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Abstract: In accelerated bridge construction (ABC), prefabricated bridge deck elements are merged
using “closure joints.” Because of the cast-in-place nature of closure joints that are expected to go
into service rapidly and problems observed for some types of closure joints, there have been some
concerns about their long-term durability. This has necessitated the need for monitoring the condition
of ABC closure joints using non-destructive testing (NDT) methods. Closure joints contain unique
features and details that sets them apart from conventional deck panels. This requires a special
treatment of closure joints when it comes to selecting the appropriate NDT technique for their health
monitoring. A clear guideline for selecting an applicable NDT method for various types of closure
joints has not been developed yet. For this purpose, an investigation was carried out in the Accelerated
Bridge Construction University Transportation Center (ABC-UTC) at Florida International University.
This paper summarizes the result of this investigation. It includes reviews of all relevant NDT
methods for applicability to ABC closure joints and efforts for categorizing closure joints according to
joint features that affect the use of NDT. Since the applicability of NDT methods heavily depend on
the type of expected anomaly to be detected and its root causes, all potential defects and types of
damage were identified and investigated using a damage sequence tree (DST). Consequently, damage
etiology for ABC closure joints were established using fault tree analysis (FTA). Finally, a quantitative
statistical survey was used to substantiate the selection of the NDT methods that were most applicable
to the health monitoring of ABC bridges containing closure joints. The results presented in this paper
can be used by bridge owners and consultants as an effective and practical guide for the selection of
NDT methods for monitoring the health of ABC closure joints.

Keywords: damage etiology; damage detection; structural health monitoring; non-destructive testing;
accelerated bridge construction; closure joints; bridge inspection; concrete deck

1. Introduction

The application of accelerated bridge construction (ABC) to the designing, planning,
and construction of bridges organizes construction activities in such a way that reduces on-site
construction activities, as well as saves maintenance costs during its service life. This method heavily
depends on the use of prefabricated elements that are put together near or off-site, and then transported
to the bridge location for installation (Figure 1) [1,2].
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Figure 1. Examples of an accelerated bridge construction (ABC) process (Used with permission by Iowa DOT) [3]. 

The ABC methodology addresses some of the main disadvantages of the conventional bridge 
construction techniques, such as the delay in casting and curing of concrete elements, which requires 
construction in sequence; traffic interruptions; safety issues; and dependency on the weather. ABC 
implementations also enhances safety for the public and workers. In the ABC method, although elements 
are normally prefabricated/precast in the precast plants and shops, the elements need to be put together 
and made integral with the use of joints that are cast in place. There are various types of joints that connect 
different segments of the bridge. Those joining the deck elements are commonly called “closure joints” [2]. 
Since the ABC deck is expected to be drivable quickly, the quality of cast in situ joints is a matter of concern. 
The joint quality is controlled by the quality of the concrete, steel reinforcement, and steel embedment. The 
quality of concrete is influenced by the procedure used for casting and curing. It is also realized that the 
presence of reinforcing bars and enclosures can create congestion within the joint. Therefore, there is a 
potential for defects to be left in place during construction or appear later. The presence of a cold joint, 
incompatibility of the material, or obstructions created by steel embedment and potential for voids only 
increase the possibility of such anomalies, creating a higher potential for exposure and degradation in time 
[1]. Because of this, a weak link may be created in the bridge structures. Hence, the durability of ABC 
closure joints has been a matter of discussions. If damage and defects are not detected early in the life of 
the bridge and degradation advances, major repair and rehabilitation efforts will be required for 
maintenance of the bridge. This is in strong contrast with the notion of ABC since it defeats the very purpose 
of less interruption to traffic. The most common types of damage observed in concrete decks (and 
specifically in deck joints) are known to include one or more of: voids and honeycombing, cracking, 
delamination, loss of cross-section for embedded bars due to corrosion, spalling of concrete due to steel 
corrosion, leakage of surface water through joints and cracks, roughness, and the abnormal appearance of 
concrete surfaces. Non-destructive testing (NDT) has been used mostly for local damage detection, as well 
as in some case for the detection of damage globally in engineering structures, including bridges [4]. 
Although a variety of NDT techniques have been employed for bridges with concrete elements with or 
without joints, a unified selection guide for NDT methods with a focus on the closure joints is lacking. 

