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Preface to “Advanced Structural Health Monitoring:
From Theory to Applications”

Structural Health Monitoring (SHM) is a strategic tool for the monitoring and noninvasive
assessment of the health state of existing structures” infrastructures and systems and can provide
decision support for reducing operational costs and risks throughout their life cycle. In that sense,
this Special Issue presents six research papers and one review paper that deal with the recent
developments in the theoretical, computational, experimental, and practical aspects of this field.
The Special Issue covers the following topics: sensors for structural health monitoring; algorithms
for damage detection and characterization; structural warning systems; model-based methods for
predicting structural service life; the application of SHM for various exceptional loads; the influence
of environmental and operational conditions; innovative sensing solutions for SHM; cultural heritage
damage detection and health monitoring; bridge damage detection and health monitoring; case study

applications; and short-term monitoring systems for diagnostic load testing of structures.

Hugo Rodrigues and Ivan Duvnjak
Editors






Firied applied
L sciences

Editorial

Editorial on the Special Issue: Advanced Structural Health
Monitoring: From Theory to Applications

Hugo Rodrigues * and Ivan Duvnjak 2

Citation: Rodrigues, H.; Duvnjak, I.
Editorial on the Special Issue:
Advanced Structural Health
Monitoring: From Theory to
Applications. Appl. Sci. 2021, 11,
11401. https://doi.org/10.3390/
app112311401

Received: 23 November 2021
Accepted: 29 November 2021
Published: 2 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

RISCO, Civil Engineering Department, University of Aveiro, 3810-193 Aveiro, Portugal
Department for Engineering Mechanics, Faculty of Civil Engineering, University of Zagreb,
10000 Zagreb, Croatia; ivan.duvnjak@grad.unizg.hr

*  Correspondence: hrodrigues@ua.pt

This editorial focuses on the interesting studies published within the present Special
Issue related to Advanced Structural Health Monitoring. Moreover, it highlights differ-
ent techniques and approaches for the structural health assessment of Civil Engineering
Structures and reports some interesting studies and their outcomes in this specific field.

Structural Health Monitoring (SHM) is a strategic tool for the monitoring and non-
invasive assessment of the health state of existing structures’ infrastructures and systems
and can be applied in several areas, such as aeronautics, mechanical, civil, and electrical
engineering. During their lives, systems are exposed to several actions and environmental
conditions that can lead to structural and nonstructural damage. Recent advances in sensor
technology and techniques have allowed us to gain insight into the diagnosing of material
degradation and structural and nonstructural damages.

Nowadays, there is a trend of increasing the service life of structures. Structures are
commonly assessed periodically based on the results of visual inspection or local limited
nondestructive testing methods. Although visual inspections are essential, the results can
often lead to subjective conclusions; therefore, structural health monitoring is essential as a
tool that can detect degradation continuously at an early stage of their occurrence. SHM
can provide decision support for reducing operational costs and risks throughout their
life cycle.

In this Special Issue, six research papers and one review paper deal with the recent
developments in the theoretical, computational, experimental, and practical aspects of
this field and aim to cover the following topics: sensors for structural health monitoring;
algorithms for damage detection and characterization; structural warning systems; model-
based methods for predicting the structural service life; the application of SHM for various
exceptional loads; the influence of environmental and operational conditions; innovative
sensing solutions for SHM; cultural heritage damage detection and health monitoring;
bridge damage detection and health monitoring; case study applications; and short-term
monitoring systems for diagnostic load testing of structures.

The review paper is focused on the assessment methods and damage detection tech-
nologies for existing masonry structures, discussing the traditional methods and the new
technologies with a special focus on unmanned aerial vehicles, as well as photogrammetry
and close-range remote sensing as a technology that can complement traditional ways of
assessment. In addition, the authors presented an example of a graphical interpretation
of a case study after an earthquake. This tool may be very useful, especially in large and
dispersed affected areas, where it is difficult to have a first assessment of the damage
distribution [1].

Vibration-based damage detection in structures to interpret the structures’ changes
in dynamic properties is a common technique, and Duvnjak et al. [2] proposed a new
Mode Shape Damage Index (MSDI) based on the difference between modified modal
displacements in the undamaged and damaged state of the structure. The MSDI method
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References

can be used to detect the presence of damage, identify single and/or multiple damage
locations, and distinguish damage of different severity. It must be emphasized that the
severity of damage detected by this method depends on the boundary conditions and
location of the damage. The method was tested based on experimental modal analysis on a
reinforced concrete plate under different damage cases.

Wang et al. [3] presented a scale physical model test to study the plane gate vibration
and holding force under the conditions of the fixed gate opening and closing processes,
considering the gate vibration, holding force, and the failure of gate-closing in the closing
process and the correlation between the parameters, considering the vibration properties
and the correlation of the changes in the different system properties.

Mobaraki et al. [4] presented and validated the application of the observability tech-
nique for the structural system identification of 2D models. The main highlight of this
work is the changes in variables proposed to linearize the system of equations, in order to
shift the non-linear problem and impossible to solve to a linearized system of equations.

Two papers are related to the SHM proposals that can be applied in large infrastruc-
tures. The first one proposes an intelligent judgment method for improving the sensitivity
of analyzing mechanical parameters of prestressed cables based on the digital twin based
on the information collected on large-span prestressed cables by field sensors [5]. The other
paper proposes a method for monitoring the structural health of concrete bridges using a
condition index by the analytical hierarchy process based on eight indices that are scored
based on the experts’ views. The method was implemented in several case studies to prove
application of the method as an easy-to-use optimization tool in health monitoring and
prioritizing programs [6].

Finally, another paper studies the effect of particle size in the pH measurement of
cement-based materials, a topic related to a characteristic that is gaining importance in the
analysis of cement-based materials, as well as in structural health monitoring and forensic
engineering applications. It focuses on the material and structural durability in the context
of the structural and non-structural monitorization to ensure that reinforced concrete is
highly alkaline to safeguard the passive protective of film for reinforcement of steel bars
against corrosion [7].

The topics addressed in the papers are from several fields, including the proposal and
validation of new methods, development of techniques to assess the SHM of infrastructures,
and methods to evaluate the evolution of chemical material properties.

The editors are confident that the papers reflect significant contributions to the research
and development in the various topics addressed. We hope that readers will find all
articles of the Special Issue useful and exciting and that the articles will stimulate further
research activities in the area of structural health monitoring, sensing and measurement
techniques, damage-detection algorithms and characterization, data analysis and structural
assessment, and the new and complex solutions and their impacts on the SHM of civil
engineering structures.

Acknowledgments: The editors would like to express a special acknowledgement to the authors for
their appreciated contributions and to the reviewers for their valuable suggestions that increased the
manuscripts’ quality.
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Abstract: The construction sector has proven to be one of the slowest sectors to embrace
technology—a problem that must be addressed. This problem can be quickly and efficiently addressed
in certain aspects of seismic engineering: from seismic risk assessment to damage detection, as well
as condition assessments existing structures before or after an earthquake. In this paper, the literature
review of assessment methods and damage detection technologies for existing (mainly) masonry
structures is presented. Traditional methods are briefly explained, and modern are critically discussed.
Special focus is given to unmanned aerial vehicles, as well as, photogrammetry and close-range
remote sensing as a technology that can complement traditional ways of assessment and give us data
about a structure that is often different to obtain. Graphical interpretation of one post-earthquake
case study is provided. Open challenges and opportunities of emerging technologies for faster and
easier assessment of seismic safety and vulnerability are presented.

Keywords: earthquake; vulnerability; unmanned aerial vehicle; damage detection; assessment;
photogrammetry; close-range remote sensing

1. Introduction

Earthquake is an unpredictable and unexpected natural disaster that results in the devastation of
both natural and human-made environments. Studying the complexity of an earthquake, including its
prediction and its consequences, requires knowledge from various areas of scientific study, ranging
from seismology, geology, geodesy, mathematics, and applied statistics all the way to psychology,
humanities and social science and of course, structural engineering.

The seismic risk of a structure is a measure of the expected future damage caused by the earthquake,
which is expected to occur in the site of construction. It depends on three factors: hazard, vulnerability,
and exposure [1,2]. Most casualties from earthquakes are associated with collapsing buildings. In this
regard, the continuous assessment and monitoring of the seismic safety and vulnerability of buildings
is a challenging task, especially when large-area evaluations are required [3]. The construction sector
plays a significant role in the alleviation of the effects and consequences caused by earthquakes
and new technologies, products, systems, design approaches are regularly introduced to a broader
community [4-12].

It is generally assumed that an earthquake cannot be predicted (although it can be expected)
or simulated (although we can approximate it), and that its destructive effects cannot be prevented
(although they can be minimized or, at worst, optimized). However, building our infrastructure with
the basic state-of-the-art (STAR) principles in mind will provide us with the ability to keep it safe
from a predicted level of seismic activity (a detail frequently overlooked) and, more importantly in

Appl. Sci. 2020, 10, 5060; d0i:10.3390/app10155060 www.mdpi.com/journal/applsci
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the seismic design to save lives. The importance of seismic design is to protect property and life in
buildings. But to have a proper seismic design, we need to learn from existing structures.

The construction sector is the slowest one to appropriate new technologies [13,14]—and this is
something that should be changed. This motivates the quest for finding the technological solution
for the safety assessment of existing structures. As the least innovative sector, civil engineering must
appropriate technological advances from other disciplines in order to be able to keep up with them.
This applies to all aspects of the sector, from construction and planning to seismic and safety assessment.

In this paper, the literature review on modern technologies for the assessment of seismic safety
and vulnerability of existing structures will be explained. Special focus will be set on unmanned aerial
vehicles (UAV) and supporting equipment, as well as, photogrammetry and close-range remote sensing.

2. The Assessment Methods for Condition Inspection and Identification of Seismic Vulnerability
of Existing Masonry Buildings

Regarding economy and sustainability, it is of great significance for a society to maintain existing
building stock instead demolish and rebuild them. The contribution of the assessment phase to the
decision-making process is crucial for the correct assessment, verification, and maintenance of existing
buildings [15-17].

The assessment of an existing structure can be done in various stages with increased accuracy,
the level of accuracy, thereby depending on the quantity and the quality of available data as well
as on the significance of the structure. The developments in the areas of inspection, nondestructive
techniques (NDT), structural health monitoring (SHM), and structural analysis of existing structures,
together with recent guidelines for reuse and conservation, allow for safer, economical and more
adequate remedial measures [18].

The assessment techniques focus mainly on damage identification, damage localization,
and damage evaluation, as well as the determination of certain material properties of existing
structures. There are several new NDT and semi-NDT methods on the market, different in
sophistication and purpose. As the focus of this research is mainly on masonry structures or combined
masonry and concrete/timber structures, the most important NDT methods for existing masonry
structures can be summarized: visual inspection [19], rebound hammer [20,21], measurement of
reinforcement location [22], stress wave transmission [23], ultrasonic velocity testing [24], sonic velocity
testing [25,26], surface penetrating radar [25,27], infrared thermography [28], flatjack tests [29,30],
damage identification using impact vibrations [31], acoustic emission [32], etc. The basic advantages
and disadvantages of the mentioned methods are described in Table 1. More detailed information can
be found in [33].

