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Abstract: The world has witnessed an alarmingly increasing number of serious natural hazards.
In the aftermath of a hazard, relevant authorities/agencies face, among others, the challenging tasks of
rapidly evaluating and assessing the damages to infrastructures and restoring their essential function-
ality and operation. The availability of reliable, high-quality structural and operational/maintenance
data of a structure and its health, before and after a natural hazard, can be instrumental in the rapid
assessment of a damaged structure. We collectively refer, in this paper, to the existing as-built and
facility operational information about a structure or an infrastructure asset represented respectively
in Building Information Modeling (BIM) and Infrastructure Asset Management (IAM) systems as
Product Lifecycle Data (PLD). Arguably, PLD combined with other post-hazard condition assessment
data can provide a more reliable and integrated solution for a rapid damage assessment of buildings
and other critical infrastructures. Unfortunately, the application of PLD in this critical area has been
unexplored in the literature, and the mapping between PLD and damage assessment methods is
loosely investigated. In an effort to address this research gap, this paper provides a critical analysis
of the most common structural damage assessment methods and explores the potential of combining
them with PLD to provide more reliable, comprehensive, and integrated solution for damage assess-
ment. Findings from this study could be useful for practitioners in selecting the most appropriate
and effective methods to conduct damage and safety assessments of critical infrastructures. The
study will also assist the further theoretical developments in the integration of PLD with different
damage assessment methods.

Keywords: infrastructure; natural hazards; damage assessment; product lifecycle data

1. Introduction

In the last two decades, the world has witnessed an alarmingly increasing number of
serious natural hazards such as typhoons, floods, tsunamis, hurricanes, and earthquakes.
In the year 2017 alone, 335 natural hazards affected over 95.6 million people and resulted
in 9697 casualties and over US $335 billions of economic impact [1]. The countries in
the Southeast Asia and South Asian regions were hardest hit. In Australia, over the past
decade, the total economic cost of natural hazards averaged around $18.2 billion per year,
which is equivalent to 1.2% of the GDP over the same period [2]. The economic loss due
to natural hazards includes large proportion of damages to infrastructures. In September
2008, Hurricane Ike hit America and caused severe damages to the infrastructure including
roadways and bridge structure of the Houston/Galveston region [3].

In the aftermath of major natural hazards, relevant authorities or agencies urgently
rush to assess the impact on the community, property, environment, etc. [4,5]. Herein lies
the one of the priority tasks of evaluating the safety of major infrastructures, especially the
lifeline system, with the aim of restoring the operation and functionality of the facilities
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and services as quickly as possible [6]. A number of techniques, tools, and methods
have been proposed to assess the structural damage. The availability of reliable and
high-quality data of an infrastructure asset, both before and after a natural hazard, can be
extremely useful to assist with critical decision-making processes. However, it is a very
costly and cumbersome task to collect reliable, high-quality data of a structure, including
the information about structural conditions and service records. In the aftermath of natural
hazards, both time and resources are extremely constrained. This means that there are
significant challenges for collecting rich information about a structure to support the rapid
structural damage assessment. Furthermore, on-site (field) inspections require significant
efforts and resources. Yet, the information collected can be very limited in order to quantify
the damages to structures and evaluate their safety situation.

The above-mentioned situations emphasize the gap in the current practice for a reliable,
timely, and integrated structural damage assessment after natural hazards. It is critical that
asset managers, on-site damage inspectors, and structural engineers have access to reliable,
prior, and post structural information pertaining to the critical infrastructures to assist them
for a quicker, accurate, and informed damage assessment and identification. Therefore, new
technologies and efficient processes are required to collect the necessary data of a structure
on a continuous basis while simultaneously exploiting the data affordances and quality.

Advances in Building Information Modeling (BIM) technology, more broadly the
digital engineering processes, together with Infrastructure Asset Management (IAM) tools
provide rich information about a facility or an asset and opportunities for integrated, whole-
of-life asset management. BIM is a digital representation of an asset and serves as the
central information management hub or repository and the holistic process of creating and
managing information [7] for planning, design, procurement, construction, operation, and
the ultimate disposal depending on the stakeholders needs and project requirements [8].
IAM is defined as “a systematic, structured process covering the whole life of an asset” [9].
It translates business objectives into asset-related decisions, plans, and actions within
a strategic framework using a set of processes, techniques, and tools [10]. Commercial
BIM/IAM platforms offer integrated data management, component libraries, general
functionalities, and lifecycle maintenance records for infrastructures [8]. We collectively
refer, in this paper, to the existing as-built and facility operational information about a
structure respectively represented in BIM and IAM systems as Product Lifecycle Data
(PLD). Arguably, PLD combined with other forms of post-hazard condition assessment
data and information would provide a more reliable basis for a damage assessment of
critical infrastructures in the aftermath of natural hazards.