To address this shortcoming, past evaluations of the performance of the closure joints and inspection 
results were used in this paper to identify potential damage and their sequence in relation with closure 
joints, and development of a practical damage sequence tree (DST). This provides a novelty in the approach 
to the selection of NDT methods with the highest applicability to evaluating and identifying the damage 
related to ABC closure joints. It also aims to provide an association between defects and their causes in the 
form of damage etiology. Damage etiology provides a great help for the selection of NDT methods that 
best serve the purpose of health monitoring of the closure joints. These processes are also incorporated into 
a fault tree analysis (FTA) to assist in effective and accurate decision-making regarding selection of the 
most applicable NDT methods. 

Figure 1. Examples of an accelerated bridge construction (ABC) process (Used with permission by
Iowa DOT) [3].

The ABC methodology addresses some of the main disadvantages of the conventional bridge
construction techniques, such as the delay in casting and curing of concrete elements, which requires
construction in sequence; traffic interruptions; safety issues; and dependency on the weather. ABC
implementations also enhances safety for the public and workers. In the ABC method, although
elements are normally prefabricated/precast in the precast plants and shops, the elements need to be
put together and made integral with the use of joints that are cast in place. There are various types of
joints that connect different segments of the bridge. Those joining the deck elements are commonly
called “closure joints” [2]. Since the ABC deck is expected to be drivable quickly, the quality of cast
in situ joints is a matter of concern. The joint quality is controlled by the quality of the concrete,
steel reinforcement, and steel embedment. The quality of concrete is influenced by the procedure
used for casting and curing. It is also realized that the presence of reinforcing bars and enclosures
can create congestion within the joint. Therefore, there is a potential for defects to be left in place
during construction or appear later. The presence of a cold joint, incompatibility of the material,
or obstructions created by steel embedment and potential for voids only increase the possibility of
such anomalies, creating a higher potential for exposure and degradation in time [1]. Because of this,
a weak link may be created in the bridge structures. Hence, the durability of ABC closure joints has
been a matter of discussions. If damage and defects are not detected early in the life of the bridge
and degradation advances, major repair and rehabilitation efforts will be required for maintenance of
the bridge. This is in strong contrast with the notion of ABC since it defeats the very purpose of less
interruption to traffic. The most common types of damage observed in concrete decks (and specifically
in deck joints) are known to include one or more of: voids and honeycombing, cracking, delamination,
loss of cross-section for embedded bars due to corrosion, spalling of concrete due to steel corrosion,
leakage of surface water through joints and cracks, roughness, and the abnormal appearance of concrete
surfaces. Non-destructive testing (NDT) has been used mostly for local damage detection, as well
as in some case for the detection of damage globally in engineering structures, including bridges [4].
Although a variety of NDT techniques have been employed for bridges with concrete elements with or
without joints, a unified selection guide for NDT methods with a focus on the closure joints is lacking.

To address this shortcoming, past evaluations of the performance of the closure joints and
inspection results were used in this paper to identify potential damage and their sequence in relation
with closure joints, and development of a practical damage sequence tree (DST). This provides a novelty
in the approach to the selection of NDT methods with the highest applicability to evaluating and
identifying the damage related to ABC closure joints. It also aims to provide an association between
defects and their causes in the form of damage etiology. Damage etiology provides a great help for
the selection of NDT methods that best serve the purpose of health monitoring of the closure joints.
These processes are also incorporated into a fault tree analysis (FTA) to assist in effective and accurate
decision-making regarding selection of the most applicable NDT methods.

At the same time, NDT methods utilized for bridge inspections reported in numerous publications
were evaluated to identify methods with a better potential for use in the health monitoring of ABC
closure joints. A comprehensive investigation was carried out in relation to the limitations and
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capabilities of various methods, and consequently, the promising methods were compared and
evaluated based on their applicability to damage detection in closure joints. This investigation was
carried out in accordance with an established set of criteria taking into account the type of defects.
The results are then analyzed through DST and FTA to construct a guide framework that can be
practically used to identify the NDT methods most appropriate for the detection of specific defects
associated with each type of closure joints. To substantiate the basic conclusions of these analyses with
quantitative measures, a statistical survey was also performed on the applicability of NDT methods
to defects and types of damage that are specific to closure joints. This paper is organized such that
its outcomes would allow for the compilation of procedures and guidelines for field implementation,
methods of reporting, and inclusion within existing bridge inspection programs.