The issue of seismic vulnerability assessment and restoration of underperforming existing
buildings is a very significant and difficult problem [34]. To develop efficient assessment methods,
it is necessary to draw knowledge and information from various other scientific fields. The seismic
vulnerability requires specialized technical skills [35].

The preliminary work on seismic assessment was based only on visual inspection of the
buildings [19,36], NDT [15,24,32,37,38], and the experience of an engineer. The last decade has
seen a growth in the technological advancement of various instruments that can considerably help
in the estimation of structural safety and seismic behavior of existing structures. The applicability
of the thermal camera for building diagnostics and detection of energy-related building defects
has been investigated by numerous authors [39—44]. The importance close-range remote sensing
and using multispectral cameras for damage assessment and crack detection on buildings was
emphasized by numerous researchers [45-47]. In the last few years, a growing number of studies
have shown the great potential of hyperspectral cameras for detection and mapping cracks on
buildings [48,49]. Unmanned aerial vehicles (UAV) can be used for i.e., disaster management [50,51],
crack identification using image processing [47,52], seismic vulnerability [53], architectural assessment
of heritage sites and structures [54], and structural assessment using image processing techniques [55].
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UAV-based photogrammetry [56-58] and LiDAR (Light Detection and Ranging) [59-61] devices
are indeed used after earthquakes to scan affected areas, but this method is mostly used for larger
areas only. The advantages and disadvantages of the new technologies which should complement
traditional methods are given in Table 2. Mentioned techniques are especially proven to be good at a

post-earthquake evaluation of the complete urban/rural areas and buildings individually.

Table 1. Basic advantages and disadvantages of NDT and semi-NDT inspection methods for existing

masonry structures.

Method

Advantages

Disadvantages

Visual inspection

Stress wave transmission

Ultrasonic & sonic velocity
testing, acoustic emission

Impact echo

Surface penetrating radar

Rebound hammer test

Flatjack system

Cheap

Fast (or no) preparation
Immediate results
Non-destructive

The presence of reinforcements or moisture do
not affect the results
Non-destructive

Fast and higher accuracy in results
Non-destructive method
Accessibility to just one side of the
element needed

Not affected by moisture

Non-destructive method
Accessibility to just one side of the
element needed

Cracks, bonds, delamination does not affect
the results

Fast method

Non-destructive method

Possibility to investigate different conditions
such as salt content and moisture content,
location of reinforcements, deterioration, etc.

Skilled working force needed
Detection of only larger defects
Possible misinterpretation of cracks

The results should be used for qualitative purposes
Highly affected by moisture and salt content

High skilled and educated working force needed
Misreading of signals

Wrong interpretation of data

Transducers must be coupled on the material surface
Small defects can affect results

The wave speed is automatically calculated

Slow method - requires a lot of measurements to map
larger regions
Stress wave energy is reflected at air boundaries

Relatively expensive
Mortar interfaces can mask energy reflected from
points of interest

e Easeof use e Results are for a local point
e Relatively cheap e The results are not directly related to the strength
e Fastmethod of surface

Gives compressive strength with
reasonable accuracy
Ease of use

Affected by surface and moisture condition
Not completely suitable for masonry (better in
assessment of concrete structures)

Not completely NDT - leaves a little hole in the
masonry unit

Semi-destructive method

Time-consuming

Drilling and cutting is not always easy (especially for
stone masonry)

Requires repair of a mortar joint

Frequent calibration required
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Table 2. Basic advantages and disadvantages of new technologies for the rapid assessment of the
vulnerability of structures.

Technology/Method Advantages Disadvantages
UAV
e Affordable e  Limited battery capacity
e Fast (or no) preparation e Depends on weather conditions
e  Easeof use e Legal restrictions related to drone flight
e Immediate results e Limited amount of damage which can be detected
e Nondestructive
e Constant improvement of technology
e Safety—remote control of the vehicle
e Available inspection of literally any place of
the building
LiDAR
e Data can be collected quickly and with e Unprofitable for detecting small building cracks
great precision e Ineffective in heavy rain
e Can be used during the day and night e Large database that is difficult to interpret
. Mostly independent of weather conditions . Price
e Noncomplex postprocessing e Non or low-quality textures
e 3D data acquiring
High-resolution cameras
. Quickly available data . Price
e High quality and precision photography e Alarge amount of data and sometimes takes a long
time to get useful information
Infrared thermography
e Rapid evaluation of big areas e  High skilled and educated working force needed
e NDT method e Affected by moisture content, texture, or reflections
e Real-time measurements which can lead to inaccurate measurements
e Relatively expensive
Photogrammetry
e Nondestructive method e Not possible without the presence of light (during
e Cheap, simple, and fast data collection process the day)
e Very precise e Depends on the weather conditions
. It is possible to measure displacements and . Vegetation can create problems when taking photos
deformations of structures without contact e  Large data sets
e High-resolution photorealistic 3D e Complex postprocessing
building models e Required postprocessing to get 3D data
e High-resolution textures
e Better for smaller building cracks detection
compared to LIDAR
360 cameras
e  Fastand efficient technology e If the distances at which the photos were taken are
e Can be mounted on vehicles that are then large or the vehicle is moving too fast, there may be a
passed through the area affected by problem connecting the images
the earthquake. e Vegetation and certain objects can create problems
e Possible to create an online platform (such as when taking photos
Google Street View) where earthquake damage e Inability to detect roof damage
can be identified and documented e Unprofitable for detecting small building cracks

3. UAV Platform for Multi-Sensor Photogrammetry Aerial Mapping

Nowadays, technology and sensor minimization enable the development of the multi-sensor
custom-made UAVs (unmanned aerial vehicles) for multi-sensor aerial mapping. As already mentioned,
UAVs can be applied to acquiring spatial data about the condition of buildings [59], cultural heritage [56],
but also for acquiring spatial data of larger areas for risk assessment of damage detection and
mapping, e.g., after earthquakes [57,58]. These platforms are equipped with the newest sensors for
in-flight position determination. These sensors include GNSS (Global Navigation Satellite System),
RTK (real-time kinematic), and IMU (inertial measurement unit) systems that allow positioning in
centimeter accuracy in real time. Today, significant importance in the development of the UAV platform
was devoted to developing new technologies for stabilization and orientation of the multi-sensor
system [62—-64]. The UAV platforms for multi-sensor aerial mapping can be made based on the
open-source or commercial flight controllers and technologies and are able to carry out mapping
missions autonomously [65-67]. For high-accuracy photogrammetric measurement of the safety
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and seismic vulnerability of existing structures, the systems are equipped with sensors that measure
the obstacle distance and therefore enable flights at a close distance to buildings (e.g., microradar
and/or LiDAR). Furthermore, these systems are the foundation for fast and accurate collection of
large amounts of spatial data for building damage detection and mapping. In Figure 1, one scenario
of the post-earthquake assessment with a UAV is shown. An engineer cannot see what happened
to a building at higher floors or roof of a structure when doing on-site assessment from the street.
Very often, the main problems (especially for moderate intensity earthquakes) are chimneys, damaged
roof structures, damaged gable walls, etc. With a UAV device, all of the mentioned information can be
easily assessed.

Figure 1. Cont.
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Figure 1. Photogrammetric multi-sensor systems on UAVs enable a fast and accurate collection of
large amounts of spatial data for building damage detection and mapping. (a) Undamaged building,
(b) visual inspection from street level, (¢) post-earthquake assessment with UAV systems, (d-h) possible
damages on a building after an earthquake.

3.1. Multi-Sensors System for Photogrammetry Data Acquisition

The aforementioned advances in technology and sensor minimization give us the opportunity
to the development of unique, highly specialized multi-sensors system for photogrammetry data
acquisition. Today, these systems can contain four independent types of cameras: RGB camera,
thermal, multispectral, and hyperspectral camera. All these cameras complement each other in spectral,
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radiometric, and geometric characteristics. The new multi-sensor system is capable for the detection of
damage and anomalies on a building that is not visible to the human eye. The importance of using
various kinds of different cameras, from thermal to multispectral cameras for damage assessment and
crack detection on buildings, was emphasized by numerous researchers [48,52]. Although all these
cameras were already used for building diagnostics assessment, so far, a multi-sensor system has not
been developed for this purpose. It should be noted that the multi-sensor system should be modular,
and it should be able to use different camera lenses, depending on building size and a priori accuracy.
The newly built multi-sensor system should enable accurate data acquisition for building damage
assessment, and the system harness the potential of all implemented cameras.

After the design and development of the multi-sensor system, it is necessary to develop
new methods for calibration, synchronization, and fusion of the collected data. For each camera,
the development of the new calibration method based on photogrammetric methods must be obtained.
The geometric calibration for internal camera parameters calculation must be done [68,69] and followed
by the radiometric calibration for each camera [70-73]. Further, for the autonomous spatial data
acquisition from all cameras in a multi-sensor system, the system synchronization is crucial [70,74,75].
Adequately synchronized multi-sensor system are able to autonomously and/or remotely capture
images from all cameras at the same time. Once the data has been properly collected, it is necessary
to research and develop new imagery fusion methods. The new fusion methods developed for the
multi-sensor system with various independent cameras allow the collection of a fused image that
contains the data of all the above sensors (visible part of the spectrum, thermal, multispectral and
hyperspectral data). The fusion process increases the spatial resolution of final multi-band imagery.
The usage of fused, high-resolution, multi-band imagery enables better and more accurate damage
detection on buildings.

3.2. Remote Sensing Methods for Automatic Detection and Mapping of Weak Structural Parts and Components

After the multi-sensor system has collected the data, to speed up the process, the mapping of weak
structural parts and components should be performed. Such methods allow for the rapid analysis
of large amounts of spatial data, which cannot be processed manually. The current development
of new methods is based primarily on the analysis of all available data of the multi-sensor system.
Taking advantage of individual bands outside the visible spectrum, such as images captured by a
thermal, multispectral, and hyperspectral camera, enable detection, highlighting, and mapping of
features that are not visible to the human eye [45,46]. The use of fused imagery further enhances
the spatial resolution of the imagery and enables the detection of even the smallest cracks in the
object [76,77]. The development and use of these methods enable rapid detection and accurate mapping
of the smallest cracks that may not be visible on the objects themselves. The application of developed
methods significantly accelerates the process of gathering information on the structure and condition
of existing buildings.

