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Abstract:Amethod is developed for presentation of a concrete bridge deck condition assessed by multiple nondestructive evaluation (NDE)

technologies using a three-dimensional (3D) visualization program. Four types of NDE data are merged and visualized in the program:

(1) impact echo for mapping and describing the severity level of concrete delamination; (2) ultrasonic surface wave for concrete quality

(elastic modulus) assessment; (3) electrical resistivity for estimating the corrosion rate of steel reinforcement; and (4) high-resolution imaging

of a bridge deck surface for documenting signs of deterioration, previous repairs, and surface wear. The developed visualization platform

integrates the four NDE data types and visualizes in a 3D space in a very intuitive way. As such, the program assists in understanding of the

complex relationships of bridge deck conditions assessed by multiple NDE techniques. In addition, a correlation between external (surface

cracks, wear, and previous repairs) and internal deterioration (delamination, concrete degradation, and corrosion) can be studied and visually

identified utilizing the developed 3D visualization program. DOI: 10.1061/(ASCE)IS.1943-555X.0000341. © 2016 American Society of

Civil Engineers.
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Introduction

Civil infrastructure systems such as roads, bridges, dams, power

plants, and so on, provide vital functions for sustaining our society

and are directly related to the economic growth and sustainability.

Infrastructures, like a human body, age and deteriorate over time,

not only due to a routine usage of the facilities, but also because of

the environmental changes and exposure to extreme conditions.

Therefore, infrastructure management requires periodic inspections

and maintenance to achieve or retain required performance through-

out the service life of an infrastructure asset. Because of the nature of

civil infrastructure systems, which are massive in size and complex-

ity, significant financial and other resources are required to maintain

the existing civil infrastructures in good condition. According to a

report by the U.S. Department of Transportation (USDOT 2014),

77,375 or 12.8% of the total number of bridges in the United States

are functionally obsolete and 69,517 or 11.5% are structurally de-

ficient. Bridges are, on average, over 40 years old, and $76 billion

in total is required for their repair and replacement (ASCE 2013).

Due to the insufficient funding levels, it is inevitable that trans-

portation agencies prioritize and selectively invest into infrastruc-

ture assets that need immediate attention. Therefore, it is essential

to accurately and objectively assess the condition and identify the

main deterioration causes by using accurate, rapid, and nondestruc-

tive condition assessment technologies. This will enable realistic

prediction of the service life of infrastructures. There are a number

of possible causes of rapid deterioration of civil infrastructures ac-

cording to the recent reports (DHS 2010; ASCE 2013; USDOT

2014), including but not limited to overloading, freeze-thaw cycles,

and corrosion of steel, among others. In the case of bridges, gen-

erally between 50 and 80% of the entire expenditures for mainte-

nance and rehabilitation of bridge components are spent on bridge

decks (Gucunski et al. 2013). Rebar corrosion is identified as the

primary cause of deterioration of bridge decks (Russell et al. 2004).
Complexity attributed to the composite material nature of con-

crete and the variety of deterioration processes makes a comprehen-

sive assessment of concrete bridge decks by a single NDE method

pretty much impossible. Therefore, it is often required to use multi-

ple NDE methods to assess the bridge deck condition. For example,

electrical resistivity (ER) and half-cell potential (HCP) to estimate

corrosion rate and activity of reinforcement, respectively, impact

echo (IE) or ultrasonic pulse echo (UPE) to assess delamination,

and ultrasonic surface wave (USW) to evaluate concrete quality.

Currently, two-dimensional (2D) contour maps of individual NDE

methods are often used to present the condition of the surveyed

area. Therefore, the spatial correlation between the results from

different NDE methods is hard to establish. To present the condition

of bridge decks more effectively and to better correlate multiple NDE

results, some of the recent works utilized three-dimensional (3D)

visualization methods. Some examples include IE (Gucunski et al.

2008, 2012; Wiggenhauser 2009), ultrasonic (Schickert and Tümmler

2009), and combined techniques (Kohl et al. 2005). It is obvious

that the combined NDE methods with data integration and fusion

techniques in 3D provide enhanced means of data visualization by

providing complementary results with synergistic effects between
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individual survey results. As such, they are enabling detection of
deteriorated areas in a 3D space with higher confidence levels.

