In Fig. 16,histograms of both bridges are shown. It is worthy
noting that the percentage of volume of strong refbactitensity in Carter Creek Bridge is less than Van
Buren Bridge, which supports the previous analftzat the latter one is more deteriorated.
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FIGURE 10 Histogram of Reflection Intensity. Cartere@k Bridge (a), Van Buren Bridge (b).
Log(%volume(at each reflection strength)) + constant.

I dentification of Repair Areas

From the practical point, of highest interest and beigefdentification of zones on the deck that are in
serious condition (progressed delamination) or fagdor condition (initial delamination). The process of
identification of such zones is illustrated in Figdre Initial delamination (fair to poor conditions) is
primarily identified by medium to strong reflectioasthe depth corresponding to the position of the top
rebars. This is illustrated in Figures 11a and 11eClnter Creek and Van Buren bridges, respectively,
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with strong reflection maps for slices between 7 &Bdcm. Similarly, sound zones of the deck are
identified by strong reflections from the bottom of tleeki or in this case dedoed by slices between 16
and 24 cm depth in Figures 11b and 11f. (Clearly, thée€€&reek Bridge deck is in a better condition.)
Finally, progressed delamination (serious condition) lbardescribed by strong reflection maps for the
slice for the depth deeper than the depth of thioboof the deck. This is illustrated by the strong
reflection maps for slices between 30 cm and 1 rRigures 11c and 11g. To obtain the map of zones
candidates for repair, the map for serious conditicaugerimposed on the map of initial delamination, as
e.g. repair map in Figure 11d is obtained fromrtia® in Figures 11c superimposed on the map in Figure
11a. A comparison of maps for Carter Creek Brigg€igure 11d and Van Buren Bridge in Figure 11h
points clearly to significantly higher deteriticm and need for repair of the latter one.

SUMMARY AND CONCLUSIONS

Ultrasonic seismic tests, and IE in particular, dmn successfully used in evaluation and long term
monitoring of concrete bridge decks. The mborng can encompass changes in both material
characteristics (primarily elastic moduli), and the deckdition with respect to deterioration caused by
corrosion induced delamination. In contrast to ¢thain drag practice, the condition assessment with
respect to delamination by ultrasonic methods allows detection of @bdelmination at various stages,
from initial to progressed and developed.

Advanced data visualization technigues can significantly improve the accuracy and ease of data
interpretation. Application of a three-dimensional translucent imaging to IE testing results enables an
impact echo device to be used as a kind of @glerideck sonar device. The presented visualization and
interpretation algorithm platform allows both theeoall assessment of the condition of the deck and
identification of deteriorated zoned the deck for repair or rehabilitan in an efficient and intuitive
way.
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FIGURE 11 Plan view contour plots for deck repair. Top: Carter Creek Bridge, Bottom: Van Buren
Bridge. Left to right: the maximum reflectance ie thlelamination zone” slice (0.07m~0.13m) (a)(e),
in the “bottom of the deck” slice (0.16m~0.24m)(b)(f), and in the “apparent deep reflector” zone
(0.3m~1m)(c)(g). ldentified deteriorated zones () éh) (red - serious condition, blue — fair to poor
condition).

(h)

REFERENCES

1. Sansalone, M. J. Detecting Delaminations in Concrete Bridge Dethksamd without Asphalt
Overlays Using an Automated Impact-Echo Figidgtem. In Proceedings of the British Institute
of Non-Destructive Testing International ConfereNt&T in Civil Engineering, Liverpool, U.K.,

April 14-16, 1993, pp. 807-820.

2. Carino, N. The Impact Echo Method: An Ovewi In Proceedings of the Structures Congress
and Exposition, American Society of Civil Engineers, CD-ROM, May 21-23, 2001.

3. Gucunski, N., Antoljak, S. and Maher, Seismic Methods in Post Construction Condition
Monitoring of Bridge DecksUse of Geophysical Methods in Construction, Geotechnical
Special Publication No. 108, S. Nazarian anBiéhl (Eds.), Geo Institute, ASCE, 2000, pp. 35-
51.

4. Nazarian, S. and Yuan, Bvaluation and Improvement of Seismic Pavement Analyzer. Research
Project Report 7-2936, The Center for Highway Materials Research, The University of Texas at
El Paso, El Paso, 1997.

5. Rojas, J., Nazarian, S., Tandon, V. and Yuan, D. Quality Management of Asphalt-Concrete
Layers Using Wave Propagation Techniqudeurnal of Association of Asphalt Paving
Technologists, Vol. 68, 1999, pp. 450-478.

6. Sansalone, M. J. and Street, W. IBpact-Echo - Nondestructive Evaluation of Concrete and
Masonry, Bullbrier Press, Ithaca, New York, 1997.

7. Nazarian, S., Stokoe, K. H., Il, and Hudson, R/.Use of spectral analysis of surface waves
method for determination of modulind thicknesses of pavement systenfisansportation
Research Record, No. 930, National Research Council, Washington, D.C., 1983, pp. 38-45.

8. Stokoe II, H. K., Wright, S. G., Bay, J. A. and Roesset, J. M. Characterization of geotechincal
sites by SASW method.In R.D. Woods (€&otechnical Characterization of Stes, Oxford and
IBH Publ. Comp., New Delhi, India, 1994, pp.15-26.



Nenad Gucunski, Greg Slabaugh, Zhe Wang, Tong Fang and Ali Maher 15

9. Nazarian, S., Baker, M.R. and Crain, K. (19933yel opment and Testing of a Seismic Pavement
Analyzer, Report SHRP-H-375, Strategic Highway Research Program, National Research
Council, Washington, D.C.

10. Gucunski, N., Consolazio, G.R. and Maher,“@oncrete Bridge DecbBelamination Detection
by Integrated Ultrasonic Methoddyiternational Journal Material and Product Technology,

Special Issue on Non-Destructive Testing anitlF@aPreventive Technology, Vol. 26., No. Y%,
2006, pp. 19-34.

11. C. Kohl, M. Krause, C. Maierhofer and\Wostmann,” 2D- and 3D-Visualisation of NDT-Data

Using Data Fusion Technique¥laterials and Sructures, Vol. 38, No. 11, 2005, pp. 817-826.