3.2.1. Photogrammetric Three-Dimensional (3D) Building Modeling Methods

Optimal photogrammetric methods need to be developed for an accurate and measurable
high-resolution photorealistic 3D building model based on a multi-sensor system and GeoSLAM
system [78]. Photogrammetric methods are primarily based on an adequate phototriangulation
procedure for all images. During the process of phototriangulation, the self-calibration of cameras
control the stability of their internal elements [71]. The development of methods for the rapid creation
of 3D models include the test of sensor accuracy for determining the elements of the external orientation
of real-time images (GNSS + RTK, IMU) [62,69]. Markers can be used on the objects to control the
phototriangulation process and the final 3D model. Nowadays, indoor spatial data for 3D models are
usually acquired with the GeoSLAM system. The final 3D model can be made by the combination of data
acquired with the multi-sensor system and GeoSLAM system data. Furthermore, spectralon and other
markers to perform radiometric calibration can be placed on the objects [71]. This ensures the accuracy
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of the spectral signature of the recorded objects. For controlling thermal images, the temperature of the
object can be measured by a measuring device and sensors at the time of data collection. This enables
obtaining an accurate 3D model in the thermal spectrum, i.e., the accuracy of the temperature obtained
by the multi-sensor system. The development and implementation of methods for photogrammetric
creation of SfM (Structure-from-motion) point clouds enable the creation of high-resolution, dense
3D point clouds [79-81]. The dense point clouds are filtered by newly developed outlier detection
algorithms for gross error points detection (e.g., glass area) [82-84]. For quality and accurate point cloud
collection on objects with uniform textures, methods for radiometric enhancement of textural features
were developed. Radiometric equalization of photogrammetric images based on new methods allow
for the creation of seamless photorealistic 3D models [85,86]. Further, with new 3D modeling methods,
the point cloud can be transformed into a high-resolution photorealistic 3D building model (Figure 2).

Figure 2. Photogrammetric 3D building modeling methods. From (a) photogrammetric creation of
SfM (Structure-from-motion) point clouds to the (b) high-resolution photorealistic 3D building model.

3.2.2. Automatic Methods for Building Damage Detection and Mapping

The photorealistic 3D models and products (e.g., from orthophoto) can be used for the detection and
mapping of building damage. The developed methods are based on a combination of unsupervised
and supervised image classification methods. Furthermore, the methods can be technologically
developed on object-based machine learning algorithms [87-90]. Such an approach allows rapid
damage detection on buildings, which is important because of the large amount of high-resolution
spatial data. Preliminary research related to the topic of developing automatic methods for the
classification has been made [91]. Newly developed methods for the detection and mapping of building
damage can use all bands of the multi-sensor system, but also spectral indices. Spectral indices allow
further highlighting of certain phenomena on earth or objects [91-93]. The use of spectral indices has
been shown to increase the accuracy of classifications. In some cases, spectral indices allow features to
be highlighted on an object that cannot be detected on any single band in the visible or out of the visible
part of the spectrum. In addition to the spectral indices, the newly developed methods also use the
Haralick texture features (Gray Level Co-occurrence Matrix) to detect and emphasize the edge between
damaged and undamaged parts on objects [94-98]. Using an object-based approach enables rapid and
accurate mapping of damage. After the mapping, the system immediately assigns statistical indicators
such as area, depth, etc. (Figure 3). The development of a new automatic method for structural damage
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detection and mapping is a major scientific contribution in the field of photogrammetry and remote
sensing applications in civil engineering.

Edge detection

Figure 3. Automatic building damage detection and mapping based on the photogrammetric 3D
methods and remote sensing techniques.

4. Discussion and Conclusions

The knowledge of seismic behavior of structures has seen significant advancements in recent
decades. Still, there is much left to be considered. We are still unfamiliar with a number of things that
must be taken into account, such as the magnitude, direction, and scale of earthquakes themselves,
as well as their stochastic (random) nature. Some fundamental decisions still need to be made,
e.g., whether to opt for deterministic or probabilistic modeling, static or dynamic load modeling, linear
or nonlinear seismic behavior of structures.

Are we able to minimize the effects of an earthquake, or is optimizing them still the only option?
How much do we know about the seismic risk or the potential consequences of seismic activity on our
infrastructure? How accurate are we in assessing the seismic vulnerability of existing buildings? Alas,
most of these questions remain unanswered as more research needs to be done on seismic risk and
seismic vulnerability assessment. Concentrating only on visible issues cannot resolve this questions.

Conventional approaches only allow us to assess the condition of an existing structure once its
stability has already been compromised. They also only help us when we know from experience
that a certain building is vulnerable to seismic activity. But what about any invisible parameters?
Are we ready to appropriate new technologies in the engineering sector? Can the use of thermography
and UAVs help us expand our abilities in seismic vulnerability assessment? Can any new methods
point us to other parameters crucial to the development of this scientific field? How do we precisely
characterize data gathered with the help of new technologies? Answering these questions may give
way to new principles in the field and foster the use of new technologies of photogrammetry and
close-range remote sensing much needed in such a traditional sector as civil engineering.

Insight in material and structural properties obtained by assessments and structural analyses and
evaluation can help us is in modeling, analyzing, and predicting the performance of existing structures
and is always a base for the preparation of the data for more precise analyses. However, it is not always
possible to have a comprehensive on-site assessment for rapid evaluation of buildings.

The basic idea of this paper is to show the possibilities for the development of an easy and fast
procedure for seismically generated damage detection of buildings with new technologies such as
UAVs and optical inspections. The open questions and possible future trends in the assessment of the
seismic vulnerability of the existing structures is also discussed. The seismic vulnerability of a structure
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is a quantity associated with its weakness in the case of earthquakes of a given intensity so that the
value of this quantity and the knowledge of seismic hazard allows us to evaluate the expected damage
from future earthquakes [99]. In modern assessment methods, the seismic vulnerability is represented
by vulnerability curves, considering, in individual cases only, some structural characteristics of the
affected buildings [100]. Throughout history, a variety of methods have been used to assess the
vulnerability that can be divided into empirical and analytical (both approaches can also be used in
different hybrid methods) and an approach based on engineering judgment by experts. Methods of
vulnerability assessments mainly model damage to a discrete scale of damage commonly using three
to six categories [101], but still, there are no unified approaches on a European level. High-definition
precision images of buildings using satellites, LIDARSs, drones, Google Street View and the like can
give us information on floor dimensions, height, floors, etc. It is important to emphasize that such
information alone is not sufficient, and it needs to be processed by experts, but also supplemented by
other data relevant for damage assessments (e.g., structural system, function, and usage).

A compilation of all the data can be obtained to get a unique view of the seismic vulnerability of
existing structures. A combination of the data from “traditional” assessments with the results from
modern techniques can help us in the identification of weak structural parts and components (faults,
big cracks, and openings, short cantilevers, and walls, short columns, soft storeys). With the knowledge
of the architectural background and styles of the city, a quick estimation of the period when the
building was built can be obtained, i.e., in Croatia, tall windows can tell us that the building was built
during the Austro-Hungarian times. This data can relate to construction methods, wooden ceilings,
lack of glazing and confiners, greater wall thickness, different material quality, etc. All these important
factors are influencing the seismic behavior of the existing structure. With measurement data of
foundation settlings, soil stiffness can be assessed or may indicate some differential settling. In addition,
the building stiffness can be estimated, which can lead to an estimation of the number of internal walls.
Assessment of roofs with UAVs can identify the deformation of roof plates and can serve as a basis for
the identification of internal walls, which can also lead to estimation of stiffness. With thermography,
different building materials can be identified (masonry vs. concrete) and existing confining elements
with their dimensions and location in the structures can be pointed out. With a combination of methods,
and estimation of wall thicknesses (with basic geometry) quick interpretation of structural safety can
be estimated. Deformation of outer walls obtained by photogrammetry combined with energy losses
by thermography and architectural rules of the construction period, and with expert opinions can lead
us to a rough estimation of the number of walls (considering the knowledge of load-bearing plate
system). All of the mentioned activities can give us the level of seismic vulnerability and safety of the
existing structures. The obtained data, new procedures, and techniques can help us in the estimation
of seismic risks of bigger regions or building blocks (Figure 4).

A conceptual design of building blocks can be easily identified (weak parts, floors on different
heights, and influence of one building to another), which gives the information of seismic risk.

The development of a modern procedure for structural damage detection and estimation of
seismic risk and vulnerability must be improved with new and accessible technologies.
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Figure 4. Predicting the seismic vulnerability of buildings and seismic risk of building blocks with the
combination of various data.
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Abstract: The main principle of vibration-based damage detection in structures is to interpret
the changes in dynamic properties of the structure as indicators of damage. In this study, the
mode shape damage index (MSDI) method was used to identify discrete damages in plate-like
structures. This damage index is based on the difference between modified modal displacements in
the undamaged and damaged state of the structure. In order to assess the advantages and limitations
of the proposed algorithm, we performed experimental modal analysis on a reinforced concrete
(RC) plate under 10 different damage cases. The MSDI values were calculated through considering
single and /or multiple damage locations, different levels of damage, and boundary conditions. The
experimental results confirmed that the MSDI method can be used to detect the existence of damage,
identify single and /or multiple damage locations, and estimate damage severity in the case of single
discrete damage.

Keywords: damage detection; plate-like structure; operational modal analysis; mode shape; modal
assurance criterion (MAC) matrix; mode shape damage index (MSDI); discrete damages

1. Introduction

During service life, structures are subjected to different loads, external factors, and un-
predictable influences that can cause considerable structural damage. Regular inspections
of structures are essential for early damage detection, analysis, and repair of damaged
structures in order to extend the service life while assuring safety and reliability. Due to the
lack of regular inspections and poor maintenance of structures, the damage can decrease
the bearing capacity and endanger safety. The widely accepted structure inspection is
based on visual inspections or locally limited nondestructive testing methods for damage
assessment such as acoustic or ultrasonic methods, magnet field methods, radiography,
eddy current methods, thermal field methods, and X-rays [1]. The mentioned methods
have numerous limitations, such as the small inspection area and the location of damage
needing to be known in advance. The problem is that the part of the structure where the
inspection is carried out has to be accessible.

The difficulties in damage detection can be overcome by analyzing the dynamic
response of structures obtained using the vibration-based monitoring system [2]. Global
behavior of the structure is defined by its dynamic properties that can be determined using
relatively simple measurement methods at a single or several locations in the structure.
The main reason for using vibration-based monitoring is that structural damages such
as changes in boundary conditions and bending cracks cause the loss of stiffness and
consequently a change in dynamic properties (natural frequencies, mode shapes, and
damping ratios).