In this study, a method is developed for presentation of a
concrete bridge deck condition using a 3D visualization program,
NDEFuse. The program integrates four types of NDE data: (1) IE
data for mapping and describing the severity level of concrete
delamination; (2) USW data for concrete quality (elastic modulus)
assessment; (3) ER data for the description of the corrosive envi-
ronment and estimation of the corrosion rate of reinforcement; and
(4) high-resolution imaging of bridge deck surface for documenting
signs of deterioration, previous repairs, and surface wear. The in-
tegrated NDE data are visualized in a 3D space in a very intuitive
manner to facilitate comprehensive presentation and understanding
of the overall condition of a bridge deck.

Bridge Deck Inspection and Data Presentation

A brief description of operation and typical data presentation for
each of the four NDE technologies (IE, USW, ER, and surface im-
aging) are provided in the following sections. The data-processing
methods to expand the NDE data presentation from 2D condition
maps to 3D volumes are described using the actual survey results
for a bridge deck. The selected deck is the one of Madison Highway
(Virginia Rt. 15) over I-66 Bridge (National Bridge Inventory

Structure Number 000000000014178) in Haymarket, Virginia.
Validation of the condition assessment using the coring samples
was not done at the time of the survey. However, the performance
of NDE technologies was validated on the same bridge during the
SHRP 2 R06-A project (Gucunski et al. 2013), and the research
team has previously validated their performance on a number of
bridges (Gucunski et al. 2011, 2012, 2015b). In addition, prior to
the survey of the bridge deck, performance of all NDE technologies
was evaluated on the validation slab on one of the Rutgers
campuses (Gucunski et al. 2015b). A validation bridge structure
was built with various types of artificial defects, and the NDE test
and data-processing methods adopted in this study were success-
fully validated (Gucunski et al. 2012, 2013, 2015b). The bridge
deck was surveyed in October of 2014. The bridge was constructed
in 1979 as a two-span continuous steel girder with a bare concrete
deck of approximately 22 cm thick. The NDE data collection was
conducted by point testing on a 60 × 60 cm test grid with the first
longitudinal line of the grid offset 30 cm from the parapet.

Delamination Assessment Using Impact Echo

The IE test is primarily used to detect and assess the severity
of delamination by identifying the reflectors of acoustic waves
(Sansalone and Carino 1986). The IE test was conducted using an
impact source (custom built linear-solenoid) and a nearby receiver

Fig. 1. NDE technologies (images by Jinyoung Kim): (a) impact echo testing; (b) ultrasonic surface wave testing using PSPA; (c) electrical resistivity

testing using Resipod probe
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(PCB Piezotronics, Depew, New York, model 352C67, accelerom-
eter). The receiver was connected to a battery-powered signal con-
ditioner, which was connected to a data-acquisition unit through an
USB interface. The spacing between the source and receiver was
7.5 cm [Fig. 1(a)]. The waves generated by the impactor are re-
flected at the bottom of the deck or at the delamination due to a

large contrast in the acoustic impedance of concrete and air.
The transient time response of the reflected waves is captured
by the receiver, and converted into a frequency spectrum to identify
the severity of delamination.

A conventional condition map of a deck with respect to delami-
nation is shown in Fig. 2 for the deck of Madison Highway over

Fig. 2. Impact echo 2D delamination condition map

Fig. 3. Representative time responses and corresponding frequency spectra of sound area, deep delamination, and shallow delamination

Fig. 4. Representative frequency spectra and corresponding depth spectra of deck bottom (top line), deep delamination (middle line), and shallow

delamination (bottom line)

© ASCE B4016012-3 J. Infrastruct. Syst.
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I-66 Bridge. The condition map was created based on the 2D IE
data grid (60 × 60 cm) using a commercial surface mapping soft-
ware, Surfer, by Golden Software, with a color scale of four levels:
sound, fair, poor, and serious. The four levels were graded from 1
(sound) to 4 (serious). The serious (shallow or wide delamination)
and poor (small or deep delamination) conditions are indicated in
the figure as black and dark gray, respectively. The areas in fair and
sound conditions are presented in medium and light gray, respec-
tively. Representative signal responses in the time domain, and the
corresponding frequency spectra, measured over a solid region,
deep and shallow delamination are shown in Fig. 3. When an IE
test is conducted over a sound area, a clear peak in the frequency
response around 8 kHz is obtained. Deep delamination makes the