Unfortunately, the application of PLD in this area is rare. Even though the literature
is abundant with the damage assessment methods, tools, and techniques, the mapping
between the PLD and damage assessment methods is loosely investigated. In this paper,
we aim to critically review the damage assessment methods and identify the supporting
PLD data and information needed for the hazard assessment of critical infrastructures. The
specific objectives are as follows:

1. Review relevant infrastructure inspection methodologies and evaluation criteria for
different damage scenarios;

2. Investigate the opportunities and challenges for damage assessment methods for
specific damage scenarios; and

3. Explore the potential for leveraging PLD and identify valuable data and information
needed to support a comprehensive damage evaluation and assessment process.

This research contributes to providing a critical review of the damage assessment
methods and identifying the supporting PLD data and information, which will be of
great assistance to help practitioners in selecting an appropriate method or technique for
damage assessment. It will also provide further theoretical developments on the possible
integration of PLD and the damage assessment methods.
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2. Research Framework

A post-hazard damage evaluation and assessment framework, as presented in Figure 1,
is proposed based on a comprehensive review of the literature. The keywords search crite-
ria used to identify extant literature of interest included “hazard assessment”, “product
data”, “product lifecycle”, and “infrastructure”. The search was initially limited to Google
Scholar, which then was expanded to other electronic databases including Scopus and Web
of Science. The literature search focused on peer-reviewed journal articles.
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Figure 1. Post-hazard structural damage evaluation and assessment framework.

As mentioned above, this paper aims to provide valuable information on practical
methods that could benefit the damage assessment procedure after natural hazards and
establish information flow and connectivity between the damage assessment methods
and PLD. Therefore, the literature will be organized according to the practical structural
damage assessment framework, which is an “evaluation-assessment” framework. First,
damage rating standards from four different countries are collated to establish an intuitive
damage leveling criterion, which categorizes the affected structures as heavily, moderately,
and lightly damaged structures. Secondly, damage detection techniques and methods are
critically examined in line with the severity of the damage and damage detection conditions.
Thirdly, the data and information required in these methods for a comprehensive damage
assessment of a structure are analyzed and conceptually mapped to PLD. Thus, this research
paves a way toward developing an integrated PLD system to support the rapid damage
assessment of critical structures after natural hazards.
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3. Structural Damage Evaluation Criteria

Table 1 shows a glimpse of the rating standards available in the four major countries—
namely, the United States, Japan, the United Kingdom, and Germany—to support the
assessment of the level of damage to bridge infrastructures. Damage evaluation after a
hazard can generally be categorized according to the degree of damage to a structure,
namely: destroyed, heavily damaged, moderately damaged, and lightly damaged [11–13].
Table 2 shows the criteria for the state of damage evaluation after hazards. These evaluation
criteria form a basis of initial assessment to provide a rapid response to hazard rescue, relief,
and reconstruction activities, assess the impact on physical/property, human, monetary,
economy, etc., and to mobilize necessary resources. Then, engineers and damage inspectors
can select the appropriate assessment method/s or techniques for more detailed structural
damage assessment.

Table 1. Examples of condition rating standards.

Country Rating Standards Reference

USA

National Bridge Inspection Standards gives an
assessment value ranging from 0 to 9 (excellent to failed
condition) and provides information on the severity of

section loss, deterioration, spalling, or scour.

[14]

Japan

The structural health rating of a bridge upon its regular
inspection translates the condition of the structural
members to good, preventive maintenance, early

rehabilitation, and emergency repair phases. It directly
links the damage situation to maintenance urgency.

[15]

UK
The Severity—Extent code prescribes bridges’ degree of

damage and the defects to the bridge elements,
respectively. Five condition rating levels are defined.

[16]

Germany
A total of six levels of condition ratings are defined,

which are based on the effects of defects on both stability
and durability.

[17]

Table 2. Examples of damage state evaluation of hazards.