Four levels of damage detection in structures are defined as follows [3]: detecting the
presence of damage, detecting the damage location, determining the severity of the damage,
and predicting the remaining service life. Different methods have been proposed on the
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basis of the change in natural frequencies [4-9]; mode shapes [10,11]; and their derivatives
such as the change in modal flexibility [12,13], the change in modal curvature [14,15],
the change in modal strain energy [16-18], and other modal methods used for damage
detection on plate-like structures [19]. Furthermore, a number of non-modal methods are
used for damage detection on plate-like structures, such as the frequency response function
(FRF) method [20] and guided waves approach [21]. They are mainly used with some
other algorithms (artificial neural networks, genetic algorithm, Bayesian approach, etc.),
requiring additional effort to detect damage.

Mentioned methods are primarily used for the first two levels of damage assessment,
i.e.,, damage detection and localization. Some of them can even be used to quantify the
severity of the damage but mostly to identify the difference between lower and higher
levels of damage [7,16,18]. When multiple structural damages are considered, determining
damage severity becomes a challenge [22]. Most of the methods are applied to numerical
and experimental models of rods, plates [23], and beams with simulated damages or
real-life structures such as bridges [10,24].

Modal assurance criterion (MAC) [25-27], among other indicators, is used for damage
detection based on mode shape changes. The MAC is a scalar quantity related to the degree
of consistency between two mode shapes, and it can be used for the direct comparison of
mode shapes in the undamaged and damaged condition. This criterion is not sensitive to
small differences between mode shapes and cannot be used for the damage localization,
but it can serve as an indicator of damage in the structure [28,29]. In order to detect
and localize damages in structures, researchers proposed the mode shape damage index
(MSDI) algorithm on the basis of a modified MAC matrix (AMAC), which considers mode
shapes that are almost identical and excludes dissimilar mode shapes [30]. During this
research, finite element analysis (FEA) was performed to obtain the mode shapes of plate
models with different damage cases and boundary conditions. It was concluded that the
MSDI method can be used to accurately locate single and multiple damages on plate-like
structures and that it has the capability to distinguish damages with different levels of
severity. By comparing the MSDI method to the /;-norm regularized finite element model
updating method, researchers obtained similar results in damage localization [31].

The advantage of the MSDI method is that it does not require an additional tool,
for example, a finite element model or algorithm-based massive measurement data such
as artificial intelligence [32], machine learning [33], and deep learning [34] for damage
detection. Unlike existing damage detection methods based on mode shape changes, this
method is based on a minor difference between compared undamaged and damaged
mode shapes. In this way, it is possible to determine the damage at the earliest stage of its
occurrence, and at the same time exclude the influence of uncertainties (noise) that may
significantly affect the change in mode shapes.

The aim of this study was to validate the MSDI method on the basis of the experimental
model of a reinforced concrete (RC) plate under 10 different damage cases. Operational
modal analysis (OMA) [35] was used for the determination of dynamic properties (natural
frequencies, mode shapes, and damping ratios) of the plate in the undamaged and damaged
state. The MSDI values were calculated for all damage cases and graphically presented.

The article is structured as follows. The governing equations of the MSDI algorithm
are shown in Section 2.1. The experimental setup and procedure as well as the damage
simulation are presented in Section 2.2. The results are summarized and discussed in
Section 3. Section 3.1 deals with the effect of the damage level on the MSDI values at a
single damage location. Section 3.2 deals with the effect of the damage zone size, and
Section 3.3 deals with damage detection at multiple damage locations. Section 4 presents
the conclusions.
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2. Materials and Methods
2.1. The Mode Shape Damage Index (MSDI)

The MAC criterion provides a degree of consistency between two states (undamaged
and damaged), and it ranges between 0 and 1. The MAC matrix is defined as

) [ty ot} ’ o
(Lot (o)) ({08} {ef})

where {4)11(‘} represents the k-th mass-normalized mode shape vector in the undamaged

Ac(k,l)

state and {(])f represents the [-th mass-normalized mode shape vector in the damaged

state. The values of the diagonal elements of the MAC matrix represent the correlation
between corresponding mode shapes. If there is no damage and no noise in the signal, the
diagonal elements of the MAC matrix are equal to 1, while values that are less than 1 reveal
a weak correlation between the two mode shapes that can indicate the presence of damage
(reduction of stiffness). The non-diagonal elements of the MAC matrix are usually equal to
0 because their values represent the correlation of inconsistent modes. Therefore, the MSDI
damage localization algorithm uses only the diagonal elements (k = I) of the MAC matrix
represented by the squared value of the trace of the MAC matrix defined as

Yermac = (trMAC)>. (2

This value ranges between zero and n2, where n represents the number of correlated
mode shapes. If yj,p4c = 12, then the compared mode shape vectors are highly correlated
and almost identical, which means that there is no change in stiffness. When the value tends
to 0, the vectors of the compared mode shapes are entirely inconsistent. The uncertainties
such as noise in the signal, which can occur in the experimental determination of mode
shapes, are ignored.

Further, a modified matrix named AMAC was developed, which is sensitive even to a
small difference between correlated mode shapes in the undamaged and damaged state.
The diagonal elements of the AMAC matrix are defined as follows

Aayg = a"MAC, k=1, (3)

where ay; and Awy; are the diagonal elements of the original MAC matrix and the modified
AMAC matrix, respectively. Theoretically, if there is no change in stiffness and no noise
in the signal, the mode shapes match entirely, and the modified AMAC matrix equals the
original MAC matrix.

The mode shape damage index (MSDI) is a damage indicator based on the difference
between modified modal displacements in the undamaged and damaged state in each i-th
node of a structural element (i.e., plate) as follows

(@), - (31),
@),

where (6}:) _and (6?) _are the modified modal displacements in each i-th node given by
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where ((p}‘{‘)j and (([)f)i denote the values of modal displacements of the k-th mode shape

in the undamaged state and the /-th mode shape in the damaged state in each i-th node of
the plate. The normalized modal displacements are squared to highlight a local change
of the mode shape in the damaged state compared to the undamaged state. Furthermore,
modal displacements are multiplied by the corresponding value Awy; calculated from
the modified matrix AMAC. In this way, only mode shapes with a reasonable degree of
correlation are considered, and the ones that do not match are excluded from the damage
localization. If even small damages are present at the i-th node, the MSDI value becomes a
nondimensional negative value, presented as an absolute value. Theoretically, if there is no
damage, i.e., no changes in the stiffness of the system (assuming there is no change in mass
and damping), the MSDI value equals 0 in each i-th node of the plate.

2.2. Dynamic Testing of the Plate Model

To further validate the MSDI method and investigate its robustness, we performed
experimental research on a model of a reinforced concrete (RC) plate with plan dimensions
2.3 x 1.55 m and 7 cm of thickness. The plate was reinforced with the Q196 reinforcement
mesh in the tension zone, and the thickness of the concrete cover was 2.5 cm. The me-
chanical properties of the concrete, i.e., the characteristic compressive strength (f ) and
the modulus of elasticity (E), were determined on 28-day-old test specimens according to
standards EN 12390-3 and EN 12390-13, respectively. The experimentally obtained values
were f =70 MPa and E = 36 GPa. The model of an RC plate was divided into rectangular
elements (16 cm x 15 cm); rows were marked in letters (A-J) and columns in numbers
(1-14), as shown in Figure 1. A total of 165 (1-165) measurement points on the RC plate
were used for the experimental modal analysis.
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Figure 1. Measurement points on the RC plate.

The operational modal analysis (OMA) [35] was applied for the detection of dynamic
properties (natural frequencies, mode shapes, and damping ratios). The measurements
were taken with the Briiell&Kjaer Multi-Analyzer system (type 3560-C) using five channels.
The modal analysis, including signal processing and modal extraction procedures, was
further performed using Pulse software. Five piezoelectric accelerometers (Briiell&Kjaer
4508-B, sensitivity 10 mV/ ms~2) were used for acceleration measurements. OMA was
conducted by moving four accelerometers through 41 measuring stages using one referent
measurement point at position no. 155 (41 x 4 + 1 = 165 measurement points) (Figure 1).
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The impact hammer was used to excite the plate randomly. This kind of excitation aims
to simulate an operational environment where the excitation is difficult or impossible to
measure. Methods of frequency domain decomposition (FDD) [36] and enhanced frequency
domain decomposition (EFDD) [37] were used for the estimation of modal parameters.
The procedure is based on the singular value decomposition (SVD) of the power spectral
density (PSD) matrix of the measured responses.

To achieve constant boundary conditions, we suspended the plate using very elas-
tic ropes (Figure 2). The applied boundary conditions, a nearly ideal free-free set-up,
were quickly implemented and easily repeated in the laboratory after each testing phase.
The plate was tested in an undamaged state and then discrete damages were applied
successively by removing parts of the surface from the top of the concrete plate.

Figure 2. Suspended plate with discrete damages.

The plate was again tested after each successive damage simulation. A total of
16 experimentally obtained vertical mode shapes for the undamaged state (Figure 3) and
each phase of the damaged state were observed in the analysis.

1% mode shape, f ,<5143Hz 2" mode shape,  ,=56.58 Hz 4" mode shape, f ,=143.0 Hz

5" mode shape, f ,=159.4Hz 6" mode shape, f ,=206.7 Hz

8" mode shape, f ,=282.5 Hz

»

9" mode shape, f ,=323.0 Hz

13" mode shape, f ;=460 8 Hz 14" mode shape, f ,=484.1Hz 15" mode shape, f ,;=622.7 Hz 16™ mode shape,  ,,=846.7 Hz

Figure 3. Sixteen mode shapes obtained experimentally on the undamaged plate.

25



Appl. Sci. 2021, 11, 4589

Simulation of Discrete Damages

In the experimental research, discrete damage was applied by removing a part of the
surface from the top of the concrete plate (Figure 4). The size of the discrete damaged
rectangle was 15 x 16 cm, and the depth varied from 2 to 3 cm. The advantage of discrete
damages lies in the fact that the damage location and the change in stiffness are precisely
defined. Furthermore, it is possible to simulate a full range of damages, and the MSDI
method can be tested using more than one damage location. In sequence, a total of 10 dis-
crete damage cases were simulated on the concrete plate. It is known from the literature
that stiffness has a dominant influence on the changes in mode shapes [38]. Therefore,
the loss of mass was neglected in the experimental part of this research. Furthermore, the
method was previously validated on numerical models [30,31] based only on the reduction
of stiffness without including the effect of changes in mass.

(@) (b)

Figure 4. Discrete damages on the RC plate: (a) chiseling; (b) one of the damage locations on the
concrete plate.

The first discrete damage was applied at the element E8 (damage case DC1) by
reducing the concrete thickness for 2 cm. Afterward, an additional 1 cm of concrete was
removed (damage case DC2). The remaining discrete damages were simulated by removing
3 cm of concrete at the plate elements as follows: F8, E7, C4, C3, ]9, A12, H13, and H4.
Locations of all discrete damages are presented in Figure 5. Different damage cases are
listed in Table 1.

Damage
location

1 2 3 4 S| 6 7 8 9 10 11 12 13 14

Figure 5. Discrete damage locations on the concrete plate.
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Table 1. Damage cases simulated on the concrete plate.