2. Identification and Grouping of Deck Closure Joints

In addition to other sources, this study used the results of a survey of state departments
of transportation regarding common details and types of joints for prefabricated elements of the
superstructure, substructure, and foundation of ABC bridges that were included in a report by
the US Federal Highway Administration (FHWA) [5]. The primary focus of this paper, however,
is on the closure joint connection for concrete deck configurations. A large number of joint details
were recognized as common deck joints [1]. Based on their overall configuration and features
that would influence the use of specific NDT methods, these joint details were categorized into
five distinctive groups/types. Table 1 shows these five categories of closure joints with their brief
description. Reinforcing bars and post-tensioning ducts may be present in each of the ABC closure
joints. These closure joints may have embedded steel elements other than reinforcing bars that are
needed for installation processes. For the non-destructive evaluation (NDE) of each type of closure
joint, the inclusion of bars and ducts will need to be accounted for to avoid false damage detection
signals. Self-consolidating, fast-setting, high-early-strength concrete; non-shrink concrete; normal
concrete; and high-performance and ultra-high-performance concrete (HPC and UHPC) types have
been used in casting the ABC closure joints. Any other closure joints that could not be grouped in
the aforementioned joint categories, if needed, can be investigated separately for the selection of the
appropriate NDT method and its application process.

Table 1. Grouping of ABC closure Joints.

Group Brief Explanation Symbol A View and
Cross-Section [1]

Type 1
Usually for joining full-depth precast deck

panels, generally have diamond-shape
cavity for shear transfer.
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Table 1. Cont.

Group Brief Explanation Symbol A View and
Cross-Section [1]

Type 3

Refers to linear joints that connect partial
depth precast deck panels, butted decked
precast girders, and in some cases, precast
slab longitudinal connection to steel girders.
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3. Types of Defects in ABC Closure Joints

ABC closure joints may contain different types of defects and anomalies. The type of defects and
their causes are major factors when choosing the most applicable NDT techniques for non-destructive
evaluation of the ABC closure joints. Literature with a focus on defects and types of damage related to
ABC closure joints are very limited; however, much can be learned from defects associated with the
concrete deck in general. A review of the literature in this subject has recognized the following defects
and types of damage that may apply to closure joints:

• Delamination (wearing surface)
• Reflective concrete cracking
• Internal cracks/discontinuities
• Debonding/separation at cold joints
• Delamination of the concrete cover
• Cracking/spalling of the concrete cover
• Internal voids
• Honeycombing
• Concrete segregation
• Surface roughness
• Surface defects
• Abnormal appearance
• Exposure of reinforcing bars and steel embedment
• Leakage through joints and cracks
• Corrosion of embedded steel plates or connectors (due to exposure or material contamination)
• Corrosion of reinforcing bars (due to exposure or material contamination)
• Cross-section loss or breakage of reinforcing bars, couplers, and other steel embedment.

Some of these types of damage are shown in Figure 2. These types of damage are, directly
or indirectly, a result of factors such as material defects, design flaws, improper workmanship,
and mechanical and environmental effects [6]. These types of damage, in turn, may result in the
initiation of sequential damage within the closure joints at various stages. For example, shrinkage
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caused by the use of excessive water in the concrete mix can result in cracking at joint interfaces, which
in turn would allow for leakage of water through cracks, and consequently, cause corrosion of the
embedded steel. The corrosion of steel follows with a volume increase, therefore if left unchecked,
it can in time cause cracking and spalling of concrete [1]. The spalling of concrete exposes the steel and
makes it more vulnerable to a corrosive environment.
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Workmanship issues are commonly mentioned as a potential cause for typical anomalies in ABC
deck joints. As an example, honeycombing and voids are two typical defects in concrete structures that
can be caused by improper mix design, and a substandard concrete mixing, placing, and curing process.
One of the most detailed investigation on the evaluation of performance of the ABC closure joints
has been performed by the Utah Department of Transportation (UDOT) [8]. In their investigations,
shrinkage cracks in blockouts have been reported after construction, pointing to the selection of an
improper concrete mix as the major cause. Their report also mentioned bleeding of the excess water
in concrete that contributed to an increase in shrinkage. In another case, shrinkage cracks in several
blockouts were observed and the selection of the wrong construction materials was blamed as the major
cause of the defect. Such causes are considered as mix design and workmanship issues in the etiology
of defects in bridge closure joints, which are summarized later in the damage sequence tree (DST).