peak shift toward a higher frequency range, whereas much lower
frequency is obtained for shallow (fully developed) delamination
due to the flexural oscillation mode of the thin concrete section
above the delamination. Depending on the delamination extent,
continuity, and size, the partitioning of the wave energy reflected
from the delamination may vary, causing the peak frequency shift.
In this study, for a practical purpose, the in-depth consideration of
the effects of frequency shift as a result of wave scattering around
the edges of a small delamination, relative to the depth, was not
included.

The IE data can also be used to identify the position of the
wave reflectors (Sansalone and Carino 1986; Gucunski et al. 2008,
2012). The depth of wave reflectors can be calculated from

Fig. 5. Impact echo 3D condition map displaying delamination severity and depth through NDEFuse (shallow delamination, deep delamination,

and the bottom of the deck are visualized in black, dark gray, and light gray, respectively): (a) top view of the entire bridge deck; (b) a portion

of the deck in 3D view

(a) (b)

Fig. 6. Relation between (a) wrapped phase and frequency and (b) obtained dispersion curve
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Depth of wave reflector ¼ β
CP

2fpeak
ð1Þ

where β = correction factor ranging 0.945–0.957 for normal con-
crete (Gibson and Popovics 2005); Cp = compression (primary or
P-) wave velocity of concrete; and fpeak = peak frequency. Using
the equation, the relation between frequency and depth can be es-
tablished for every component of a frequency spectrum with an
assumed value of Cp. Representative frequency spectra and con-
verted thickness spectra are shown in Fig. 4 for the full depth
of 22 cm, deep delamination with the depth of the reflector shal-
lower than the full thickness, and a shallow delamination. For

a shallow delamination, as described earlier in Fig. 3, the peak am-
plitude is observed at a low frequency (3.7 kHz) due to the flexural
oscillations. This makes the converted depth to be even deeper than

the full depth of the deck. Therefore, a simple conversion of a peak
frequency into depth of wave reflector using Eq. (1) would not pro-
vide the correct depth for a shallow delamination. To overcome the

incorrect thickness conversion and to properly visualize those areas
where low frequencies are dominant, efforts were made to obtain
the actual depth of shallow delamination by detecting a secondary

peak in a high frequency range (Gucunski et al. 2008, 2012). The
secondary peak search was conducted within a depth range be-
tween 6 and 12 cm (corresponding frequency range of 17–33 kHz)

for this bridge deck, and the amplitude and energy level of the sec-
ond peak were also considered in the conversion algorithm. In the
sample spectrum of a shallow delamination, the secondary peak

was detected at 22 kHz, which was converted to 8 cm for an as-
sumed value of Cp ¼ 4 km=s, as shown in Fig. 4.

By converting the frequency into depth, the 2D IE condition

map in Fig. 2 can be extended into a 3D space, where severity,
location, and depth of delamination can be visualized together
as shown in Fig. 5. In the figure, shallow delamination, deep

delamination, and the bottom of the deck are visualized in black,
dark gray, and light gray, respectively. The z-axis (depth) has been
exaggerated to enable more effective visualization of both delami-

nation and the deck bottom in the 3D view.

Concrete Quality Evaluation by Ultrasonic
Surface Wave

The USW is used to measure the surface (Rayleigh or R-) wave
velocity of concrete and ultimately to assess the quality of concrete

in terms of elastic modulus. The USW test was conducted using
the Portable Seismic Property Analyzer (PSPA) manufactured by
Geomedia Research and Development, El Paso, Texas as shown in

Fig. 1(b). The PSPA has a custom-made linear solenoid-type im-
pact source and two piezoelectric accelerometers as receivers. The
spacing between the impact source and near and far receivers was

10.2 and 25.4 cm, respectively. R-waves generated by an impact
propagate along the deck surface with the velocity dependent on
the elastic properties of concrete. The velocity of surface waves,

termed phase velocity, is obtained from the phase of the cross-
power spectrum (Fig. 6) for the receiver pair. Waves of different
frequencies (wavelengths) travel with different velocities, illus-

trated by the dispersion curve in Fig. 6. This relationship can then
be used to obtain the concrete modulus profile through an inversion

process.

