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Abstract
Reinforced concrete bridge decks deteriorate over time primarily due to increasing traffic loads, severe environmental conditions, especially
in North America, and deferred maintenance. Condition monitoring of those structures in a timely manner is of a great importance for making
informed decisions regarding maintenance, rehabilitation and replacement strategies to preserve their value, maintain their levels of service and
safeguard against catastrophic failures. The objective of this paper is to introduce a comprehensive review of the current state of the art on
condition monitoring of reinforced concrete bridge decks. Deterioration progression of bridge decks including different types of defects (i.e.,
cracks, corrosion, delamination, spalling, honeycomb and voids), their associated causes and effects are introduced. Commonly used non-invasive
and non-destructive evaluation methods, including digital imaging, ground-penetrating radar, infrared thermography, half-cell potential, electrical
resistivity, chain drag & hammer sounding, ultrasonic surface wave, ultrasonic pulse echo and impact echo, are presented with their capabilities
and limitations. A bibliometric analysis was conducted to investigate the current trend in condition monitoring. The review also examines the
frequency of methods used in condition monitoring and provide a classification of recent studies according to study type (e.g., field or laboratory
experiment), joint use (i.e., whether study applied method as a stand-alone or hybridized it with another method) and performance (i.e., whether
study investigated performance indicators of the applied methods or not). The key stages in monitoring condition states of bridge decks
considering risks are discussed. Current practices, challenges and future perspectives are also highlighted.

Introduction
Civil infrastructure is vital for the quality of life and economic
prosperity of any community. Bridges are critical component of that
infrastructure due to their function in joining highways and cities, as
well as enabling movement between different geographical areas.
Due to harsh environmental conditions, such as that in Canada,
cycles of freeze and thaw, exposure to de-icing salts, deferred
maintenance, increasing traffic volumes and aging, those bridges
deteriorate, and, if neglected, their failure can be catastrophic in
terms of human life, social, environmental and economic impacts.
The collapse of the Concorde Boulevard overpass onto Quebec,

Canada, Highway 19 in 2006 is an example of such tragic events. In
Canada, bridges experience significant deterioration levels with
bridges in Quebec have the highest average age (31.0 years)
followed by Nova Scotia (28.6 years). The average age of Canada’s
bridges rose from 21.3 in 1985 to 24.5 in 2007; bridges have a mean
useful life of 43.3 years. This means that Canada's bridges have
passed 57% of their service life [1]. In addition, according to the
Canadian Infrastructure Report Card [2], the percentage of bridges
in fair to very poor condition has increased from 26% in 2016 to
38% in 2019, alerting transportation agencies and academia to
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develop smart technology-based methods and practices to ensure
safety and preserve the value of these valuable assets.
Specifically, Reinforced Concrete (RC) bridge decks (hereinafter
referred to as bridge decks) deteriorate much faster than other
bridge elements since they are directly exposed to forces caused by
traffic, ambient environmental conditions as well as measures like
salting during Winter months. Also, bridge decks are one of the most
important components in a bridge system as they provide driving
surface and safety for bridge users. In addition, they have major
consequences on the bridge's life cycle cost, since maintenance
actions of bridge decks account for 50% to 85% of total bridge costs
[3]. As a result, improving bridge deck Maintenance, Rehabilitation,
and Replacement (MR&R) work can dramatically lower overall
bridge expenditures. Condition monitoring of bridge decks
becomes increasingly crucial to help highway agencies optimize
planning for maintenance strategies and ensure adequate safety and
serviceability. However, due to the large number of bridges, it is not
feasible for transportation agencies to inspect and assess the
condition of all bridges under their responsibility. In addition, the
vast majority of current periodic inspections typically involve visual
assessments of bridge condition conducted at uniform inspection
intervals. These visual inspections are highly subjective, tedious,
less reliable and can only detect surface defects. Nevertheless,
Non-destructive Evaluation (NDE) methods (e.g., digital imaging,
ground-penetrating radar and infrared thermography) provide
enhancements to overcome the limitations of visual inspections.
On the other hand, these uniform inspections are being applied to all
bridges regardless of the significant variation in their age, design,
condition and deterioration modes. For example, newly constructed
bridges with improved design standards may be much less likely to
develop serious damage than older bridges that has less effective
durability and a lengthy exposure to harsh service environment [4].