Damage Case Elements Depth (cm)
DC1 E8 2
DC2 E8 3
DC3 E8 + F8 3
DC4 DC3 + E7 3
DC5 DC4 + C4 3
DCé6 DC5 + C3 3
DC7 DCé6 +J9 3
DC8 DC7 + A12 3
DC9 DC8 + H13 3
DC10 DC9 + H4 3

3. Results and Discussion

On the basis of experimental research, we performed a sensitivity analysis of the MSDI
method, considering the effect of the damage level, the effect of the damage zone size, and
ultimately the effect of multiple damages.

3.1. Effect of Damage Level at a Single Damage Location

The first two damage cases at a single damage location were analyzed to determine
the effect of the damage level when using the MSDI method. Damage cases DC1 and DC2
at element E8 simulated two levels of damage, “small” (depth of 2 cm) and “moderate”
damage (depth of 3 cm). The damage location was determined by the MSDI method and
presented as a colored graphical representation in Figure 6 for the first two damage cases.
The MSDI values were calculated according to Equation (4). The peak values indicate the
location of the damage on the plate in 3D view, and the damaged area is presented in 2D
view. The exact location of the discrete damage, the element E8, was accurately identified.
Moreover, the increase from small to moderate damage was followed by the increase of the

MSDI value.
— N s - |
J 0.01 0.03 0.05 0.07 0.09 0.11 0.13 0.15 0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30
I
H 0.30-
G 0.25-
F _ 020-
E 2
D =
Lo
B
A

12 3 45 6 7 8 9101 1213 14

P®OUMTOI "«
MSDI

@) (b)
Figure 6. Damage localization for damage cases DC1 and DC2: (a) 2D; (b) peak values in 3D.

Furthermore, it is interesting to compare diagonal elements of the MAC and AMAC
matrices both in numerical and experimental examples. In the numerical analysis, almost
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all coefficients participate with the maximum value 1 when damage is detected [30] because
there are no measurement uncertainties. The comparison of experimentally obtained values
is presented in Figure 7 for the first 16 mode shapes of the plate for damage cases DC1
and DC2. Some of the mode shapes for both damage cases were inconsistent (Figure 7a,
mode shapes 11, 13, 14; Figure 7b, mode shapes 11, 13, 14, 15) in the undamaged and
damaged states as a result of noise in the measurement signal and some other uncertainties
(experimentally unrepeatable boundary conditions). It is shown that only a few mode
shapes participated with values close to 1 (Figure 7a, mode shapes 1, 4, 6), whose weighting
factor Axy; on modal displacements (Equations (5) and (6)) was sufficient for damage
localization. Mentioned uncertainties are challenging to simulate or predict by numerical
analysis. Thus, it is essential to emphasize the importance of validating damage detection
methods on the basis of experimental results.
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Figure 7. Diagonal elements of the MAC and AMAC matrices: (a) damage case DC1; (b) damage case DC2.

3.2. Effect of Damage Zone Size

In this section, the influence of the damage zone size on the sensitivity of the MSDI
method was considered. The third level of damage can be described as “large” damage,
simulated by the loss of depth which is equal to “moderate” damage (3 cm) but with
more than one damaged element. These substantial damages were simulated as damage
cases DC3 (elements E8 and F8) and DC4 (elements E8, F8, and E7). Figure 8 summarizes
the results of the effect of the damage zone size. In both damage cases, the damage was
accurately localized. Moreover, the method can be used to determine larger damaged
zones, i.e., several adjacent damaged elements. The MSDI values kept increasing with the
addition of more damage.
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Figure 8. Damage localization for damage cases DC3 and DC4: (a) 2D; (b) peak values in 3D.

3.3. Effect of Multiple Damages

The remaining damage cases were analyzed to primarily investigate the effect of
multiple damages on the MSDI method. In damage cases DC5 (DC4 + element C4) and
DC6 (DC5 + element C3), the effect of multiple damages and the effect of the damage zone
size were considered by adding another damage location on the plate. When we compared
the results for both damage cases in Figure 9, we found that the MSDI method was able
to register both damages, regardless of the damage zone size. The peak MSDI values at
the two locations coincided with the reduction of stiffness. Moreover, the damage severity
was smaller at the single damaged element C4 (see Figure 9, DC5) than the damaged zone

C4-C3 (see Figure 9, DC6).

PWOOMTMEI "~

P@WOOMTE I~ <

12 3 45 6 7 8 9101121314

DCé

12 3 45 6 7 8 9101121314

@

29

MsDI

MSDI

MSDI

MSDI

001 0.03 0.05 0.07 0.09 0.1 0.13 0.15 0.16 0.18 0.20 0.22 0.24 026 0.28 0.30

030-
025-
020°
0.15
0.10-

[1-14]

0.01 0.03 0.05 0.07 0.09 0.11 0.13 0.15 D.16 0.18 0.20 0.22 024 026 0.25 0.30

0.308

2,

(b)

001 003 005 0.07 0.09 011 013 0.15 0.16 0.18 0.20 022 0.24 026 0.28 0.30
2

0.30-

0.25-

0.20-

(b)
Figure 9. Damage localization for damage cases DC5 and DC6: (a) 2D; (b) peak values in 3D.
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The following two multiple damage cases DC7 and DC8 included damaged elements
at the free edges of the plate. The results shown in Figure 10 indicate that the method
effectively identified multiple damages regardless of the location of the damaged zone.
Nevertheless, as previously concluded in the finite element analysis [30], the damage sever-
ity was influenced by the damage location. Therefore, the severity of multiple damages
cannot be determined by using this method.
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Figure 10. Damage localization for damage cases DC7 and DCS8: (a) 2D; (b) peak values in 3D.

The last two damage cases DC9 and DC10 considered two additional random single
damage locations in elements H13 and H4. The results of simulated damages are shown in
Figure 11, and it can be found that all simulated damages were accurately localized by the
proposed algorithm regardless of the damaged zone size or the damage location.

The diagonal elements of the MAC and AMAC matrices are shown for the damage
cases DC5 to DC10 in Figure 12. It is noted that the number of mode shapes that were
participating in damage detection decreased with the introduction of new damages. The
first reason was that the intensity (aj; value) decreased due to the low degree of consistency
between estimated modal vectors in the undamaged and damaged states. The second
reason was that some mode shapes entirely disappeared due to a significant change of
consistency between estimated modal vectors. Even though a smaller number of mode
shapes were used for damage detection based on the MSDI method, they were still able to
provide useful information about the location of structural damage.

The accuracy of the MSDI method for damage localization depends on the number of
measurement points (degrees of freedom) for some element or structure. In order to apply
this method in practice within the structural health monitoring system (e.g., bridges, tall
buildings), one must optimize the number of measuring points.

To obtain better reliability of the damage detection by using the presented method, we
recommend as many experimentally obtained mode shapes as possible. In the paper, all
experimentally observed mode shapes are presented and were used in the MSDI method,
although a large number of mode shapes (for instance, Figure 12, DC 9) did not participate
at all in damage detection or participate with significantly reduced impact.

The environmental (e.g., temperature) and serviceability effects were not considered
in this research. It is necessary to consider the effects of temperature changes depending
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on the boundary conditions of the structure. Under the influence of different temperatures,
the mode shapes can be changed significantly, and this can affect the MSDI analysis.
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4. Conclusions

In this study, experimental validation of the mode shape damage index (MSDI) method
for damage detection was performed on a reinforced concrete plate. Ten discrete damage
cases were simulated by removing a part of the top layer on the concrete plate. On the
basis of the measurement of the vibration response, we determined the dynamic properties
of the plate in the undamaged and damaged conditions by applying the operational modal
analysis. This method is particularly challenging due to many factors that can affect the
accuracy of measurement and, therefore, can directly affect the damage analysis results.
Namely, damage-induced changes in mode shapes are minimal, and every error in the
experimental analysis of mode shapes can significantly affect the accuracy of damage
detection. By applying the MSDI method on the experimental model, it is evident that the
mode shapes that did not match for any reason were excluded from the damage analysis.
Even though a smaller number of mode shapes were used for damage detection in the MSDI
method, they can still provide useful information about the location of structural damage.

The conclusions from previous numerical research are confirmed. The MSDI method
can be used to detect the existence of damage, identify single and/or multiple damage
locations, and distinguish damages with different levels of severity. It must be emphasized
that the severity of damage detected with this method depends on boundary conditions
and the location of the damage.

The MSDI method can easily be implemented in the vibration-based damage detection
system. This method does not require the numerical model for the damage assessment,
and the measurement is simplified due to the fact it uses only the ambient response of
the structure for the estimation of modal parameters. It is also possible to combine this
method with some of the existing methods. For example, the change in natural frequency
of structure can serve as an indicator of the damage existence, and then by applying the
MSDI method, the damage location can be determined.

Although this method shows promising results and successful validation through
experimental tests, there are still many challenges for future research in structural damage
identification. By applying the MSDI method, it is still not possible to determine damage
severity. Hence, future research is recommended in that direction. Furthermore, various
uncertainties that may affect the results by using this method need to be considered, for
instance, inconsistent boundary conditions, various ambient conditions (e.g., tempera-
ture, humidity), various types of damages (e.g., bending cracks, corrosion, wear), and
serviceability effects (traffic) in a laboratory environment and in real structures.
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Abstract: A 1:25 scale physical model test was employed to study the plane gate vibration and holding
force under the conditions of the fixed gate opening and closing process, respectively. We paid more
attention to the characteristics of the gate vibration, holding force and the failure of gate-closing in
closing process. The correlation between gate vibration and holding force was further examined.
The results show that vertical vibration is weaker than the lateral and horizontal vibrations in fixed
gate opening and is stronger than the lateral and vertical vibrations in closing process. Gate vertical
vibration is self-excited vibration with a frequency of 7-14 Hz. Besides, crawl vibration in closing
process is related to the upstream water depth. The higher the water level is, the earlier the crawl
vibration appears. After the crawl stage, plane gate stops motion at a certain distance from the
chamber floor and then the failure of gate-closing happens. Finally, gate vibration in three directions
is significantly correlated with the holding force. In closing process, holding force has positive
correlation with the vertical vibration and has negative correlation with the lateral and horizontal
vibrations. In the crawl stage, the average of correlation coefficient in lateral, vertical and horizontal
direction is —0.723, 0.733 and —0.664, respectively. Thus, the influence of gate vibration on holding
force should be taken into consideration in determining the hoists capacity.

Keywords: plane gate; physical model test; flow-induced vibration; crawl vibration; holding force;
correlation

1. Introduction

Vibration problems in water conservancy projects (including dams, gates and plants) caused by
spillway is a common phenomenon. It can cause serious consequences and threaten the safe and stable
operation of water conservancy projects [1-4]. Flow-induced vibration of plane gate is an important
subject in water conservancy engineering. Its vibration mechanism and vibration control method are
both the focus of research.