Hazard Experienced Damage State and Description Reference

Hurricane Katrina
(Gulf Coast of the

United States, 2005)

Damages are qualitied to slight, moderate,
extensive, and complete states, with the

consideration of defects to abutment, column,
bearing support, etc.

[13]

Typhoon Ike
(Houstton/Galveston

region, Texas,
USA, 2008)

Damage states are described as light, medium,
heavy, and destroyed. Damages to super and

substructure are the main concern.
[3]

Kobe Earthquake
(Kobe, Japan, 1995)

No/minor, repairable, and significant damage
are determined in the evaluation.

A capacity/demand ratio is proposed to
evaluate the potential damage to bridge

components.

[12]

Table 3 shows the description of different levels of damage to structures. The implica-
tion of a varying degree of damage level is such that there will be different requirements
for a response. Heavily damaged structures need a rapid assessment; they do not require
higher identification accuracy (as the damages are significant); and they are too dangerous
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to inspectors for close-up inspection and damage detection. To this end, contactless tools
can be the best choice. Moderately damaged bridge structures, on the other hand, are
open for bridge tests, and the required accuracy level in such an instance is relatively high.
Vibration-based quick test methods could be the suitable candidates for this situation. In
the case of lightly damaged structures, even though no severe damage is apparent, high-
accuracy methods and long-term monitoring technologies are generally recommended to
be installed to avoid potential safety hazards.

Table 3. Summarized damage level of structures.

Damage Level Description Implications

Heavy damage

• Migration, shear failure in compressive components
• Significant residual movement, settlement at

connections
• Vertical offset, extensive scour of foundation
• Severe cracking, major spalling of concrete
• Yielding in main reinforcements
• Serious damage or unseating of superstructure
• Significant permanent distortion

• High priority to assessment
• Closure, entry prohibited
• Partial or completed

replacement may be required

Moderate
damage

• Moderate cracking and spalling in compression
components

• Extensive cracking and spalling of shear keys, bent
blots, and keeper bars without unseating

• Moderate mass loss of cover concrete
• Moderate settlement of approach
• Median settlement or scour of foundation.

• Medium priority to assessment
• Partial closure, restricted access
• Bridge test available, repair

needed immediately to avoid
pejoration

Light damage

• Minor cracking and spalling to the foundation
• Small spalling and cracks at hinges
• Minor spalling at the compressive components
• Debris blockage (can be cleaned)
• No apparent permanent deformation
• Narrow cracking in cover concrete

• Low priority to assessment
• Open access
• Required no more than cosmetic

repair, long-term monitoring
may be required

4. Review of the Damage Assessment Techniques
4.1. Damage Assessment Methods for Heavily Damaged Structures

Heavily damaged structures may pose safety risks to on-site inspectors and engineers
to enter the vicinity of the structure to conduct an on-site damage assessment and, therefore,
they must rely on alternative contactless assessment methods. The most common distant
assessment methods that are applicable to rapid post-hazard damage assessments include
the use of images using satellite, unmanned aerial vehicles and terrestrial laser scanning.

4.1.1. Satellite Imagery

High-resolution satellite images are often used to scan a large area to determine the
extent of damages to buildings and other infrastructures. The biggest advantage of this
method is such that it helps the authorities, hazard rescue, and relief teams to ascertain the
damage to structures and plan for rescue/emergency operations and relief works.

Assessment methods using satellite images determine visual damages to structures
or areas by identifying changes in the state of an object at different times [18]. By an-
alyzing pre- and post-hazard images, some works have successfully determined dam-
aged structures [19–21]. Different approaches have been used in this area. For example,
Myint et al. [20] analyzed the satellite images captured after the Oklahoma City Tornado
using component analysis, image recognition, and object-oriented classification to deter-
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mine the damaged structures. It was found that the object-oriented classification provided
the most precise results.

However, the most analysis approaches still rely on manual works of a group of experts
scanning thousands of images [22], which is obviously very time consuming and costly.
Therefore, some automatic assessment methods that are based on object classification have
been proposed, and these include methods such as minimum distance classifier, decision
tree algorithm, and support vector machine [23–25].

Ye et al. [26] compared various approaches for the automated detection of damaged
buildings using aerial imaging. Feature sets were firstly created from the images and
then trained and tested via selected classification algorithms. Results indicated that the
combination of feature sets and classification methods would provide the best performance.
Unfortunately, a major limitation of satellite imagery-based techniques is that the pre- and
post-hazard images are all required.