Deterioration Progression
Bridge decks deteriorate due to a combination of factors
mainly include increasing traffic loads, ambient environmental
conditions, poor-construction and maintenance practices, and
aging. This deterioration can lead to many types of defects, e.g.,
cracks, corrosion, delamination and spalling. The leading cause of
deterioration, in reinforced concrete generally, is the corrosion of
embedded reinforcing steel (i.e., rebars) [5]. When rebars rust,
their volume increases leading to additional stresses on concrete.
Such stresses lead to cracks and delamination which, in turn,
propagates until it eventually causes spalling of concrete. In
addition, corrosion causes the cross-sectional area of rebars to
decrease and further loss of bond between rebars and concrete,
which can jeopardize the overall structural integrity of the bridge.
Corrosion is an electrochemical process in which charges (i.e.,
electrons) flow from anode (i.e., ferrous ions [Fe++] due to the
oxidation of iron) to cathode (i.e., hydroxyl ions [OH-] due to
reaction between oxygen and water) to form rust. In the presence
of iron with different areas of energy levels, water and oxygen,
reinforcing steel is most likely to corrode at a high rate. However,
the passive layer (i.e., a thin oxide layer formed on rebars),
provided by the high-alkaline environment of concrete (i.e., pH of 13
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to 13.5 in case of sound concrete), reduces the corrosion rate
significantly [6]. As such, the passive corrosion rate of steel in
concrete is typically 0.1 μm/year; without that passive film,
reinforcing steel will corrode at rates at least 1,000 times higher
[6]. A decrease in concrete alkalinity or presence of considerable
concentrations of chloride ions, on the other hand, might disrupt
that passive layer. Most concrete combinations include a modest
quantity of chlorides; however, the most harmful source of
chlorides in concrete are the de-icing salts used in Winter season
as a maintenance measure [7]. Acid attack and carbonation can
also cause a drop in the pH of the concrete pore solution. As such,
when carbon dioxide neutralizes the alkaline pore solution, the
passive layer is effectively destroyed once the carbonation depth
approaches that of the embedded reinforcement. However,
carbonation-induced corrosion is not as common as corrosion
induced by chloride ions [6]. Successive freeze-thaw cycles can
also increase the risk of corrosion in concrete. For more
information, the reader may refer to ACI Committee 222 [6]. It is
worth pointing out that delamination and cracking can also be
stress-induced from applied loads rather than being corrosioninduced. Other defects such as: subsidence cracks, surface air voids
or subsurface voids and honeycomb may be present in bridge decks
due to improper design and construction practices, e.g., highly
congested reinforcement, low concrete workability and/or
segregation during concrete placing. For more information, the
reader may refer to ACI Committee 309 [8]. All these defects cause
bridge decks to degrade continuously leading to unacceptable
Levels of Service (LoS) and increase the risk of failure (likelihood
and/or consequences). Causes, effects and interrelationships of
common defects in bridge decks are depicted in Figure 1.

NDE Methods
Inspections are essential to assess the condition of highway
bridge decks and maintain their safety and serviceability. In
addition, monitoring the condition of bridge decks over time has
become crucial as it assists in determining the optimal
intervention plan and preserve resources. Visual Inspection (VI) is
simple but not sufficient as it is subjective, tedious, error-prone
and limited to only surface defects. NDE methods, on the other
hand, are non-invasive advanced inspections that do not affect the
integrity of the member under evaluation. They have different
capabilities in detecting surface defects (e.g., cracking, spalling,
scaling and pop-outs) and subsurface defects (e.g., corrosion,
delamination, voids and honeycomb). NDE methods can be
categorized into five main groups as shown in Figure 2: digital
imaging, electro-magnetic (e.g., ground-penetrating radar),
thermal (e.g., infrared thermography), electro-chemical (e.g., halfcell potential and electrical resistivity), and acoustic (e.g., chain
dragging & hammer sounding, ultrasonic surface wave, ultrasonic
pulse echo and impact echo). For more information about defects
and NDE methods for highway bridge decks, the reader may refer
to Abdelkhalek and Zayed [9], Yehia, et al. [10], Omar and Nehdi
[11], Abdelkhalek and Zayed [12], Gucunski, et al. [13]. A brief
description of these methods is presented through the following
subsections. A summary of their strengths and weaknesses is also
provided afterwards in Table 1.

Citation: Abdelhady Omar* and Osama Moselhi. Condition Monitoring of Reinforced Concrete Bridge Decks: Current Practices and
Future Perspectives. Cur Trends Civil & Struct Eng. 8(4): 2022. CTCSE.MS.ID.000695. DOI: 10.33552/CTCSE.2022.08.000695.

Page 1 of 14

Current Trends in Civil & Structural Engineering

Volume 8-Issue 4

Causes
▪
▪
▪
▪
▪
▪
▪
▪

Highly congested reinforcement
Improper concrete mixture
Low concrete workability
Extreme weather conditions
Improper placement practices
Inappropriate use of admixtures
Leaking & severe grout loss
Improper consolidation practices

▪
▪

Traffic-induced stresses
Freeze-thaw cycles

▪
▪
▪
▪
▪
▪
▪
▪

Concrete constituents
Accelerating admixtures
De-icing salts
Environmental
agents,
e.g.,
oxygen and carbon dioxide
pH of the concrete pore solution
Water-cement ratio
Curing conditions
Thickness of concrete cover

▪
▪

Exposure to Chloride ions
Carbonation phenomenon

Defects

Effects

Subsidence
surface cracks
Honeycomb
Voids

Initial small cracks that increase
and propagate gradually

Corrosion

➢ Concrete degradation
➢ Unacceptable LoS
➢ Risk of failure

Delamination

Spalling

Figure 1: Causes, effects and interrelationships of common defects in RC bridge decks.

Figure 2: Common NDE methods.