There are many excellent opinions in the literature dealing with the basic mechanism of
flow-induced vibration of gate. Hardwick [5] and Jongeling [6], through the experiment, pointed out
that the main cause of gate vibration was vortex formed by the failure of free shear layer at the bottom
edge of gate. Based on the mechanism of flow-induced vibration, Naudascher [7] divided the gate
vibration into three categories: (1) gate vibration induced by the instability of water flow; (2) gate
vibration induced by flow instability and structure feedback mechanism; and (3) gate vibration caused
by the induced force generated by structure motion. Thang [8,9] believed that gate vibration was caused
by the downstream vortex resonance. Ishii et al. [10,11] supposed that fluid feedback force induced by
gate vibration mainly included two aspects: pressure pulsation caused by the alternating flow and
alternating excitation generated by the vortex at the gate bottom edge. Kunihiro et al. [12] considered
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that the vibration of radial gate with small opening was nonlinear self-excited vibration. In addition,
Mostafiz et al. [13] and Keiko et al. [14] conducted studies on gate vibration from the perspective of
frictional damping and gate opening-closing process in the physical model test. Kolkman et al. [15]
expounded the fluid inertia mode of the gate vertical vibration and believed that, in self-excited
vibration process, variation of the effective flow area led to the flow pulsation and fluid inertia may
aggravate the gate vibration.

When gate vibrates by the hydrodynamic loads under the high-speed flow, flow field around
the gate alters acutely and the structure dynamic loads change in turn, which forms the fluid—solid
coupling effect. Most vibration control methods are to change the shape of the gate bottom edge,
which could realize the stability of the flow pattern and weaken the vibration magnitude. For example,
Markovic et al. [16] came up with a measure to effectively reduce hydrodynamic loads through placing
penetrating orifice at the gate bottom beam. Erdbrink et al. [17] arranged some ventilation slots at
the plane gate bottom and water could flow into the upstream panel and out at the gate bottom
edge, which destroyed the reattachment effect between flow and gate bottom edge, smoothed the
outflow state and effectively mitigate the vertical vibration. Seung et al. [18] proposed a method that
can effectively reduce the gate vibration magnitude and abate the gate fatigue damage by setting a
guide plate at gate bottom edge. Demirel et al. [19] mounted the horizontal porous baffle at elevation
below the free surface to reduce the vortex magnitude in the downstream and enhance the stability of
plane gate.

Due to the increasing demand for hydroelectric energy, construction of high-head water
conservancy projects put forward a high requirement for the safe operation of gate. Much work so
far has focused on the static load monitoring, vibration displacement, structural stress and so on.
These achievements were largely obtained by fixed gate opening, and the flow under the gate can
be viewed as a steady flow [20-23]. However, little attention has been devoted to the gate vibration
and its effect on the holding force in closing process. When gate is in continuously closing process,
fluid boundary deforms in a large scale and the flow passing the gate becomes markedly unsteady
process. To determine the characteristics of gate vibration and holding force in closing process,
we simultaneously measured the gate acceleration and holding force through the physical model test
and then examined the correlation between the two variables. Further studies on the characteristics
of vortex shedding in closing process and the method for evaluating the gate vibration effect on the
holding force will be summarized in our subsequent study.

This paper is divided into four parts. Section 1 briefly describes the achievements about gate
vibration and its control methods. Section 2 introduces the arrangement of physical model test and
measuring point installation. Section 3 mainly discusses the characteristics of gate vibration and
holding force and examines the correlation between gate vibration and holding force under two
operation modes. The conclusion is given in Section 4.

2. Physical Model Test

The physical model test made of transparent Perspex plastic, at the scale 1:25, was established
based on the gravity similarity criterion and flow similarity criterion. The parameters of the steel
plane gate in the actual project are shown in Table 1. The physical model test was composed of five
parts: tank, chamber, narrow-section, pressure hole and drainage channel (Figure 1). Two plane gates
with same size were made of Perspex plastic and hydro-elastic material, respectively. Meanwhile,
the hydro-elastic gate model should satisfy the structural similarity criterion to ensure the normal
similitude of gate stiffness [24]. The mass and elastic modulus of hydro-elastic gate is 7.36 kg and
8 GPa, respectively.
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Table 1. Parameters of the prototype gate.

Projects Prototype Plane Gate
Spillway tunnel 6 x 14 m? (width X height)
Gate slot 8.4 x 1.6 m? (width X thickness)
Steel plane gate 7 x 14.2 x 1.4 m® (width x height X thickness)
Mass 100 t
Operation speed 1.5 m/min
Support type Sliding block
Seal Downstream seal
Gate Bottom edge Composite type (upstream inclination angle 50° and down inclination angle 30°)
Operation requirement Closing in transient flow and opening in still water
Elastic modulus E 200 GPa
Poisson’s ratio u 0.3
density p 7.85 x 10° kg/m?
Chamber . Pressure
N Narrow-section ticles
24cm L
Flow ~ \
=S ] VL
24cm|
Tank —
Trem I 100 Drainage
I [ o | channel

Tank
v
- Tension Gate model made of Perspex plastic
sensor and hydro-elastic material
Flow
g
g L
el i=0.005

— I
Pump | D — | Channel —————a
I IR

Figure 1. Schematic diagram of experiment setup.

In the physical model test, the plane gate was connected to the servo motor by steel cable and gate
operation speed was 0.005 m/s. The tension sensor with a range of 100 kg was placed to measure the
holding force. Three acceleration sensors were installed near the gate lug with lateral direction (gate
width direction), vertical direction (gate height direction) and horizontal direction (flow direction),
successively. Pulsating pressure sensors were arranged on the gate panel and bottom edge. Meanwhile,
in the case of fixed gate opening the recording of data lasted for 60 s. In the case of closing process
data acquisition lasted for the duration of the operation. Data Acquisition & Signal Processing
(DASP) intelligent acquisition system developed by China Orient Institute of Noise & Vibration was
employed to acquire and process the data cooperated with constant current power supplier. It can
simultaneously measure the gate vibration acceleration and holding force at the sampling frequency of
200 Hz [25]. Data measuring, transmission and processing are depicted in Figure 2. Besides, in the
physical model test, there are two operation modes of the gate, namely fixed gate opening and closing
process. Gate opening ratio e in fixed gate opening equals gate opening height dividing the height of
spillway tunnel. The upstream water depths were 0.64, 0.72, 0.8 and 0.92 m in the physical model test,
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successively (prototype depths were 16, 18, 20 and 23 m, respectively). Downstream outflow condition
is free outflow. Rectangular weir was arranged in front of the drainage channel to measure the flow
rate. The water levels on the tank and the rectangular weir were measured through water level meters.
In addition, in closing process, we obtained the relationship acceleration or holding force with time
from the experiment. To get the vibration or holding force at a certain gate opening in closing process,
we firstly assume that gate opening is linear with the time. Subsequently, the vibration or holding
force is approximately equal to the results of a specific time interval in closing process. In this paper,
the specific time is linear with a certain gate opening and the interval is set to 1 s with 200 data.

Flow Dynamic Voltage Signal

Gate excitation Model response | Acceleration & force | signal | Data Acquisition & Processing | out Dynamic
opening dynamic test monitoring (DASP system ) acceleration

DASP System
Manufacturer:China Orient Institute of Noise
&Vibration:

Acquisition Frequency: 0~102 400Hz;
Indication error: <+0.1E.S:

i '
Tensor Sensor i {
' 1
' '
' '
I '
' '
i i
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| System noise: <0.03mVrms '
'
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' '
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' '
' '
' '
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Resolution: 0.01kPa; !
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Resolution:Se-4g: !
Full-scale(F.S):1.0g: !
Sensitivity:500mv/g !

Figure 2. Dynamic testing system applied in the physical model test.

3. Results and Discussion

3.1. Characteristics of Vibration

Characteristics of plane gate vibration are related to the constraint boundaries and external
excitations. Constraint boundaries of plane gate mainly include steel cable connected to the hoists,
friction contact between the slide block and track, and friction contact between the rubber seal
and sidewall. Once the constraint condition is determined, gate vibration is related to the external
excitations. Thus, it is necessary to clarify the relationship between gate vibration with gate opening
and upstream water depth. In previous investigations, plane gate was regarded as a rigid body, and its
vertical vibration can be equivalent to a single degree of freedom [26,27]. Elastic deformation of
steel cable is the main manifestation of the structural stiffness. Given the generalized stiffness theory,
the equivalent stiffness of steel cable equals the generalized force dividing generalized displacement.
When steel cable has the axial force P, axial deformation A can be expressed

PL

Aza (1)

The equivalent stiffness of the steel cable K is, that is the gate vertical equivalent stiffness,

P PL EA
K=2=P/(7) =71 2

Thus, nature frequency of simplified system w; can be expressed

K |EA
Wy = \/; = m 3)

where E is the elastic modulus of steel cable; A is the sectional area of the steel cable; L is the steel cable
length; and m is simplified system mass.
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On basis of the equivalent stiffness theory, gate vertical equivalent stiffness K is related to the steel
cable length L and simplified system mass m. Through the physical model test, we mainly analyzed
and compared the characteristics of gate vibration under the two operation modes.

3.1.1. Vibration in Fixed Gate Opening

Because the acceleration spectrums are similar under different water depth conditions, Figure 3
only depicts the acceleration spectrums under three directions for the upstream water depth of 20 m.
As revealed in Figure 3, the acceleration in three directions decreases gradually with the gate opening
decrease, which is consistent with the prototype observation by Yan et al. [28]. Yan et al. pointed
out that flow pulsation pressure decreased with gate opening decrease and root mean squire (RMS)
of pulsation pressure can reach 10% of the upstream total head in large gate opening. However,
Yang et al. [29], with Particle Image Velocimetry (PIV) technology through the physical model test,
stated that, the smaller is the gate opening and the greater is the flow rate, the greater is the gate
vibration. It was confused that gate vibration unexpectedly emerged different results at the same gate
opening. The gate operation condition might account for the difference. In this physical model test
and prototype observation from [28], the flow passing the gate is free outflow and not restricted by the
downstream water depth. Nevertheless, gate vibration has been influenced by the downstream water
depth in the physical model test in [29]. This means that different outflow conditions could produce
different results. Thus, outflow condition is also an effect factor of gate vibration.
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Figure 3. Acceleration spectrums in three directions for upstream water depth of 20 m: (a) lateral
direction; (b) vertical direction; and (c) horizontal direction.