4.1.2. Unmanned Aerial Vehicles (UAVs)

Unmanned Aerial Vehicles (UAVs) are increasingly being deployed to rapidly capture
high-resolution images. Even though UAVs need to be operated on-site, UAVs have
their own applications and advantages. By capturing large collection of images and
videos, this platform provides more detailed inspection and results in higher accuracy
of damage assessment. Moreover, with rapid advances in sensing, low-cost camera, and
autonomous navigation, UAVs are more affordable, reliable, and easy to operate than
satellites. These advantages make UAVs a preferred tool to assess heavily damaged
structures with prohibited access.

The UAV-driven damage assessment can be broken down to three steps [27]:

(1) Image acquisition: collecting images or videos of the damaged structures or site
(2) Visual data analytics: extracting information features from images and comparing

with a priori information to detect deviations
(3) Information visualization: quickly determining the current damage situation of struc-

tures with data visualization techniques.

Some studies have been conducted following this procedure and showed the large
potential of using this platform in damage assessment. A field practice presented by Haller-
mann and Morgenthal [28] detected the displacement of a large-scale retaining wall using
this platform. The calibration (original) state and transformed (deformed) state wall was
recorded by UAVs separately. The captured photos were analyzed photogrammetrically
and generated to a 3D point cloud, which were then compared and visualized with rel-
evant software for change detection on the wall. The results showed that this technique
makes it possible to detect relatively small displacement in a short time, which makes it
impressive in diagnosing bridge deflection (such as deck distortion, tower incline, and pile
settlement) after natural hazards. It is worthy to mention that this technique determines
the displacement by comparing the “calibration-transformed” state of the wall, akin to the
satellite imagery-based methods. However, because most of these methods identify defects
from the change of a healthy and damaged structure, these all face the same challenge of
the lack of prior information in post-hazard practices.

In an effort to overcome this challenge, Fernandez et al. [29] used the object-based
image analysis (OBIA) to assess heavy damages to building roofs, concrete facades, and
brick facades with a damaged image only. In OBIA, the UAV-derived images were pro-
cessed through an image segmentation approach to generate meaningful, damage-related
objects. These objects help to distinguish the damaged parts from those that are intact.
The results demonstrated that the OBIA-processed oblique images are suitable for the
identification of significant damages in structures. Nevertheless, there is a lack of research
on the application of this method for damage assessment of critical infrastructures such
as bridges.

Despite its promising application in the rapid damage assessment after natural haz-
ards, several challenges remain to be addressed in the effective deployment of UAVs. The
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major ones are (1) auto-pilot, path planning, and navigation procedures; (2) specifications
of feature description and configuration information; and (3) data collection from hidden
parts of the structures [30].

Some efforts on Simultaneous Localization and Mapping techniques have been made
to provide paths for self-navigation. Fernandez Galarreta et al. [29] pointed out the ca-
pabilities of automotive navigation using GPS waypoints and existing maps. However,
immediate changes to structures and the environment after natural hazards are not ac-
counted for, and hence, the navigation may be influenced by unexpected blockages and
safety risks. Michael et al. [31], in an effort to address this drawback, utilized a 3D map of
the post-hazard buildings, which was generated by 3D point clouds produced by rotating
a laser scanner and a 2D occupancy grid map. Nevertheless, the second and third chal-
lenges still lack sufficient investigation. There is an opportunity for leveraging PLD as the
priori information about the geometry and other physical and functional characteristics of
a structure.

4.1.3. Terrestrial Laser Scanning (TLS)

Terrestrial Laser Scanning (TLS) is another extremely useful contactless technique.
The laser scanning technology was firstly developed in the field of Geographic Information
Systems (GIS) [32] to obtain location information of structures. Park et al. [33] introduced
and advanced the technique for the monitoring of structural safety and serviceability and
referred to it as TLS.

TLS allows contactless measurement of the static displacement or deformed shape
of the structure, which could further establish a 3D model of the structure [33]. Field test
results showed that this approach can detect the deflection of a bridge with only 1.6% error.
The approach has potential for a rapid detection of structural integrity and deflection of
the structural members in the aftermath of hazards if information about the healthy state
of the structures was sufficiently recorded or made available.