Digital Imaging (DI)
A significant number of inspection images are generated
during inspection, due to the wide development and application of
visual inspections for civil infrastructures, such as CCTV robots
and Unmanned Aerial Vehicles (UAVs). Manual interpretation to
get inspection results of these images is required; however, this
process is inefficient and ineffective. During last decade, many
computer vision techniques have been developed to overcome the
limitations of such manual interpretation. Generally, computer
vision methods include: image acquisition, image pre-processing,

image segmentation, feature extraction, object recognition and
structural analysis [14].
For civil infrastructure inspection, various vision-based tasks
have been investigated, including automated detection and
dimension measurement of concrete cracks, spalling as well as
other surface defects [15-20], recognition of damage pattern
changes and 3D visualization of cracks [21], and precise crack
extraction with lower model computation cost [22]. Segmentation
and classification of sewer pipe images to get joints, laterals, and
faults for condition evaluation, have also been applied [23-26].
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Ground Penetrating Radar (GPR)

Chain Dragging (CD) & Hammer Sounding (HS)

GPR is capable of detecting shallow and deep delamination,
voids, honeycomb and rebar configuration. It is a rapid technology
that employs electromagnetic waves to identify items buried inside
structures and create contour maps of subsurface features such as
steel reinforcements in reinforced concrete bridge decks. Varying
frequency antennas of different types are used to allow different
levels of detail and penetration depth. A GPR antenna sends highfrequency electromagnetic waves through the deck or structure.
Any reflector, such as rebar (or any other abnormality), reflects a
part of the energy back to the surface, where it is collected by the
antenna. The remaining GPR energy percolates under this
interface, and more energy is reflected back to the receiver from
other interfaces until it is diminished [27-29].

CD and HS are the most frequent inspection procedures
utilized by transportation agencies and other bridge owners for
detecting delamination in concrete bridge decks. By dragging a
chain along the deck or hitting it by a hammer, the sound changes
from clear ringing sound (sound deck) to a somewhat muted or
hollow sound (delaminated deck) which allow for the mapping of
the deck condition [37, 38].

Infrared Thermography (IRT)
IRT is an effective method in detecting flaws in concrete such
as: overlay debonding and shallow delamination. Infrared (IR)
cameras detect temperature variations by measuring the thermal
radiation emitted by a body depending on the thermal
characteristics of various materials. IRT monitors electromagnetic
wave surface radiations linked to temperature fluctuations in the
IR wavelength to identify subsurface faults. Variable material
characteristics, such as density, thermal conductivity and specific
heat capacity, can be used to identify anomalies such as voids and
material changes. The resulting heating and cooling behaviour are
compared with the surrounding material [30-33].

Half-Cell Potential (HCP)
HCP is a widely used method to evaluate active corrosion in
reinforced concrete structures. HCP measurements can be
conducted at temperatures higher than 2℃ and should be used on
free concrete surface without, for example, an asphalt overlay to
avoid erroneous or even impossible measurements. The basic
principle is that when a metal is submerged in an electrolyte, the
positive ions will resolve, resulting in an excess of negative charges
due to oxidation. The positive metal ions will accumulate at the
metal-liquid interface. Anions, from the electrolytic solution, are
attracted to the positively charged side forming the so-called halfcell. Therefore, if two different metals are submerged into an
electrolyte and connected electrically by a wire, galvanic element
can be created. The more negative values are indication of
corrosion activity [34, 35].

Electrical Resistivity (ER)
ER method is used for moisture and flaw detection, specifically
cracks. The amount of water in concrete is an indicator of its
corrosion state because the electrical conduction in concrete
occurs mainly due to electrolytic current flow through the open
pore system. In addition, due to increased porosity, damaged and
cracked regions are preferred routes for fluid and ion movement.
The higher the electrical resistivity of the concrete is, the lower the
corrosion current passing between anodic and cathodic areas of
the reinforcement steel will be [13, 36].

Ultrasonic Surface Waves (USW)
USW is utilized to detect overlay debonding and delamination.
USW method is a part of spectral analysis of surface waves method
used to evaluate material properties (e.g., elastic modulus). These
surface waves are elastic waves that travel along the free surface
of a medium and propagates with a velocity dependent on the
elastic properties of the medium. The waves propagating in a
heterogeneous medium are dispersive; waves of different
wavelengths or frequencies travel with different velocities. As a
result, monitoring the phase velocity versus frequency
relationship can provide information about the subsurface of the
bridge deck and existence of anomalies. The presence of
delamination is indicated by a change in wave velocity [39, 40].

Ultrasonic Pulse Echo (UPE)
This method uses ultrasonic waves to detect objects, interfaces
and anomalies. These waves are generated by exciting a
piezoelectric material with a high amplitude pulse that has high
voltage and current. The physical principle of this method relies
upon measuring the transit time of ultrasonic waves travelling
through a material and being reflected to the surface of the tested
medium. Since velocity of ultrasonic waves is different in different
mediums, the transit time or velocity can be used to detect internal
flaws; as a small portion of the radiated energy is reflected back to
the surface as the wave interacts with a flaw. Concrete areas with
deterioration or cracking have lower velocity [13].

Impact Echo (IE)
IE is used for detecting defects in concrete, primarily
delamination. Its physical principle relies upon striking the
surface of the tested object by low frequency stress wave and
measuring the response at a nearby location. By analyzing the
frequency spectrum of the deck’s response to an impact, the
position of the reflectors (i.e., flaws in concrete such as voids and
delamination) can be identified. In case of sound deck, the
dominant reflector will be at the bottom of the deck where there is
a contrast in acoustic impedances between concrete and air.
However, delaminated areas are recognized as shallow reflectors.
In addition, other reflectors may include voids, tendons,
supporting structural elements, and so forth [41, 42].
However, each method has its capabilities, drawbacks,
limitations, associated uncertainty in measurement and costs. In
addition, some methods can be integrated together (i.e., data
fusion) to get better evaluations and interpretations. So, these
methods should be strategically deployed.