Furthermore, the dominant frequency of vibration in three directions was also obtained from
the results in Figure 3. In lateral direction, the dominant frequency is mainly concentrated around
8 Hz. As gate opening decreases, the frequency is not prominent and vibration energy is dispersed
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gradually. Then, in vertical direction, the dominant frequency gradually decreases with gate opening
decrease and is distributed up to 10 Hz. Vibration energy is relatively concentrated with a peak value
and there is no energy dispersion. In horizontal direction the dominant frequency with multiple peaks
under each gate opening has no obvious change. The frequency is mainly distributed below 20 Hz and
frequency bandwidth is relatively wide. Besides, comparing the vibration spectrums at different water
depths, we found upstream water depth could markedly change the acceleration magnitude and have
a little influence on the dominant frequency yet. Meanwhile, flow pulsation frequency near the gate
bottom edge is relatively small. The dominant frequency is 0.13-0.2 Hz. Because vibration frequency
is far away from the flow pulsation frequency, the plane gate does not resonate with the flow and is
self-excited vibration in fixed gate opening.

3.1.2. Vibration in Closing Process

In closing process, this paper pays more attention to the gate vertical vibration. Figure 4 provides
the vertical acceleration in closing process and its partial magnification diagram. Considering the
characteristics of the vertical vibration, the gate vibration process can be divided into three stages:
initial stage, transitional stage and crawl stage. In the initial stage, vibration acceleration is relatively
small, and its regularity is insignificant. In the transitional stage, vibration acceleration increases
gradually and gate continues to fall without intermittent motion. Subsequently, in the crawl stage,
vibration acceleration increases continuously and gate drops down intermittently.
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Figure 4. Vertical acceleration with gate-closing time: (a) vertical acceleration in closing process; and
(b) partial magnification of vertical acceleration.

Figure 5a shows the amplitude of vertical acceleration in closing process. The amplitude is
different for different stages. In the initial stage, the amplitude varies slightly and maintains at 0.01 m/s?.
Afterwards, the amplitude increases gradually. The higher the upstream water depth, the greater the
amplitude. The maximum amplitude can reach 0.11 m/s? approximately in the crawl stage and is
almost 10 times higher than the initial stage. Moreover, Figure 5b plots the dominant frequency of the
vertical vibration in closing process. For different upstream water depths, frequency distribution is
relatively stable, and its regularity is remarkable after the initial stage. In this period, the dominant
frequency gradually decreases from 14 to 7 Hz in the form of steps. As upstream water depth increases,
the step moves into the origin of the coordinate and the frequency decreases gradually. This means
gate vibration is directly related to the upstream water depth. Due to the dominant frequency far away
from the flow pulsation frequency, we regard that gate vertical vibration is self-excited vibration in
closing process.
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Figure 5. Characteristics of the vertical vibration in closing process: (a) amplitude of acceleration;
and (b) dominant frequency of acceleration.

In addition, Figure 6 reveals the amplitude of acceleration in lateral and horizontal direction.
The characteristics of lateral vibration is the same as that of vertical vibration. Nevertheless, the vibration
magnitude is relatively small, and the maximum of amplitude can reach 0.013 m/s?. In horizontal
direction, the amplitude changes a little with time and mostly maintains below 0.008 m/s?. However,
unusual fluctuation peaks of acceleration appeared near 130 s, as depicted in Figure 6a. The main
reason for the situation lies in the defect of the model itself. Because the physical model was built
in summer and fixed by steel structure, the guide track deformed slightly at a lower temperature.
The defective area is located in large gate opening. Gate opening ratio e is roughly 0.83 and it is not the
focus area of the study. Moreover, this defect does not significantly influence the vertical vibration
results for a small gate opening, as described in Figure 5a. Therefore, we can ignore this defect in the
following research.
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Figure 6. Characteristics of acceleration amplitude in closing process: (a) lateral direction;
and (b) horizontal direction.

3.1.3. Comparison of Vibration in Two Operation Modes

The above describes the characteristics of gate vibration in fixed gate opening and closing process,
respectively. This section mainly compares gate vibration for two operation modes. When gate is
in fixed gate opening, the acceleration in the three directions decreases gradually with gate opening
decrease. The lateral and horizontal vibrations are larger than the vertical vibration. However,
in closing process, acceleration increases gradually with gate opening decrease, which is contrary to
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the fixed gate opening. Besides, vertical acceleration is the largest, followed by the lateral direction and
horizontal direction is the smallest. From the perspective of the frequency, vibration frequency is mainly
related to the gate opening and is independent of the upstream water depth in fixed gate opening.
Frequency in each direction is markedly different. Nevertheless, in closing process, upstream water
depth and gate opening both impact the vibration frequency. As the upstream water depth increases
and gate opening decreases, vertical vibration frequency reduces gradually. The above differences are
mainly caused by two aspects: the gate motion state and unsteady flow. Firstly, the gate motion state
influences the boundary conditions and nature frequency of simplified system. Secondly, unsteady
flow arising from gate-closing process significantly changes the hydrodynamic loads acting on the gate
body. These two effects motivate a strong fluid—solid coupling in closing process, and it is markedly
different from that of fixed gate opening.

3.2. Characteristics of Holding Force

Gate holding force directly determines the hoists capacity and is of great significance to the stable
and safe operation of gate. Many accidents are related to the holding force in practical engineering.
To determine the hoists capacity, hydrodynamics loads is a vital influential factor, in addition to the
mechanical factors. Although the influence of hydrodynamics loads on hoists capacity has been
explained in the relevant criterion [30], the criterion does not seem to meet the practical requirements on
condition of the complex gate structure, operation conditions and design scale at present. It is necessary
to clarify the hydrodynamics loads in closing process. The holding force Fj;s; can be expressed:

Fhoist:nGgate+Gj+Ws+px—pf—Ff (4)

where 7 is modified coefficient of gate weight, Ggate is gate self-weight, G; is additional weight, W; is
water column weight on the gate top, Ffis friction force and Px — P is vertical hydrodynamic force at
the gate bottom edge.

3.2.1. Holding Force in Two Operation Modes

From Equation (4), many factors can influence the holding force. In fixed gate opening,
water column on the gate top and panel thrust have a relatively clear theoretical relationship with gate
opening and upstream water depth. Thus, the characteristics of holding force mainly represent the
characteristics of the pressure at gate bottom edge.

Table 2 summarizes the holding force and its standard deviation in fixed gate opening. As upstream
water depth increases, holding force generally decreases. In large gate opening, however, the holding
force increases slightly with the upstream water depth increase because gate lattice is partly filled
with water. The higher is the water level, the more water there is in the gate lattice and the greater is
the holding force. In small gate opening, gate lattice is fully filled with water for different operation
conditions. The influence of water in the gate lattice is insignificant for the holding force.

Table 2. Holding force and its standard deviation in fixed gate opening.

. . Holding Force (kN) Standard Deviation
Opening Ratio e

16 m 18 m 20 m 23 m 16 m 18 m 20 m 23 m
0.8 2391968  2437.359  2556.328  2513.437  0.182 0.216 0.289 0.346
0.5 2324772 2097.109  2008.719  1828.062  0.180 0.188 0.194 0.154
0.3 2027.556  1781.109  1778.297 1114462  0.176 0.174 0.139 0.132
0.2 1864.470  1469.297  1517.547 678.750 0.162 0.134 0.137 0.126
0.1 1371.220 721.812 104.765 477.906 0.133 0.130 0.132 0.124

In addition, standard deviation gradually decreases with the gate opening decrease for a certain
upstream water depth, as shown in Table 2. Standard deviation is proportional to water depth in
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large gate opening. In small gate opening, it is inversely proportional to water depth. It indicates
that upstream water depth impacts the pressure at gate bottom edge and the influence is nonlinear.
Therefore, the suggestion that the pressure specified as 20 kN/m or a linear formula in the criterion
does not seem to satisfy the practical requirements and need to further investigate [30].

For different upstream water depths, dominant frequency of holding force in each opening is
0.033-0.217 Hz. The frequency is not equal or close to the vertical vibration frequency and is not close
to the flow pulsation frequency yet.

Subsequently, Figure 7 plots the holding force for different conditions in closing process.
As upstream water depth rises, the gate-closing time decreases gradually when gate stops moving.
In the initial stage, holding force varies slightly and the maximum holding force occurs near 100 s.
It indicates that vertical hydrodynamic loads varies significantly and can markedly change the holding
force. In the transitional crawl stage, holding force decreases gradually in a reciprocation form. It is
consistent with the existing research [31]. Liang et al. [31] reckoned that holding force is a process of
elastic energy stored by the steel cable releasing and storing. Specifically, the elastic energy of steel
cable goes through a cycle of release-reserve-re-release-re-reserve in closing process. Afterwards,
the friction forces by the loads acting on the gate body gradually increase, make the holding force
gradually decrease and prevent the gate from dropping down.
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Figure 7. Holding force for different conditions in closing process.

Figure 8a shows the fluctuation value of holding force in closing process. In the initial stage,
the fluctuation value is small. As gate continues to go down, the fluctuation value suddenly increases
rapidly. The higher is the upstream water level, the greater is the fluctuation value. Besides, Figure 8b
depicts the dominant frequency of holding force. Frequency distribution is regular and its value
reduces from 14 to 7 Hz in a step form. In addition, without considering the elastic hysteresis of the
steel cable, axial deformation of steel cable obtained through the Equation (1) should equal the gate
vertical vibration displacement. Meanwhile, we noticed that the dominant frequency of holding force
is consistent with the gate vertical vibration frequency in closing process, which indicates that it is
reasonable to analyze the vertical vibration through the holding force. It can be further manifested that
it is feasible, in a study of gate vertical vibration, to simplify gate vertical vibration to a single degree of
freedom vibration system.
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Figure 8. Characteristics of holding force in closing process: (a) fluctuation value of holding force;
and (b) dominant frequency of holding force.

3.2.2. Comparison of Holding Force in Two Operation Modes

Figure 9 plots the comparison results of the average of holding force for two operation modes.
Overall, holding force in fixed gate opening is greater than the closing process under the same gate
opening. With increase of the upstream water depth, difference of holding force between the two
operation modes is large in large gate opening and is small in small gate opening. The reason for the
situation is that in closing process the cross-section of flow decreased in initial stage, which led to
the upstream water level to rise gradually. The water level rising caused the horizontal panel thrust,
and the friction force between gate and the track increased, which made holding force less than the
fixed gate opening. The higher is the upstream water level, the greater is the difference. However,
when the gate dropped down intermittently in the crawl stage, the water level rising was no longer
apparent, and the difference was insignificant at small gate opening.
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Figure 9. Average of holding force under the two operation modes.