TLS is an open platform that can incorporate many features of visual inspections.
For example, photographic data or point clouds can be rendered from TLS data when a
detailed 3D digital model of a structure is available, which thereby could facilitate damage
detection through image analytics. Teza et al. [34] used TLS to assess the health of the
concrete bridge through curvature analysis of TLS-based data. Their study was able to
detect the presence of surface damages remarkably. Damage assessment via TLS has no
requirements for in situ sensors or wiring, has direct contact with the observed surface,
and is not affected by illumination conditions. However, this technique currently focuses
on surface-level damages and defects; more studies are needed to identify other types of
damages or deterioration.

4.2. Damage Assessment Methods for Moderately Damaged and Restricted Access Structures

Defects on the moderately damaged structures may not be visually obvious to the
inspectors. However, damages or internal cracks may occur in some invisible parts. As the
access is restricted, engineers may only be allowed to bring in small or light equipment
for inspection to ascertain the damage. To this end, the vibration-based structural damage
detection techniques using modal parameters are recommended. Since these parameters
can be obtained by ambient excitations such as wind load, the complexity and effort
required are relatively low. Works in this part are categorized by the damage indicator.

4.2.1. Change in Natural Frequency-Based Methods

A damage will modify the structural mass and stiffness and hence change the modal
parameters. Therefore, it is possible to identify the location and severity of damage by
detecting the difference of modal parameters of the intact and damaged structure [35].

In practice, natural frequencies are mostly convenient and accurate to be measured.
However, several matters should be considered for effective damage detection using
natural frequencies. Firstly, sensors should be uniformly placed throughout the structure.
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Secondly, the main positions to place sensors should be the ones where the sum of the
mode shape vector is zero. Lastly, the number of sensors required and the key points for
their placement are determined by undertaking a prior modal analysis on a simulated
Finite Element (FE) model of the target structure. Many researchers have proposed the
availability of determining damages via frequency. Lee and Chung [36] used natural
frequencies to localize and quantify structural damage. Kim et al. [37] proposed a frequency-
based damage detection method, which involved a damage location algorithm to locate
damage and damage-sizing algorithm to estimate the crack size. While this method can
determine large, single damage with high efficiency, it has poor performance in multiple
damage scenarios.

4.2.2. Change in Mode Shape-Based Methods

The information of mode shapes usually is measured accompanied by change in
natural frequencies, in most cases. Compared to natural frequencies, mode shapes contain
geometrical data that benefit the localization and distinguishing of multiple damages [38].
Considering the measurement cost and sensitivity of different order of mode shapes [39],
the first three to five mode shapes are mostly applied in damage detection [40].

Following this direction, change in the first mode shape slope (CFMSS) was developed
by Zhu et al. [41]. It was applied on an eight-story building and successfully identified a
multiple damage scenario with good accuracy.

It is worth noting that mode shapes measurement is sensitive to environmental noises,
and the number of required sensors is relatively high. Moreover, in order to determine
multiple damage cases, the location of sensors needs to be accurately arranged to capture
both modal and geometrical information, or else there is a chance of triggering a false alarm.

4.2.3. Change in Strain Energy-Based Methods

Keeping in mind the difficulties faced with the previous parameters, some derivative
indicators related to frequency and mode shapes have been developed and shown better
performance. Modal strain energy (MSE) was firstly proposed by Shi et al. [42] as an
effective methodology for damage detection. It was validated as a highly reliable and
stable parameter for damage assessment [43]. The change of MSE is minor in undamaged
elements, but it has shown a large difference in values in damaged elements and therefore
can distinguish the damage. In further studies, the change was developed to the modal
strain energy change ratio (MSECR), which gives a significant difference for damaged
area compared to undamaged ones [44]. A great advancement of this method is that it
detects the damage via comparing the deviation between the undamaged and damaged
area of the structure; thus, it requires no prior information about the structure. In addition,
it is effective for identifying multiple damage locations. Furthermore, Huang et al. [45]
proposed a hybrid detection framework that combined modal frequency strain energy
assurance criterion (MFSEAC), modal flexibility, and enhanced moth-flame optimization.
Numerical and experimental studies on a continuous beam, shear frame, and truss models
showed that the MFSEAC can be a very sensitive indicator that reflected both global and
local structural damages, and with the enhancement of moth-flame optimization, the
efficiency of damage identification was significantly improved.

Nevertheless, these methods require information of high-order modes to produce
accurate results. As high-order modes are hardly collected in practical modal tests, a
precise finite element model of the structure is required for the assessment, which obviously
requires additional efforts and cost.