Other investigations have been conducted for the evaluation of different types of cracks in closure
joints [9]. Reflective cracking is a type of crack that initiates from sharp corners and cold joints inside
the deck. Longitudinal cracking along linear joints is another type of damage that causes leakage
issues for closure joints. Leakage through joints and cracks itself becomes a cause for corrosion of the
reinforcement within the closure joints. One of the first sources pertinent to damage in closure joints
for side-by-side box-beam bridge superstructure is the work by Aktan et al. [10]. They concluded that
longitudinal reflective cracking is prevalent among all side-by-side box-beam bridges, regardless of
the age of the bridge constructions. For this type of bridge, cracks appear along the beam-shear key
interface within two to three days after grouting the joints. These cracks were somehow closed after
post-tensioning but were still visible. Additionally, they noted that at about 15 days after the deck
placement, and often before the deck is subjected to a live load, reflective cracks appeared in the deck.
The cause of cracking was inferred to be environmental and intrinsic loading, such as temperature
variation and drying shrinkage. The cracking at the joints resulted in the leakage of water and the
subsequent damages [10]. It is realized that ABC superstructures, regardless of the type of closure
joints, are prone to surface discontinuities and corrosion of the embedded reinforcement. It is also
realized that each of the five groups of closure joints could be more vulnerable to one or more of the
distinctive defects than the others. As an example, in a Type 1 closure joint, which is a linear joint with
a diamond-shaped cross-section, a void in the cavity at the interior corners can be expected. A Type 2
closure joint, which connects the full-depth precast deck panels to each other, has more potential for
developing cracking and debonding at cold joints, as well as leakage through the joints. Debonding
and delamination at the cold joint area, as well as cracking and reflective cracking, can be expected in
Type 3 closure joints, in which two dissimilar concrete layers form the deck thickness. A V-shaped
Type 4 (or mechanical) closure joint, designed for connecting two pre-stressed tee beams or double
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beams by using connector plates at two sides of the joint, can be vulnerable to grout cracking, leakage,
and corrosion of the embedded steel.

A damage sequence tree (DST) covering potential closure joint defects and types of damage at
various levels was developed in this study and is illustrated in Figure 3. As shown in this figure,
the DST attempts to make the connection between various recognized defects of ABC closure joints
and their main causes as the basis for a better understanding of an approach to bridge defect etiology.
Following the path in the etiology of several types of damage in bridge decks and closure joints,
in many cases, leads to the procession of damage from a smaller to larger scope, and more importantly,
from one to another type and level of damage.

Therefore, a root cause may be a direct culprit for one type of damage, which if left unattended,
can result in the occurrence of another type of damage (Figure 3). As a practical approach, DST can
facilitate investigating the root cause of defects in closure joints for the structural health monitoring of
bridges. This forms the basis for the new approach introduced in this paper for the health monitoring
of ABC closure joints that combines a deep knowledge of features and vulnerabilities of the closure
joints with the capabilities and potentials of various NDT methods for the detection of potential defects
and types of damage.
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4. Bridge Damage Etiology Approach

Understanding the etiology of types of damage is believed to facilitate damage detection in
closure joints. Evaluation of the causes of defects in specific cases for bridge superstructure has been
carried out in earlier investigations [11]. A cause–effect relationship for common types of damage in
the deck joints has also been introduced by Mehrabi and Farhangdoust [1]. According to inspection
observations, most of the defects mentioned above can be caused by one or more of the issues related to
the design, material, workmanship, mechanical, and environmental effects. Damage etiology attempts
to construct rational relationships between observed or presumed defects in ABC closure joints and
their causes. It is also believed that the categorization of the type of the joints, their associated types of
damage, and the FTA facilitate the proper selection of NDT methods and interpretation of their results,
and provides for a new approach to health monitoring of the joints.