Citation: Abdelhady Omar* and Osama Moselhi. Condition Monitoring of Reinforced Concrete Bridge Decks: Current Practices and
Future Perspectives. Cur Trends Civil & Struct Eng. 8(4): 2022. CTCSE.MS.ID.000695. DOI: 10.33552/CTCSE.2022.08.000695.

Page 4 of 14

Current Trends in Civil & Structural Engineering

Volume 8-Issue 4

Table 1: Applications, capabilities and limitations of visual inspection and NDE methods.
Method
VI

DI

GPR

-

Applications & Capabilities
Identifying surface defects (e.g., spalling
cracking)
Quick & inexpensive

-

Provide details for surface defects
Alternative for visual inspections
High inspection speed
Less disruption of service
Automated & less subjective
Easily incorporated into BMS

-

-

Detecting delamination, voids, cracks, rebar
configuration, thickness of member, etc.
Most common method for assessing in-depth
characteristics of subsurface layers and produce
contour maps of subsurface features of bridge decks
Consistent performance in detecting defects in
different cases (e.g., without overlay, with bonded
asphalt overlay)
Not affected by ambient temperatures
Ability to rapidly survey large areas with 100%
coverage
Requires minimum lane closures
Data processing in real time

-

Detecting cracks, delamination, voids, thermal
conductivity, overlay debonding, etc.
Allows large surface area to be inspected in a short
span of time
Safe, efficient, cost effective, non-invasive and noncontact
Real time visualization
Minimum traffic disruption

-

Evaluation of corrosion activity of steel
reinforcement
Can be applied at concrete structures irrespective of
thickness of concrete cover and size and detailing of
reinforcement
Can be used at any time in any climatic condition
Simple & Portable

-

Determining moisture content, homogeneity and
corrosion rate of rebars
Identifying regions susceptible to chloride
penetration

-

-

-

-

IRT

-

HCP

-

ER

-

and

-

-

-

-

-

-

-

-

-

Limitations
Subjective & tedious & biased
Cannot detect interior flaws
Hazardous to personnel

References
[43, 44]

Cannot detect subsurface defects
Image quality may be impacted by ambient
environmental conditions
Needs edge detection algorithm
Noisy images complicate image processing

[45-47]

Does not provide information about corrosion rates
or rebar section loss
Extremely cold weather and deicing salt negatively
influence its accuracy
Variation of pavement thickness and cover thickness,
rebar spacing, and moisture percentage (i.e., moisture
absorbs most of the radar wave) affect the results
Interpreting data depends on expert judgment on
evaluating thresholds to differentiate between
different conditions of concrete
Not good for detecting delamination when no
moisture is present

[9, 48-54]

Does not provide information about defect depth
because it takes the image of a surface
Sensitive to environmental conditions such wind
speed, solar radiation, moisture content and surface
emissivity
Cannot detect delamination if they are water filled
instead of air filled

[11, 43, 44,
46, 55-57]

It does not provide information about the rate of
corrosion
Correction factor has to be applied if the test is
performed outside 17-28℃ range
Results affected by concrete resistivity and cover
thickness
Cannot be used in presence of overlays or coated
rebar

[10, 11, 13,
43, 55, 58]

Highly affected if the top surface is too much dried
out, or wet
Temperature related corrections must be done
Provide raw data

[43, 59, 60]

CD & HS

-

Provide contour maps regarding soundness of the
surface and mark the delaminated areas on the
surface of the deck

-

Subjective & tedious
Unable to detect initial delamination & ineffective on
bridge decks with overlay

[10, 41, 43]

USW

-

Detect delamination
Evaluate material modulus and strength
Measurement of the depth of vertical cracks in bridge
decks

-

Good coupling is needed
Need for lane closure
Requires very close grid spacing
Time consuming method
Wave depletion problems

[43, 61, 62]

UPE

-

Detection of delamination, cracks, voids, and
honeycomb;
deck
thickness
measurements;
debonding of reinforcement bars
Provides information on presence and depth of defect

-

Time-consuming & less reliable in detecting shallow
defects
Several parameters influence wave propagation
Attenuation of transmitted pulses negatively affects
results

[55]

Detection of delamination, cracks, voids, overlay
debonding on decks with overlays, etc.
Provides accurate information on depth and extent of
defect
Most reliable and accurate methods in detecting
delamination
Evaluation of concrete modulus

-

Size of slab panel greatly affects the energy reflected
from lateral boundaries
Tedious and time consuming since it required many
testing points
Impact duration controls size of detected defect
Less reliable in asphalt overlays

[10, 11, 41,
43]