4.2.4. Change in Structural Flexibility-Based Method

Previous study has shown that the changes in the higher-order mode shape and
its derivatives are more sensitive to damage [46], but its extraction costs are too high.
To this end, the concept of a structural flexibility matrix is proposed. It is a function of
the mode shape and frequency whose high-frequency components are more sensitive to
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the deviation of frequency. This makes the flexibility matrix easily obtainable by only
measuring several low-order modes and frequencies while giving rise to high sensitivity to
damages. By identifying the difference in the matrix of the flexibility matrixes before and
after a structural damage, the structural damage location can be ascertained.

Yan and Golinval [47] presented a damage diagnosis technique based on changes in
the dynamically measured flexibility and stiffness of structures. The flexibility matrix was
assembled by modal parameters identified by a covariance-driven subspace identification
technique. The corresponding stiffness matrix was obtained by pseudo-inversing the
matrix. Then, the damage was located via the difference in stiffness between the reference
and damage states. As the stiffness matrices were generated through modal parameters,
no finite element model is required.

4.3. Damage Assessment Methods for Lightly Damaged Structures

Lightly damaged structures generally have no restrictions to access and hence provide
more flexibility to using damage detection techniques. However, the assessment is expected
with a higher level of accuracy and level of detail. This section reviews the most recent
studies that have reported good accuracy in identifying minor damages to structures.

4.3.1. Time-Series Analysis

In order to detect minor damages, time-series analysis methods aim to fit vibration
data into some form of statistical models by extracting damage features from the con-
structed models [48]. Algorithms such as scalar autoregressive (AR), moving average (MA),
autoregressive with exogenous input (AR-ARX), and autoregressive with moving average
(ARMA) modeling have been applied as damage features.

For example, Yu and Zhu [49] developed an effective damage detection method
with an AR-utilized time history model. They set a damage sensitive index, which is a
ratio of residual errors of the damaged and original structure. The deviation of this ratio
from 1 illustrates the magnitude of relevant damage. Their study diagnosed a damaged
three-story building model with only acceleration signals as input data. Experimental
results using this method effectively indicated the damage location for minor damages.
Interestingly, Chen and Yu [50] studied the same experiment with the consideration of a
non-linear damage situation and by using the ARMA model. Results from their study not
only proved that the model can clearly distinguish small damages but also confirmed its
potential to quantify the damage. Moreover, changes in the environmental parameters,
mass, and stiffness did not affect the results, which is an indication for the required
robustness of the method.

However, most of these methodologies are time-consuming [51] and less efficient
in their applications to large structures [52]. The main challenge is an overwhelming,
large volume of data and the lack of an effective tool to deal with it in order to retrieve
valuable information.

Cloud computing provides a powerful computational platform to address this chal-
lenge [53]. It has advantages such as data virtualization, distributed parallel computing,
and flexible data storage. Yu and Lin [54] explored the combination of cloud computing
techniques and time-series analysis and applied an improved AR model in the damage
identification of a three-story building in laboratory. A MapReduce framework was im-
ported wherein data and computation are automatically stored and executed across all
computers to obtain redundancy, fault tolerance, parallelization, and load balance [55].
Experimental results confirmed that damage identification using cloud computing can be
up to 2.47 times faster than the traditional methods.

4.3.2. Wavelet Analysis

Wavelet analysis, due to its ability for multiple scales in signal processing, has shown
merits over traditional methods for minor damage detection. As wavelet functions could
adjust to scanning scales to detect various levels of details in signals, this method can
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observe both macro and micro level variation of the signals. This means that the method
is very sensitive to signal changes caused by a minor damage [56] while filtering out the
signal interference caused by ambient noises [57].

Lu and Hsu [58] conducted a feasibility of applying wavelet analysis in damage
detection by comparing the discrete wavelet transform of two sets of vibration signals from
damaged and undamaged structures. Not only was the presence of defects identified but
also their locations. Case studies results showed that even the small added mass can induce
a significant deviation in the wavelet coefficients of the vibration signals. Later, a wavelet-
based damage identification approach was applied on the beam and plate structural
element, and a delamination detection approach of composite plates was proposed by
Rajasekaran and Varghese [59]. This study showed the potential of using wavelet analysis
for the damage detection of beams, trusses, and even box-girder types of bridges.