4.1. Workmanship

Observations from several investigations [12] reveal that workmanship perhaps plays the most
significant role in many defects reported for closure joints. Workmanship errors can affect all aspects
of closure joints, including forming, concrete mixing, casting, curing, pumping, steel fabrication,
and installation. Error in material selection and procurement can also become a factor in the
development of defects. Excessive shrinkage has been considered as a result of material and/or
workmanship issues. This type of damage is the change in volume of concrete because of changes in
moisture content or chemical changes. Shrinkage of restrained concrete is one of the main causes of
cracking. This plays a significant role in the durability of closure joints, and is a likely cause for various
types of cracks, delamination, and separation in ABC closure joints [13].

4.2. Design Issues

One significant factor regarding the occurrence of defects in deck joints is improper design and
detailing. A design intended to provide for a certain function for the joint may cause complications
in the implementation or performance of the joint for other aspects. Some design features in certain
joint configurations has shown to result in the initiation and progression of specific types of damage.
For example, shear-key, diamond-shaped joints may be susceptible to voids being left at their internal
acute corners or develop reflective cracking initiated from the corners. The joints with sharp corners
lead to stress concentration, which makes the joints more vulnerable to some defects [14].

4.3. Material Deficiency

Using deficient and substandard material for constructing an ABC closure joint can cause some
typical defects, such as delamination, voids, and cracks. As an example, the type of aggregate can
cause internal cracking or debonding. Also, chemical contaminants, such as chloride or sulfate in
the cement material, can be the cause of accelerated corrosion of the embedded reinforcement and
degradation of the concrete. Another important parameter is the concrete mix design. Improper mix
design can lead to segregation, bleeding, and high porosity [14,15].

4.4. Mechanical Effects

Mechanical parameters, such as live load effects, can be another cause for damage during the
service life of ABC closure joints. Abrasion and similar mechanical effects can also cause damage to
the closure joints. Mechanical effects should therefore be considered when the etiology of defects is
evaluated [16].

4.5. Environmental Effects

Another set of important parameters that cause defects, particularly in terms of surface defects,
are environmental effects. Moisture, temperature variation, freeze and thaw, precipitation, exposure to
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salt and seawater, carbonation, and other environment factors can have detrimental effects on ABC
closure joints [17].

Figure 4 illustrates the relationships between common defects that are anticipated for ABC
closure joints and the most likely causes for those defects that include issues with the design and
detailing, material, mechanical effects, workmanship, and environmental effects. Potential causes,
including root causes, for damage and defects in ABC closure joints are illustrated in detail in Figure 5.
The information in this figure, along with the cause-and-effect relationships shown in Figure 4, will
allow for an effective fault tree analysis (FTA).

FTA can assist in the application of a proper NDT method and the health monitoring of closure
joints. It is essential that the evaluation of distinctive ABC closure joints is performed in relation with
different types of defects/anomalies, as well as their causes. For example, a sign of water leakage or
efflorescence on the underside of the deck can be traced to cracking, and therefore, will lead to the use
of an NDT method(s) that is (are) capable of detecting cracks. The presence of cracks, in turn, may
reference the FTA to find a cause or source that would indicate the potential for other types of damage
associated with the same source and prompt the application of a specific NDT method. The NDT
methods that are most applicable to each type of damage are identified through a quantitative statistical
survey later in this paper.
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5. Applicability of NDT Methods to ABC Closure Joints

This paper has emphasized the role of closure joints as potential weak links in ABC, and the need
for accurate inspection of the closure joints as an essential part of the health monitoring of bridges built
using the ABC method. This section compares several non-destructive techniques that are deemed
potentially applicable to the inspection of ABC closure joints. A comprehensive review on several
NDT methods with applicability to concrete decks (a total of 18 methods) has been performed by
Farhangdoust and Mehrabi [18]. According to the evaluation of capabilities, among the techniques
investigated, the following NDT methods were identified to have better potential for the monitoring of
ABC closure joints [1]:

1. impact echo testing (IE)
2. radiographic testing (RT)
3. ground penetrating radar testing (GPR)
4. impulse response testing (IRT)
5. ultrasonic testing (UT), including phased array ultrasonic testing (PAU)
6. infrared thermography testing (IR)
7. magnetic flux leakage testing (MFL).