Fig. 7. 2D map of the concrete elastic modulus by ultrasonic surface wave test

Fig. 8. 3D map of the concrete elastic modulus emphasizing the area

with modulus less than 20 GPa utilizing NDEFuse

Table 1. Relationship between Electrical Resistivity and Corrosion Rate
(Data from Langford and Broomfield 1987)

Electrical resistivity (kΩ · cm) Corrosion rate

<5 Very high
5–10 High
10–20 Moderate–low
>20 Low

© ASCE B4016012-5 J. Infrastruct. Syst.
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Similar to the delamination condition map shown in Fig. 2, the
concrete quality of the bridge deck in a 2D map was created based
on the average concrete elastic modulus, and is shown in Fig. 7.
Dark shades (black and dark gray) are indicators of a low concrete
elastic modulus, and the shades shift toward lighter intensities
(medium and light gray) as the modulus increases. Fig. 8 shows
a closer view of the 3D volume of concrete with low elastic modu-
lus. The shown section of the bridge deck extends from 50 m to the
end joint in the longitudinal direction. In this 3D visualization, only
the concrete volumes with the modulus lower than 20 GPa are dis-
played. Unlike the 2D presentation of elastic modulus using the
average value for the deck thickness (Fig. 7), the 3D presentation
involves modulus distribution with the depth matching the
dispersion curves. Such a presentation provides only an approxi-
mate variation of modulus with depth. The correct information
about the variation of modulus with depth can be obtained only
through the process of back calculation.

Corrosion Assessment Using Electrical Resistivity

The ER is defined as how strongly a material opposes the flow of
electric current (Whiting and Nagi 2003). In the evaluation of a
concrete bridge deck, the ER test is used to assess the severity

of concrete’s corrosive environment and to estimate the corrosion
rate of embedded reinforcing steel. The ER test was conducted
utilizing the Resipod resistivity meter manufactured by Proceq,
Zurich, Switzerland [Fig. 1(c)]. It is a fully integrated Wenner type
probe (Wenner et al. 1915) with four equally spaced (5 cm) electro-
des. Concrete is generally classified as an insulator when com-
pletely dry and semiconductor when saturated, exhibiting a wide
range of resistivity depending on the moisture content, and the con-
ductivity of the saturating fluid (Whiting and Nagi 2003). Gener-
ally, a hardened concrete saturated in salt water exhibits ER in the
range of 0.25–100 kΩ · cm (Lu 1997; Kim 2013). For the appli-
cation of a concrete bridge deck evaluation, it has been reported that
areas with ER lower than 5 kΩ · cm are expected to have very rapid
corrosion of rebar, while areas with ER over 100 kΩ · cm would
have negligible amounts of corrosion activity (Langford and
Broomfield 1987; Dyer 2014). A commonly used relationship be-
tween the ER and corrosion rate is given in Table 1. It should be
stressed that ER measurements using the Wenner probe for the as-
sessment of severity of corrosive environment within concrete are
very much dependent on its composite material nature. Because the
measurement is of a volume of concrete close to the surface, ER can
be affected by a number of factors that are not representative of the
bulk concrete (Gowers and Millard 1999; Dyer 2014). Factors

(a)

(b)

Fig. 9. Condition maps of electrical resistivity and expected corrosion rates: (a) 2D map of electrical resistivity and corrosion rates; (b) corrosion rates

are displayed through shading of the top rebar layer in 3D electrical resistivity map in NDEFuse

© ASCE B4016012-6 J. Infrastruct. Syst.
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include moisture level, temperature, chloride content, location of re-
bar, and more. Especially due to the fact that moisture or chloride
content in concrete is unknown at the time of the survey, the ER mea-
surements with a given test setup may only be used to describe the
cumulative effect on the concrete’s electrical resistivity. Application
and correlation of ER data with technologies that evaluate the rebar
corrosion rate, like galvanostatic pulse measurement (GPM), would
enable more reliable correlation of ER values and corrosion rates.