Law et al. [60] derived the sensitivity of wavelet transformation with respect to local
change in the system parameters and found that it was a better solution in vibrational-based
damage detection. Numerical results proved that wavelet transformation significantly
improved the stability of inverse calculation and decreased the singularity caused by
measurement noise. The efficiency of the detection procedure was also improved, and
damages were differentiated in a very short duration.

The sensitivity of this method to small damages is remarkable. Zhong and Oyadiji [56]
performed a stationary wavelet transformation in the mode shape of a beam bridge and
proposed a crack detection algorithm. With the assumption that the beam was symmetric,
the authors compared the transformed mode shape data of the left part (uncracked) and
the right part (cracked) and used the difference of the two data series as damage detection
indicator. The effects of crack size, depth, and location as well as the effects of the sampling
interval were examined. Results confirmed the existence of cracks at the right location,
even for small cracks with only a 4% crack ratio.

5. Integration between Damage Assessment Methods and Product Lifecycle Data

In the previous sections, we discussed various damage detection techniques. These
techniques in one way or other depend heavily on different types of information about the
assets and their contextual environment. Product Lifecycle Data (PLD) can add significant
value to data collection, processing, and damage prediction of critical infrastructures. This
section briefly reflects on the advantages and disadvantages of the reviewed contactless
methods and discusses how different assessment techniques/methods could benefit by
their integration with PLD and the key information that will be required to support the key
activities involved.

Table 4 provides an overview of integration between PLD and the contactless damage
assessment techniques, namely satellite-driven, UAVs-driven, and TLS-based methods for
the assessment of heavily damaged structures. Firstly, the images captured by satellites are
largely influenced by the climatic condition of the target area; the local climate data and
freeze–thaw cycles will have some bearings on successful data acquisition. While in the
damage assessment stage, basically satellite imagery-based techniques require undamaged,
pre-damaged states images: the “change detection” approaches need them as a reference
for the comparison of pre- and post-damaged states; the auto-detection approaches need
them to train the classifier. Thus, the images stored in PLD are indispensable to damage
assessment. In addition, access to information about the maintenance and operational
condition of an asset, active changes on structures can be highlighted immediately and
should not be mistaken as “damage”.
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Table 4. Integration of contactless damage assessment techniques and PLD.

Technique Activity PLD Integration

Satellite-driven

Data collection Operating conditions: local climate, freeze–thaw cycles

“Change detection”
approach Geometric data: appearance image (pre-damaged)

Auto damage assessment Geometric data: appearance image (pre-damaged);
Operation condition: repairment practice, maintenance record

UAVs-driven

Data collection
Design data: drawings, inspection notes

Material conditions: steel, reinforcing bars
Geometric data: appearance sketch

Displacement detection Geometric data: deflections, rotations, settlements

Heavy damage detection by
object-based image analysis

(OBIA)

Components details: bearings, joints;
Subsidiary structure: windows, columns, and intact roof

TLS-based
Data collection

Operating conditions: rainfall and runoff, information about the
surrounding environment

Design data: drawings

Bridge curvature calculation Geometric data: shape information

Concrete mass loss detection -

In terms of UAVs-driven techniques, there have been limited investigations on the
(a) characterization of the criteria necessary for data collection, including the configurations
information, and (b) identification of the most informative views for data collection. How-
ever, these challenges could be addressed if the techniques are integrated with PLD. For
example, inputting geometric information/drawings and inspection notes of a structure
perfects the pilot path of UAVs such as collision avoidance with the structure. In particular,
this information can also identify the most informative views of the structure for observa-
tion. Together with 4D (3D + time) point clouds, PLD has the potential to minimize many
technical challenges facing fully autonomous navigation and data collection methods for
damage assessment. In the case of detecting deflection of the structural members/structure,
geometric data from PLD can augment the establishment of a “collaboration state”, which
thereby enables the post-hazard damage detection to be conducted more efficiently. While
in the damage determination activities, object-based image analysis (OBIA) needs a “object
classification” phase to differentiate the damaged area from the undamaged ones, and this
is where the PLD could be useful. The component and substructure details are important
indices in the classification of the undamaged area, which could aid the establishment of
their topological relationships.

It is expected that most of the drawbacks of TLS-based techniques can be improved
by importing PLD information of the structure. As the acquisition distance must be
chosen properly to respect the limitation of noise level, drawings of the structure could
be helpful in decision making. In addition, because a TLS scan is highly sensitive to
the water content [61], the information about the surrounding environment may also be
required. Specifically for bridge curvature calculation, shape information of the bridge
structure is necessary when transforming data from the TLS coordinate to the structural
coordinate system. The assessment time could be dramatically reduced if this information
was extracted directly from the PLD.