5.1. Promising NDT Methods Comparison

The selected methods were compared and rated, and the results are given in Table 2. The capabilities
and attributes considered for rating the applicability of the methods used for ABC closure joints
include: test speed, internal detection (ability to detect internal defects), accuracy, analyzing speed,
cost, ease of use, safety for public and operator, required operator skill, and repeatability [1]. As a
result of the evaluation shown in Table 2, based on the number of Gs, Fs, and Ps, the top five ranked
NDT methods were identified as being IE; GPR; UT including PAU; IR; and IRT. Electro-chemical
testing (e.g., the electrical resistivity test and half-cell potential method) for corrosion detection, though
effective in certain conditions, has not been included among the NDT techniques considered in
this study.

Table 2. Qualitative comparison and preliminary rating of NDT methods for ABC closure joints:
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5.2. Grouping of Various Defects

Furthermore, although the focus of this paper was on NDT methods that would be employed to
detect damage that is not visible, it was realized that for visible damage and defects, visual inspection
always offers the fastest, most economic, and most accurate method of detection. Hence, among the
potential defects for closure joints described earlier in this paper, visible defects, such as an abnormal
appearance including signs of leakage and efflorescence, surface defects, surface roughness, surface
cracks, spalling of concrete cover, and exposure of reinforcing bars and embedment, can be best
detected using visual inspection. The potential defects that are not visible can be listed as follows:

• delamination of wearing surface
• delamination of concrete cover (before cracking and spalling becomes visible)
• reflective cracks (for the extent of cracking inside the joint)
• voids (internal)
• honeycombing (internal)
• debonding at cold joints (for the extent inside the joint)
• concrete material segregation
• corrosion of reinforcing bars
• corrosion of embedded steel.

According to the bridge damage etiology approach, the following defect types were recognized as
the most common defects that may occur in deck closure joints:

1. delamination
2. cracks
3. voids
4. corrosion of embedded steel.

Collectively, these four types of defects/damages represent, by type or feature, all expected types
of damage and defects in closure joints.

5.3. Quantitative Comparison among the Most Promising NDT Methods

To substantiate the basic conclusions of the above analyses with quantitative measures, a statistical
survey of the applicability of NDT methods to specific types of defects/damage was performed.

A total of 50 literature sources were reviewed and evaluated for this purpose. The defects
considered for this evaluation as described above were delamination, cracks (includes debonding),
voids, and corrosion of the embedded steel.

The criteria or measure considered for this evaluation was the number of citations of a specific
method deemed applicable to a specific defect. In other words, to derive a quantitative measure
for comparison among various NDT methods and their applicability to each defect type, results of
the literature search were analyzed to find the number of sources that identified a method as being
applicable to a defect type. Information for each defect type is summarized in Table 3. In this table,
the first column lists the four groups of expected defects for closure joints. The second column of
this table lists the NDT methods recognized as being promising for closure joints. Subsequently,
the sources/references that have identified each NDT method for applicability to a certain type of defect
are listed in the third column in a row corresponding to the NDT method and the row corresponding
to the type of defect. N and M in the fourth and fifth columns of the table refer to the total number of
sources (for each NDT method applicable to the type of defect) and the percentage of the number of
sources in comparison with the total sources cited, respectively.
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Table 3. Statistical survey of applicability of NDT methods to defects in ABC closure joints [19–68].

Type of
Defect References N M

Delamination

IE [20,26,27,29,30,40,41,43–45,48,53,55,56,61,62,68] 17 34%
GPR [19,20,22–27,29,31–35,38,40,43,45,46,48,50–53,55–57,59–66] 35 70%
UT [20,40,48,55,58,61,64,68] 8 16%
IR [22,26–30,33,41,42,48,51,53,54,59–61,63,65,67] 19 38%

IRT [21,40,48,51] 4 8%
RT [32] 1 2%

MFL — 0 0%

Corrosion

IE [26,56] 2 4%
GPR [19,20,24,26,27,31,34,37,38,44,45,48,55,62] 14 28%
UT [47,56] 2 4%
IR [27] 1 2%

IRT — 0 0%
RT — 0 0%

MFL [28] 1 2%

Crack

IE [27,29,47,48,55,61] 6 12%
GPR [19,34,35,52,55] 5 10%
UT [20,23,26,28,32,36,39,40,48,53,55,58,60,61,64] 15 30%
IR [20,28,29,47,48,61,65,67] 8 16%