IE

-

-

-
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Bibliometric Analysis

Employing NDE Methods in Selected Studies

In order to investigate research interest and trend in the
utilization of NDE methods in condition monitoring of bridge decks,
a bibliometric analysis was performed based on the Web of Science
[63] database. The following keywords were used in search:
“bridge AND deck AND concrete AND (inspection OR condition)
AND any of (chain drag, hammer sounding, ultrasonic surface wave,
ultrasonic pulse echo, impact echo, half-cell potential, electrical
resistivity, ground penetrating radar, infrared thermography, digital
imaging, image processing, images, non-destructive, non-invasive,
visual inspection, defects, deterioration, cracks, voids, corrosion,
delamination, spalling)”. In addition, the search was adjusted to
account for abbreviations (e.g., NDE and GPR) and different writing
styles of words (e.g., nondestructive and non-destructive & chain
drag and chain dragging). Only journal articles and conference
proceedings were considered over the period from 2001 to 2022.
The results of the analysis are categorized and visualized as follows.
Firstly, a bibliometric co-occurrence map was generated using
VOSviewer [64] (a free software for constructing and visualizing
bibliometric networks). This bibliometric analysis is based on a
total of 563 publications. It must be noted that some keywords
were matched before generating the final map for the sake of better
visualization. For example, ground penetrating radar was replaced
with its abbreviation “GPR”. In addition, some keywords were
excluded because: their number of occurrences is less than six or
they will not add any value to the map as they already understood
(e.g., bridge, deck and concrete). The final map is shown in Figure 3.
The typeface and circle sizes in the bibliometric co-occurrence maps
indicate co-occurrences of keywords in the dataset, while colours
and connections between keywords indicate their interrelatedness
and clusters. It can be inferred that GPR, IRT, IE and image-based
methods are the most dominant inspection methods in developed
research. Corrosion, cracking and delamination are the most
studied defect types. It can also be inferred that delamination is
highly interdependent with GPR, IE, and IRT as indicated from
network lines and colours. In addition, corrosion and cracking are
more connected to strength, behaviour and durability of concrete.

A thorough review was also conducted on only journal articles
related to NDE methods to investigate the scope of the study and
the shortcomings in the current practices. The results of this
review are summarized hereinafter to help future researchers in
the field. In this review, firstly, articles published in top-notch
journals were selected. Next, the NDE methods and type of defects
covered by the scope of each article were highlighted. Then, they
were categorized by the type of study into review studies,
questionnaire surveys, field tests and lab experiments. Review
articles include those publications that have been conducted to
investigate the current state of the art in the field. Questionnaire
surveys include studies that used questionnaires as a basis for
assessing different performance parameters of NDE methods. Field
tests include studies that were conducted in the field and verified
utilizing core samples. On the other hand, lab experiments include
studies that were conducted on specimens with simulated artificial
defects. In addition, whether the methods were applied as a standalone method or integrated with another technology (i.e.,
developing hybrid systems for comprehensive monitoring of
defects and increasing inspection speed and accuracy) was also
recorded. Whether the study investigated the performance
parameters (e.g., capability, accuracy, speed, data analysis and cost)
of the methods or not was also provided. The summary of this
information is provided in Table 2 and Table 3. From Table 2, it can
be inferred that GPR, IE and IRT are the most applied methods in
the selected studies. In addition, about 37% of the selected studies
tested the potential for the joint use of multiple methods, while
22% analyzed the different performance aspects of the methods.
Moreover, a total of 48% of the studies were conducted in the field,
while only 28% performed in the lab, and 11% conducted in both
lab and field. In Table 3, as shown, delamination and corrosion
were the most studied defect types. Finally, it should be highlighted
that an online sheet was established based on the information in
Table 2 and Table 3 accompanied by DOIs for references, to serve
as a database for future researchers. Filters can be used to facilitate
search. This database is available upon request.

For more highlighting of the frequencies in applying the
specific aforementioned methods, the results of the survey were
refined to include only publications related to those methods
regardless of the type of defects studied. In other words, some
studies that were conducted on specific type of defects (e.g.,
corrosion) without including any of the mentioned NDE method,
were excluded. As a result, a total of 198 publications were
obtained. The interest in these methods has been growing over the
last two decades as depicted in Figure 4. As such, about 80% of the
research in this area was done during the last decade with about
50% over the last five years. The search results were further
categorized by method and country, focusing on recent work from
2016 to 2022 as shown in Figure 5. Figure 5 (a) shows the
frequency of applying NDE methods in the reviewed studies. It
indicates that GPR is the most investigated method followed by IRT
and IE; then, DI. Figure 5 (b) depicts the relative number of the
reviewed studies by country. It shows that USA has contributed the
most in research on NDE methods (45% of the publications),
followed by Canada (17%), South Korea (9%) and China (8%).

Condition Monitoring Stages
Condition monitoring of bridge decks passes through multiple
stages. In each stage, many factors should be considered as shown
in Figure 6. The first stage is data acquisition where inspectors use
visual inspection and/or any of the aforementioned NDE methods
to collect raw data about the current condition of bridge decks. The
capability of the method to detect a specific type of defect, its
accuracy and precision, service disruption and environmental
conditions (e.g., temperature, moisture and visibility conditions)
are among the factors that need to be considered when deciding on
the most appropriate method(s). Commercial availability needs to
be considered as a governing factor. In this stage, multiple methods
can also complement each other to improve the condition
monitoring process. The collected data are then, at times fused,
processed and analyzed to get information. In data processing and
analysis stage, specific algorithms, tools and extensive technical
experience may be needed. Notably, the cost of data collection and
analysis using NDE methods should be justified against the Value of
Information (VoI) obtained to quantify their potential benefits.
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Figure 3: Bibliometric co-occurrence map of NDE methods, defects and their related characteristics.