Generally, the vibration-based techniques determine the damages in moderately
damaged structures through a comparison of changes in modal parameters. Therefore,
the parameters of the intact and damaged structure are both requisite. Next, we briefly
discuss how PLD can support the collection of those parameters in pre-damaged and
post-damaged structures and what information could ideally be stored in PLD.
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Figure 2 graphically depicts the integration of the vibration-based assessment meth-
ods with PLD. The PLD for undamaged structures could ideally store as much modal
information as possible; parameters such as the stiffness matrix, MSECR, FRF, and CFMSS
are all useful for damage assessment. However, storing such a large amount of data may
not be very practical. In fact, these parameters are generated from the structural flexibility,
MSE, frequency, and mode shape analysis, respectively, whilst the first two parameters can
be transformed from the latter two. Therefore, the frequency and mode shape are the most
suggested data type to be integrated in PLD. Moreover, these two parameters could be
easily obtained if the structure has modal analysis during its maintenance or repairment
procedures. The Peak-Picking (PP) and Complex Mode Indication Function (CMIF) both
are commonly used methods to acquire such data [62].
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During the assessment stage of the post-damaged structures, modal parameters are
usually acquired by activities such as finite element model updating and modal testing.
Therefore, the critical information of geometry, material properties, and environmental
condition/variables are suggested to be integrated in the PLD databases. This information
not only could provide support on modal analysis arrangement (such as sensor planning)
but also accelerate the computation of the damage index [63]. In particular, the FRFs are
calculated from the structural stiffness, mass, and damping parameters, and they could
be derived from the geometry and material property information of the structure stored
in PLD. The calculation of CFMSS, MSECR etc. needs a precise geometry (3D model) of
the structure, for which PLD is an ideal source of information. Furthermore, since the
accuracy of modal tests is also affected by the environmental conditions/variables such as
temperature, humidity, and wind speed, these records could be integrated in PLD and will
be immensely valuable.

6. Concluding Remarks

This research conducted a critical review of damage evaluation and assessment meth-
ods of infrastructures assets, with particular focus in the aftermath of natural hazards. It
discussed the dependency of the most common methods with Product Lifecycle Data (PLD),
on the basis of data acquisition, signal processing and detection procedure encountered
during the inspection, identification, and assessment of damages to the structures.

A post-hazard damage assessment evaluation and assessment framework was pro-
posed to guide this study. The framework graphically represents damage assessment
criteria, the methods commonly in use, and their interactions with the PLD environment.
The damage assessment studies are categorized into three broader categories of rapid
assessment tools, vibration-based methods, and detailed damage detection technologies,
respectively targeting the heavily, moderately, and lightly damaged structures. This taxon-
omy should provide a clear roadmap for choosing the most appropriate damage detection
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strategies in the aftermath of natural hazards where time, money, and information must be
mobilized or used in the most efficient and effective manner. Depending on the type and
features of the damaged structures, along with the practicality of the damage assessment
methods as discussed in this paper, engineers and facility managers should be able to
adopt the most applicable or practical method/s.

Heavily damaged structures have serious defects in appearance and are usually
dangerous for close inspections. With these characteristics, techniques using contactless
tools are preferred for damage detection. The techniques based on satellite images, UAVs,
and TLS are found to be the most advanced. Their merits were discussed, along with
their possible integration with PLD to address the shortcoming. For structures subject to
moderate damages, vibration-based methods using features such as frequency, mode shape,
strain energy, and structural flexibility were reviewed. These methods generally yield
higher accuracy yet demand less data. However, most of them are based on the “change
detection” approach, which means that the undamaged and damaged state are both
required in the detection process. This provides a significant opportunity for improvement
by leveraging PLD. The undamaged state or sufficient data establishing the undamaged
state of a structure that could be stored in PLD will significantly speed up and simplify the
damage detection process.

Intelligent damage detection and diagnosis, including time-series analysis and wavelet
analysis methods, were also briefly reviewed for damage identification of the lightly dam-
aged structures. The level of accuracy, efficiency, sensitivity, robustness, and application
range of these techniques were discussed. These methods are mainly based on modern
signal processing techniques and artificial intelligence-based techniques. They can produce
high-accuracy results in determining small cracks and defects in structures.
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