IRT [47,48,51] 3 6%
RT [26,47] 2 4%

MFL [49] 1 2%

Void

IE [20,26,28,29,47,48,53,61,62] 9 18%
GPR [19,20,23,26,28,29,32,36,46,48,50,53,60,65] 14 28%
UT [20,23,26,39,40,53,61] 7 14%
IR [20,26,29,42,47,48,51,60] 8 16%

IRT [21,47,48,51] 4 8%
RT [26,32,47,53] 4 8%

MFL — 0 0%

The results are also illustrated in Figures 6–9 for clarity. The charts clearly show the NDT
method(s) that is (are) most appropriate for each damage type in closure joints, as denoted by the
higher percentage(s). Each chart shows the results for one of the four common types or groups of
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The charts in Figures 6–9 can be used as a selection guide and allow bridge owners/operators to
select the most-applicable NDT method for detecting each type of specific damage/defects. The results
presented here attempt to establish a clear relationship between the expected damage/defects in
each of the five distinctive types of closure joints and appropriate NDT methods. Along with future



Appl. Sci. 2020, 10, 1457 16 of 20

development of field procedures and reporting methods, the selection and decision-making aids
developed in this study can be integrated into states’ and national bridge health monitoring programs.

6. Conclusions

In Accelerated Bridge Construction (ABC), prefabricated bridge deck elements are connected to
each other using “closure joints.” Because of the cast-in-place nature of closure joints that are expected
to go into service rapidly and problems observed for some types of closure joints, there have been
some concerns about their long-term durability. The closure joints have presented themselves as
the weak link in bridges built using high-quality manufactured prefabricated elements and systems.
Therefore, for the health monitoring of ABC bridges, it has become important to first assure that the
closure joints are free of defects immediately after construction, and that any damage can be detected
during their service life to allow for timely remediation. Otherwise, the susceptibility of closure joint
details to damage may question the entire notion of benefits from ABC. Non-destructive testing (NDT)
methods offer valuable means for monitoring the health of closure joints. In this paper, a detailed
investigation was presented on the evaluation of NDT methods that are applicable to specific defects
related to various types of closure joints in ABC. For this purpose, closure joints in bridge decks were
categorized into five groups according to their composition and distinctive details, as well as their
potential damage. Evaluation of the performance of the closure joints and general observations from
bridge inspections pointed to a series of types of damage and their expected sequence for closure
joints using a practical damage sequence tree (DST). Taking into account the specific characteristics of
closure joint types and aided by the DST, the most likely causes for defects and types of damage were
identified. Construction of a rational association between defects and their causes was undertaken
in the form of damage etiology. The process determined that most of the defects related to the ABC
closure joints can be caused by one or more of issues related to the material, design, workmanship,
mechanical, and environmental factors. These factors were incorporated into a fault tree analysis
(FTA), which is believed to be instrumental for the effective and accurate selection of NDT methods
for the health monitoring of ABC bridges. As part of this study, a comprehensive literature search
was performed to first identify the most promising NDT techniques and their respective capabilities
for application to ABC closure joints. The results were then analyzed through a DST and FTA to
construct a guidance framework that is capable of the practical identification of NDT methods that
are most appropriate for the detection of specific defects associated with each type of closure joint.
To substantiate the basic conclusions of these analyses with quantitative measures, a statistical survey
of the applicability of NDT methods to specific types of defects and damage was performed. More than
50 papers and information sources were reviewed to obtain the information necessary for this analysis,
mainly in the form of the number of citations for each method as being effective or applied to certain
defects and damage types. The procedure and framework presented in this paper can be effectively
and readily used by the bridge owners/operators and/or consultants as a guideline for connecting the
capabilities of NDT methods to potential defects that are expected for closure joints, and for selecting
the most appropriate method that best serves the purpose of the bridge health monitoring. The results
of the study reported in this paper have been organized such that its outcomes would allow for future
development of field procedures, reporting techniques, and suitability for integration into bridge
health monitoring programs. Laboratory and field verification are being considered as future research
to demonstrate the utility of the guideline developed as part of this study.
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