16

15
14

Number of Publications

13
12
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UPE

8
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6
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5
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4

GPR

3

IRT

2

DI

1
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2008

2009

2010

2011

2012

2013

2014

2015

2016

2017

2018

2019

2020

2021

2022

Year

Figure 4: The number of publications of NDE methods each year.

HS
1%

DI
11%

CD
3%

USW
5%

UAE
3%

UPE
1%

JAPAN
4%

IE
12%

IRT
17%

Other
10%

TURKEY
4%

USA
45%

HCP
7%

ER
8%
GPR
35%

(a) Relative utilization of methods

CHINA
8%

SOUTH KOREA
9%

CANADA
17%

(b) Relative utilization by country

Figure 5: Relative utilization of NDE methods in the analyzed literature categorized by method and country.
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Table 2: Summary of the investigated studies including the applied NDE methods.
Hybrid

Performance

Applied methods

Reference

Year

Study Type

[65]

2022

Lab.

[66]

2021

Lab.

[67]

2021

Field

[68]

2021

Field

[69]

2021

Lab. & Field

[70]

2021

Field

[71]

2021

Lab.

[72]

2021

Field

[73]

2021

Review

[74]

2021

Review

[18]

2021

Field

✓

✓

[16]

2021

Field

✓

✓

[75]

2020

Lab.

[76]

2020

Lab.

[77]

2020

Lab. & Field

[9]

2020

Review

✓

[78]

2020

Review

✓

[79]

2020

Field

[80]

2018

Field

[46]

2018

Lab.

[81]

2018

Lab.

[82]

2018

Field

✓

[83]

2017

Field

✓

✓

✓

[84]

2017

Field

✓

✓

✓

[30]

2017

Field

✓

✓

✓

[85]

2017

Field

✓

✓

✓

[54]

2017

Review

[55]

2017

Questionnaire

[86]

2017

Lab. & Field

✓

✓

✓

✓

[87]

2017

Field

✓

✓

✓

✓

[88]

2015

Field

✓

[89]

2015

Field

✓

[90]

2014

Lab.

[3]

2014

Lab. & Field

✓

✓

[91]

2013

Field

✓

✓

[13]

2013

Lab. & Field

✓

[92]

2012

Field

[93]

2012

Lab.

[94]

2012

Field

[42]

2012

Lab.

[95]

2010

Lab.

[96]

2010

[97]
[10]

CD

HS USW UPE

IE

HCP

ER

GPR IRT

DI

✓
✓
✓
✓
✓
✓
✓
✓
✓

✓
✓

✓
✓
✓
✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓
✓

✓
✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓
✓

✓

✓

✓
✓

✓

✓
✓

✓

✓

✓

✓

✓

✓

✓
✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓
✓

✓

✓

✓

✓
✓
✓

✓

✓

✓

✓

✓

✓

✓
✓

✓

✓

Field

✓

✓

✓

2008

Lab.

✓

2007

Lab.

[98]

2005

Field

[41]

2003

Field

✓
✓

✓

✓

✓
✓

✓
✓

✓

✓

✓

✓

✓

✓

Total number of cited work = 46

17

10

4

3

12

Percentage

37%

22%

9%

7%

26%

4

24

✓

✓
8

11

25

21

11

9% 52% 17% 24% 54% 46% 24%
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Table 3: Summary of the investigated studies including studied defects.
Studied Defects

Reference

Year

[65]

2022

✓

[66]

2021

✓

[67]

2021

[68]

2021

[69]

2021

[70]

2021

[71]

2021

[72]

2021

[73]

2021

✓

[74]

2021

✓

[18]

2021

[16]

2021

[75]*

2020

[76]

2020

✓

[77]

2020

✓

Concrete Quality Corrosion Cracks Delamination Honeycomb Overlay Debonding Spalling Voids

✓
✓
✓
✓
✓
✓

✓

✓

✓

✓

✓
✓

[9]

2020

[78]

2020

[79]

2020

[80]

2018

[46]

2018

[81]

2018

✓

[82]

2018

✓

[83]

2017

✓

✓

[84]

2017

✓

✓

[30]

2017

[85]

2017

✓

[54]

2017

✓

[55]

2017

✓

[86]

2017

✓

✓

✓

[87]

2017

✓

✓

✓

[88]

2015

[89]

2015

✓

✓

[90]

2014

✓

✓

✓

✓

✓
✓

✓
✓

✓

✓

✓

✓
✓

✓
✓

✓

✓

✓

✓

✓
✓

✓
✓
✓
✓

✓

✓

✓

✓

✓
✓

[3]

2014

[91]

2013

[13]

2013

[92]

2012

[93]

2012

[94]

2012

✓

[42]

2012

✓

[95]

2010

✓

[96]

2010

[97]

2008

[10]

2007

[98]

2005

✓

[41]

2003

✓

Total number of cited work = 46

✓

✓

✓

✓

✓

✓
✓

✓

✓

✓

✓
✓

✓

✓

✓

✓

✓

✓
✓
✓

10

16

12

✓

✓

33

Percentage
22%
35%
26%
72%
* Investigates scattering and penetration characteristics of electromagnetic waves through rebar net.