Fig. 9(a) shows the conventional 2D condition map of ER with
expected corrosion rates based on the relationship listed in Table 1,
created using Surfer, and Fig. 9(b) shows a closer view of the ER
map in the NDEFuse 3D interface. In the ER condition maps, the
shades change from black to light gray as the corrosion rate de-
creases or ER increases. In the 3D ER map, the corrosion rates
are displayed through shading of the top rebar layer. In addition to
visualizing in a 3D space, presenting the ER condition by the map-
ping of the rebar provides a number of advantages. The top rebar
layout can be visually identified in a 3D space; for example, con-
crete cover depth (location of the top rebar layer), rebar spacing,
and diameter of rebar as can be depicted in Fig. 9(b). The informa-
tion about the actual layout and size is obtained from either design
documents or ground penetrating radar surveys. If none of the data
is available, an assumed layout may be provided to the program.

Visual Inspection of Bridge Deck Surface Using
High-Resolution Image

High-resolution bridge deck images are primarily used for visual
inspections and permanent documenting of signs of deterioration,

previous repairs, and surface wear. Two identical digital cameras
mounted on the Robotics Assisted Bridge Inspection Tool (La et al.
2013; Gucunski et al. 2015a, c) are used to take images of the deck
surface. As the robot moves along the bridge deck, both cameras
continuously take photos in a fully automated manner. All the col-
lected images are stitched into a single or multiple high-resolution
image of the bridge deck, depending on the size of the deck. The
stitched image can be reviewed at various zoom levels or can be
further processed for automatic crack mapping of the bridge deck
surface (Lim et al. 2014; Prasanna et al. 2014).

The stitched image displaying a 6 × 3 m section of the bridge
deck (58–64 m and 2–5 m in the longitudinal and transverse direc-
tions, respectively) and a closer view of 1.2 × 1.2 m sections of the
bridge deck identifying previous repair and surface cracks are
shown in Fig. 10. The resolution of the stitched surface image is
approximately 40 pixels per cm (ppcm), which makes the 6 × 3 m2

section image of the deck surface a 330-megapixel image.

Integration and Visualization of Multiple NDE
Data in a 3D Space

The NDEFuse program was developed as a result of collaborative
work with the Industrial Motion Art, Vienna, Austria. The program
was written in C++ for a Microsoft Windows operating system.
The program imports (1) a text-based header file containing general
information of a bridge deck, such as deck configuration, thickness,
skew, and rebar spacing, among others; (2) text files or Microsoft
Excel files of numerical matrix of three types of NDE data, IE,

(a)

(b) (c)

Fig. 10. Surface images of the bridge deck: (a) stitched image of 6 × 3 m2 section of the bridge deck surface; (b) a closer view of 1.2 × 1.2 m2

sections showing previous repair; (c) surface cracks

© ASCE B4016012-7 J. Infrastruct. Syst.
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Fig. 11. Integration and visualization of four NDE technologies: (a) visualization of individual NDE survey results; (b) visualization of all NDE

survey results

© ASCE B4016012-8 J. Infrastruct. Syst.
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USW, and ER; and (3) an image file of a bridge deck surface.
Initially, the program builds boundaries with frames in a 3D space
based on the information in the imported header file. The input
data for IE, USW, and ER are then processed by the methods de-
scribed in the preceding section onto the finely discrete 3D grid of
voxels, and rendered as a series of texture-mapped planes utilizing
OpenGL. The stack of closely divided 2D textures forms a hexa-
hedron. The imported surface image is used as an additional planar
texture on top (0 in the z-axis) of the volume constructed from
the data, and integrated together into a 3D space. Thereby, the
NDEFuse program integrates the four types of NDE data, IE, USW,
ER, and high-resolution image of a bridge deck surface.

In addition to the fundamental role of the conventional 2D
condition maps (identifying the location, size, type, and degree
of deterioration), the program brings synergistic effects between
the individual NDE results. The program also provides visualiza-
tion of the essential bridge deck information: deck configuration,
thickness, skew, concrete cover depth, rebar spacing, and diameter
of rebar combined with the NDE results.

Visualization of individual NDE survey results using the
NDEFuse program for a small section of the bridge deck is shown
in Fig. 11(a). The program was set to display only the regions with
defects and deterioration, whereas the areas not exhibiting signs of
deterioration were set to be completely transparent. This reduced
the oversaturation of the image when all the NDE data are pre-
sented together. Delamination is presented as gray surfaces, areas
with low concrete elastic modulus (less than 20 GPa) are shown as
gray clouds, and the top rebar layer is shaded dark gray in the zones
with high corrosion rates (ER lower than 20 kΩ · cm). The thresh-
old levels of deterioration and shading settings for each type of the
NDE data can be fully customized, which helps users to find the
most effective presentation of the results for each NDE technology
individually and combined. The combined view of all NDE survey
results is shown in Fig. 11(b). The NDE data and the surface image
are integrated in the 3D space, where internal defects and deterio-
ration identified by IE, USW, and ER are exposed through the cut-
ting of the surface image. Areas with no considerable deterioration
detected from the either of the NDE technologies are presented in
black. More importantly, the areas where all NDE technologies de-
tected deterioration have overlapped shades. It can also be observed
that the delamination and areas with high corrosion rates are mostly
overlapping, indicating that delamination in this region is likely
induced by corrosion.

In addition, the program is equipped with a number of interac-
tive and user-friendly functions to enhance visualization of the
complex relationship of multiple NDE results in a 3D interface.
These include controlling the zoom level and viewing angle to
review a region of interest, slicing the 3D space into 2D images
displaying the B-scan, C-scan, and D-scan views, and cutting open-
ings in the surface image to expose internal defects and to establish
correlations between internal and external (visual) defects and
deterioration. The B-scan and D-scan image the results in the ver-
tical planes parallel and perpendicular to the scanning direction,
respectively, showing the depth information. The C-scan images
the results in the horizontal plane at a selected depth. An example
of B-scan, C-scan, and D-scan images of the IE survey results of a
small section of the bridge deck is shown in Fig. 12. A shallow
delamination, deep delamination, and the bottom of the deck are
visualized. The C-scan image is obtained by slicing the 3D volume
horizontally at a shallow delamination level in the z-axis, whereas
the B-scan and D-scan were sliced vertically along the lines de-
picted in the figure. The depth in the B-scan and D-scan views has
been exaggerated to enable more effective visualization of both
delamination and the deck bottom.

A location where a good correlation between internal and
external defects can be established is shown in Figs. 13(a and b).
Delamination and an area with very high corrosion rate are over-
lapping below the area where vertical cracks are observed in the
surface image. This observation would be a good example of the
corrosion-induced delamination. The damaged deck surface might
have introduced a pathway to moisture and aggressive agents, such
as chloride ions, which caused a reduction in ER, and eventually
caused delamination. This hypothesis is also supported by the find-
ings that the depth of delamination in this region (approximately
6–10 cm from the top surface of the deck) matches the top rebar
level identified from the bridge deck section drawing. Under the
previous surface repair shown in Figs. 13(c and d), delamination
was observed, but not accompanied by high corrosion rate. Instead,
a low corrosion rate (very high ER of nearly 100 kΩ · cm) is de-
tected. This is most probably because the repair was applied after
the delamination has been formed under the surface defect, or the
repair material debonded. The high ER observed in this area is ex-
pected to be due to the fact that the properties of a new concrete
patch are acting as an insulator of the electrical current flow. There-
fore, rebar corrosion might have already progressed and delamina-
tion has formed underneath the surface repair.

Fig. 12. B-scan, C-scan, and D-scan images of the impact echo survey results
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Conclusions

An interactive 3D visualization platform for presentation of multi-
ple NDE data, NDEFuse, from concrete bridge deck surveys was
developed. The platform enables more effective deck condition
presentation and facilitates establishment of correlation between
the results from different NDE technologies. The program integra-
tes and visualizes four types of NDE data: delamination data from
impact echo; concrete quality evaluation data from USW; corrosion
rate estimates from electrical resistivity; and high-resolution
imaging of the bridge deck surface for documenting signs of
deterioration, previous repairs, and surface wear. Compared with
the conventional 2D contour maps, the developed program pro-
vides integrated and intuitive visualization of NDE data. Merging
and visualizing of multiple NDE data facilitates understanding of
the complex relationships between deterioration and defects within
the bridge deck, as well as between the internal and visible surface
damage. The developed 3D visualization platform can be also used
in planning of bridge deck repairs or rehabilitation.
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