✓

4

2

8

6

9%

4%

17%

13%
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Afterwards, the developed information is visualized and
interpreted to communicate the current state of the bridge deck
that would trigger an intervention. The level of detail and format of
the delivered information should be determined to be
understandable to those without extensive experience with NDE
methods. The last stage is the decision-making process that intends
to achieve targeted objectives (e.g., improving condition, achieving
the required LoS and reducing the risk of failure) within the
planning constraints (e.g., time, budget and resources). In order to
make a reliable decision, more data may be required again.

Factors

It is worth pointing out that, in the data acquisition stage, not
all NDE methods are suitable for use in any phase of the bridge
deck deterioration progression. As such, some methods are
suitable in early phases and others are suitable in later phases as
shown in Figure 7. For example, at early phases after construction,
VI can be used to inspect for subsidence cracks, surface air voids

and honeycomb. In addition, ER can be employed to test potential
chloride penetration and corrosive environment. Next, when
corrosion initiates, HCP and/or GPR can be used to investigate for
corrosion existence or corrosion rate. Then, any or all of USW, UPE
and IE can be employed for detecting subsurface cracks and initial
delamination to medium delamination. When delamination
becomes severe, CD & HS can be used. At later phases, when
defects become obvious to the surface of the deck, digital images
can be used to capture defects and then evaluate their severity
after being processed. It can be seen that multiple methods can be
used in the same phase and for the same purpose; so, the first two
suggested methods in each phase are provided at the bottom of
Figure 7. It is also worth noting that the deterioration phases are
not sequential, but rather overlapping. As such, delamination may
occur before all corrosion ends; and likewise, cracks propagate
before and after corrosion.

Data acquisition

Data processing &
analysis

Visualization &
interpretation

Collecting raw data about deck
condition: manually (e.g., VI);
mechanically (e.g., CD and HS);
automated (e.g., DI, GPR, IRT and
IE); or by joint use of multiple
methods (i.e., hybrid).

At
times,
needs
specific
algorithms
(e.g.,
image
segmentation and noise removal
in DI) and/or defining specific
parameters
(e.g.,
amplitude
thresholds in GPR).

Communicates
relevant
and
actionable information about the
bridge deck that would trigger an
intervention.

Achieving targeted objectives
(e.g., improving condition and
achieving a specified LOS ) not
maximizing a specific value;
considering problem constraints
(e.g., budget).

▪
▪
▪
▪
▪
▪
▪
▪
▪
▪

▪
▪

▪
▪

▪

Type of deterioration
Capability to detect defects
Accuracy and precision
Speed of data collection
Ease of use
Cost of data collection
Traffic density
Service disruption
Geographic location
Environmental conditions

▪
▪
▪
▪

Expertise needed
Speed of data processing
and analysis
Complexity and availability of
algorithms needed
Cost of data processing and
analysis
How data will be used
Potential for near-real-time
analysis

▪

Decision making

The required level of detail
Visualization and fusion of
data
Understandable
to those
without extensive experience
with NDE methods

▪
▪
▪
▪
▪

Intervention actions (e.g., do
nothing, repair, replacement)
Availability of resources
Budget allocation
Required LoS
Risk
(probability
and
consequences) of failure
Risk tolerance of decision
maker

Figure 6: Stages of condition monitoring and associated factors that need to be considered.

Bridge deck deterioration progression
1

2

3

4

5

1. Subsidence cracks & surface voids & honeycomb & chloride penetration & corrosive environment
2. Corrosion; 3. Subsurface cracks; 4. Delamination; 5. Spalling and concrete area cracking
VI
ER

NDE methods

HCP
GPR
USW
UPE

IE
CD & HS

IRT
DI
VI; ER

HCP; GPR

USW; UPE

IE; GPR

VI; DI

First two suggested methods in each phase by order

Figure 7: RC bridge deck deterioration progression and associated NDE methods.
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Risk-Based Condition Monitoring
Due to the importance of inspections and their impact on
structure safety, serviceability and maintenance decisions, research
in this field of inspection planning has been conducted in recent
decades, employing various methodologies such as optimizationbased methods, reliability theory, and risk analysis [99]. However,
determining the inspection time and method have been recognized
as a non-trivial problem with several uncertainties and
contradicting objectives [100]. The current inspection standards in
Canada and USA requires, for almost all bridges, a routine visual
inspection should be conducted at fixed intervals regardless of
condition state of a bridge, its age or deterioration modes. For
example, in Quebec, Canada, three type of inspections are conducted
on bridges: (i) routine visual inspection once a year, (ii) general
more detailed inspection every two to four years, and (iii) special
inspection as necessary [101]. Also, in USA, all bridges are required
to be inspected at intervals less than 24 months; exceptions are
allowed under certain circumstances according to National Bridge
Inspection Standards (NBIS) [102]. Transportation agencies are
encouraged to enhance the efficiency of bridge inspections by
moving away from the uniform calendar-based inspections to a
more rational procedure that relies upon the risks associated with
the bridge condition and in-service environment [103, 104].
Optimized condition-monitoring intervals may pave the way for
broader application of NDE methods in bridge inspection systems.
Determining the risk associated with each asset is a crucial
step in asset management planning due to its role in prioritizing
MR&R plans, in addition to creating different budget scenarios

and further optimizing funding strategies. The risk of failure is the
product of the consequence of failure (i.e., criticality) and the
probability of failure (i.e., likelihood of a risk event to occur). This
section examines the research carried out on the subject of riskbased condition monitoring. The literature reveals that little work
has been done in the area of risk-based condition monitoring.
Research in this area has been conducted on different types of
structures including: highway bridges [4, 99, 105, 106], water
distribution networks [107], sewer pipelines [108] and ships [100,
109]. Research stream in this area can be categorized based on
three main concepts: expert judgement, fuzzy sets and VoI. The
three categories and associated studies are presented as in Table
4. As shown in Table 4, only one study has been conducted on
bridge decks. Expert judgement was utilized in a few studies to
analyze the risks associated with the condition of bridge
components in terms of reliability, serviceability and performance.
Despite the simplicity of this approach, the results are affected by
subjectivity, bias and risk attitude (e.g., risk-averse) of decision
makers that may result in unnecessary inspections with costly
methods. On the other hand, fuzzy sets and VoI approaches are
mathematically and computationally intensive, in addition to their
need to high quality data. The Probability of Detection (PoD) of the
inspection method, i.e., conditional probability of detecting
damage, was also introduced in some studies. The higher the
accuracy of the inspection method is, the higher the PoD and
hence the VoI it can give. However, higher PoD is associated with
higher costs of inspection. In addition, all mentioned studies used
only lognormal PoD function and have not investigated the effect
of other function types.

Table 4: Summary of literature on risk-based condition monitoring.
Concept

Reference

[99]
Expert
judgement

Domain
Highway
bridge
decks exposed to
chloride-induced
corrosion

Objective and methods
Objective: finding the optimal inspection time and non-destructive inspection method
based on the uncertainty level associated bridge deck condition states and predefined
thresholds that were determined using an expert judgement process.

Highway bridges

Objective: determining inspection intervals for different components of highway bridges
based on a risk matrix.

[4, 105]

Methods: expert judgement and back casting procedure.
Sewer networks

Fuzzy sets

[108]

[100]

Objective: optimizing the total inspection cost, total inspection time and total number of
inspected sections based on their risk of failure.
Methods: dynamic Bayesian belief network, fuzzy sets and genetic algorithm.

Fatigue-critical
structures; a side
shell of steel ship

Objective: deciding on the optimum inspection times and non-destructive methods based
on maximizing the VoI and mitigating the risk of fatigue damage.
Methods: PoD, Monte Carlo simulation and Bayesian updating.
Objective: optimize the inspection time and non-destructive method based on the lowest
expected lifecycle cost and maximum VoI, in addition to reducing the risk of failure.

[109]

Methods: PoD and Bayesian updating with dynamic Bayesian network.
Water networks

VoI

Methods: expert judgement, Bayesian updating and Monte Carlo simulation.

[107]

Objective: determining the most appropriate condition assessment method and frequency
of inspection considering age, criticality, required LOS, VoI and total costs of inspection
and failure.
Methods: observable Markov decision process and genetic algorithm.

[106]

Fatigue-critical
structures;
box
girder steel bridges

Objective: Selecting the most appropriate non-destructive inspection method and
associated inspection schedule based on optimizing the total cost including the cost of
inspection and the cost of failure.
Methods: PoD and Monte Carlo simulation.
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Conclusions and Future Perspectives
Condition monitoring of bridges is indispensable for making
reliable intervention plans, improving bridge safety and
serviceability, and preserving municipal assets. This paper
introduces a comprehensive review on the current state-of-the-art
literature pertinent to condition monitoring of RC bridge deck.
Different types of defects, NDE methods accompanied by their
capabilities and limitations, and risk-based condition monitoring
are analyzed. Despite the contributions made by previous studies,
there are still several limitations and areas for improvement that
can be drawn as follow.
-

-

-

There is a large number of deteriorating bridges with diverse
characteristics and other external factors that affect their
deterioration process. However, these bridges need to be
prioritized for condition monitoring and, further, for
intervention strategies, since it is not possible for
transportation agencies to conduct condition monitoring
using NDE methods for their whole inventory.
Current research on condition monitoring utilizing NDE
methods is technology focused and there is a need for a
problem-based methodology to strategically deploy NDE
methods. This problem-based methodology should consider
three different types of features: (i) technology-related features
such as capability, accuracy, speed of data collection, type and
value of information obtained, need for service disruption, etc.;
(ii) bridge deck-related features such as age, material, traffic
volume, environmental conditions, deterioration modes, etc.;
and (iii) planning-related objectives and constraints such as risk
of failure, required levels of service, budget allocation and
available municipal resources. In addition, costs and
uncertainties associated with the application of these methods
should be justified against their added value.
Current calendar-based inspection intervals have many
limitations as reported in the literature and highlighted in this
review. Accordingly, a condition-driven methodology is required
to determine optimal intervals. This may also assist broader
application of NDE methods and reduce unnecessary inspections.
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