Next, the dominant frequency of holding force was analyzed for two operation modes. In fixed
gate opening, the dominant frequency of holding force is 0.2 Hz and energy spectral frequency is
mainly concentrated below 1 Hz. Nevertheless, vertical vibration frequency is mainly concentrated
around 5-8 Hz. The frequency of holding force is inconsistent with the vertical vibration frequency
and is close to the flow pulsation frequency yet. In closing process, the vertical vibration frequency
and the frequency of holding force are consistent. The frequency decreases from 14 to 7 Hz gradually.
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Thus, the frequency between the holding force and vibration is not same for two operation modes.
The difference may be attributed to the friction force caused by the gate motion state. In fixed gate
opening, plane gate is in a state of static friction with the track. The direction of static friction force is
changeable with the gate motion tendency. We tentatively put forward that, when the hydrodynamic
loads are converted into the steel cable tension, static friction force with variable direction has a certain
filtration effect on the loads. Only if the hydrodynamic loads are greater than the maximum static
friction force can the loads be converted into the steel cable tension. Otherwise, the loads will be
balanced through the static friction force. Thus, frequency of holding force is consistent with the flow
pulsation frequency in fixed gate opening. Compared to the fixed gate opening, plane gate is in a state
of sliding friction, and the friction force direction, opposite to the gate motion, is constant in closing
process. Thus, the frequency of holding force is consistent with vertical vibration frequency in this case.

3.2.3. Crawl Vibration in Closing Process

In the closing process, the length of steel cable, water weight in gate lattice and water column on
the gate top increase gradually. These changes directly reflect the increase of length L and mass 2 in
Equation (3), which makes the nature frequency of the simplified system decrease. Besides, the flow
boundary deformation and unsteady flow under the gate result in the variation of fluid inertia and
make flow pulsation pressure acting on the gate bottom edge intensify significantly. Cai et al. [23]
studied that the seismic waves had influenced on the maximum hydrodynamic pressure in curved gate.
The results indicate that maximum hydrodynamic pressure of gate panel, considering the fluid-solid
coupling effect, was 4-5 times higher than the theoretical value by the additional mass method. Thus,
strong fluid-solid coupling effect could increase the hydrodynamic loads and crawl vibration appears
in small gate opening. Ji et al. [32] regarded that the difference of dynamic and static friction coefficient
was the main factor for crawl vibration. The necessary condition for the vibration is given as follows:
A X Pf(v x Vmk) > 1 (where Ay is the difference of dynamic and static friction coefficient, P is the
horizontal panel thrust, v is the closing gate speed, m is the gate mass and k is the transmission
rod stiffness).

Table 3 provides the time parameters about the crawl vibration in the physical model test. With the
upstream water depth increase, the gate-closing time decreases and duration of crawl vibration
increases gradually. We regard that crawl vibration should be related to the upstream water depth and
happen at specific external loads. When the gate structure and upstream water depth are determined,
the horizontal panel thrust can be viewed as a control index for the crawl vibration. From the results
in [32], horizontal panel thrust also played an important role in the crawl vibration. Once panel thrust
exceeds the critical threshold, crawl vibration will appear. As upstream water depth increases, the time
for panel thrust reaching the threshold decreases gradually so that initial crawl time decreases, as
shown in Table 3.

Table 3. The time parameters about the gate crawl vibration. Unit: s.

Upstream Water 16 m 18 m 20 m 23 m
Gate closed time 115.3 107.6 100.3 95.78
Initial crawl time 95.05 87.13 73.78 69.81
Duration of crawl vibration 20.25 20.47 26.52 25.96

After the gate intermittent motion, the gate stopped moving at a certain distance from the chamber
floor. The higher is the upstream water depth, the larger is the distance. The gate is not fully closed and
the failure of gate-closing appears, which seriously threatens the operation of the projects. The failure
has also happened in other physical model tests and engineering practices [33,34]. Because steel cable
cannot provide the vertical downward loads, the gate can only utilize the self-weight, additional
weight, water column on the gate top and water weight in the gate girder to close. Especially for
the heavily sediment-carrying river, the sediment deposited in the gate slots exacerbates the above
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phenomenon [33]. Liang et al. [31] and Novak et al. [35] both suggested increasing gate speed can
improve gate stability, avoid or delay the crawl vibration to a certain extent, which was good for
the gate-closing.

To solve the above problem, increasing vertical downward loads by modified gate shape or
additional mass is a common technical method. Ma et al. [34] proposed the method shown in Figure 10a.
Placing a protruding boundary in front of the gate bottom edge and making full use of the water
column could increase the vertical downward loads. Figure 10b provides the holding force for three
body shapes in the physical model test. After the body modification, the holding force gradually
increases, and gate can be completely closed. Besides, we should also focus on the concerned problems
caused by body modification. In Figure 10b, when gate opening ratio e is 1-0.5 (gate-closing time
is less than 250 s), the fluctuation value of holding force for three body shapes is relatively small.
When gate opening ratio e is less than 0.5, the fluctuation value rapidly increases. The fluctuation
value for the gate of leading edge with convex is roughly three times as much as the original body.
The reason for this situation is that the gate of leading edge protrusion increases effective bottom
width and leads to the separation and re-attachment of flow through the gate bottom intensified.
It indicates the gate bottom width is direct factor for pressure fluctuation. Moreover, because hoists
capacity converted by the prototype is about 500 N in the physical model test, the holding force has
exceeded the maximum capacity for the modified gate of leading edge with convex. Fluctuation value
of holding force goes back and forth to a large extent, which performs the axial deformation of steel
cable and stress concentration in gate lug area. It is worth noting that stress concentration may result in
tearing failure of lifting lug. Thus, the characteristics of holding force should be given more attention
to prevent adverse problems in the actual operation of the modified gate.
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Figure 10. Measures to make gate be closed completely in the physical model test: (a) original and
modified shape of gate bottom edge [34]; and (b) holding force for three body shapes.

3.3. Correlation between Gate Vibration and Holding Force

Through the physical model test, we simultaneously measured the gate vibration and holding
force. Gate vibrations in three directions are independent of each other. To explore the correlation
between the gate vibration and holding force, we directly conducted the correlation and significance
test between the two variables under two operation modes, respectively.

3.3.1. Correlation in Fixed Gate Opening

Table 4 shows the correlation and significance test between gate vibration and holding force in
fixed gate opening. The distribution rule of correlation coefficient is not evident in three directions.
Moreover, absolute value of correlation coefficient is relatively small and less than 0.3. It suggests
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that the correlation between gate vibration and holding force is weak. Thus, we can believe that gate
vibration has no obvious impact on the holding force and its influence can be neglected for fixed
gate opening.

Table 4. Correlation between gate vibration and holding force in fixed gate opening.

Gate Opening Ratio e

Direction Water Depth (m)
0.1 0.2 0.3 0.5 0.8
16 —0.257 ** 0.015 -0.225 ** 0.053 ** -0.043 **
Lateral 18 —0.127 ** 0.169 ** 0.142 ** 0.016 -0.053 **
20 —0.134 ** —0.156 ** —0.256 ** 0.185 ** -0.173 **
23 —0.249 ** -0.177 —0.088 ** 0.173 ** 0.458 **
16 —0.472 ** 0.057 ** 0.049 ** 0.085 ** 0.108 **
Vertical 18 —-0.031 ** 0.228 ** 0.187 ** —0.267 ** 0.053 **
20 —-0.189 ** —0.109 ** —0.546 ** —-0.095 ** -0.082 **
23 —-0.186 ** —0.201 ** 0.093 —0.166 ** —0.125 **
16 0.169 ** -0.005 -0.009 0.002 —0.041 **
Horizontal 18 -0.027 —0.054 ** 0.248 ** —0.066 ** -0.014
20 -0.03 ** 0.001 —0.123 ** —0.179 ** —0.034 **
23 —-0.018 -0.022 * 0.014 -0.022 * —0.225 **

Note: * denotes a significant difference (p < 0.05), ** denotes a significant difference (p < 0.01).

3.3.2. Correlation in Closing Process

Table 5 describes the correlation and significance test between gate vibration and holding force
in closing process. The results of significance test indicate a significant correlation between gate
vibration and holding force. The correlation coefficient is different for different stages. To be specific,
in the initial stage correlation coefficient in three directions is relatively small and the correlation is
weak, indicating that gate vibration has a little influence on the holding force and can be ignored
for calculating the hoists capacity. In the transitional stage, the average of correlation coefficient
in lateral, vertical and horizontal direction is —0.565, 0.944 and —0.764, respectively. According to
the correlation coefficient from large to small, they were ordered as: vertical > horizontal > lateral.
Subsequently, in the crawl stage, the average of correlation coefficient in lateral, vertical and horizontal
direction is —0.723, 0.733 and —0.664, respectively. The correlation coefficient from large to small was
as follows: vertical > lateral > horizontal. Furthermore, in the transitional and crawl stage, holding
force is positively correlated with the vertical vibration and is negatively correlated with the lateral
and horizontal vibrations yet. It seems that gate motion state can account for the difference. In the
transitional stage, the gate keeps falling and the vertical vibration is directly represented in the holding
force. On the basis of the Newton’s second law, there is a liner relationship between gate vibration
and holding force. Thus, the correlation is significantly positive, and its coefficient can reach 0.944.
In the crawl stage, because the gate is in a state of intermittent motion, correlation coefficient is 0.733
and smaller than the transitional stage. Meanwhile, lateral and horizontal vibrations make the friction
force originating from the seal pressure and panel thrust increase. Thus, the correlation coefficient is
negative, and the vibration has a mitigating effect on the holding force. In contrast, if the gate is in an
opening process, lateral and horizontal vibrations can increase the holding force and the correlation
coefficient should be positive. In summary, the gate vibration effect on the holding force in closing
process should be considered in determining the hoists capacity.

In addition, we concentrate only on the integral gate vibration as a rigid body in closing process.
The limitation of this study is not to consider the horizontal deformation of gate itself in closing process.
Anami et al. [36] replaced the circular-arc plate with a vertical, flat, rigid weir-plate and analyzed the
rotational vibration along the weir-plate surface through the potential flow theory. The simplification
of curved gate manifested that gate vibration was different at different gate heights in fixed gate
opening. Yang et al. [29] also found vibration displacement at the bottom of plane gate was greater
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than at the middle in fixed gate opening. To facilitate the layout and not damage the structure of
hydro-elastic gate, however, three acceleration sensors were installed near the gate lug in this study.
Thus, the vibration near the lug might be unable to fully represent the characteristics of horizontal
vibration. Nevertheless, the structure and operation mode between the curved gate and plane gate
are both different. The reliability of the above results applied to a moving plane gate in this paper
is uncertain. We have thus far not been able to quantity the uncertainty through the existing results.
The following research will focus on the characteristics of horizontal vibration at different gate heights
in closing process.

Table 5. Correlation between gate vibration and holding force in closing process.

Initial Stage Transitional Stage Crawl Stage
Water Depth (m)
Lateral Vertical Horizontal Lateral Vertical Horizontal Lateral Vertical Horizontal
16 0.045 ** 0.418 ** 0.021 —0472%  0.946*  —0.644* —0.724*  0.737*  —0.644**
18 -0227*  0761*  —0.374* -0.566**  0.955*  —0.874** -0.731*  0.723*  —0.650 **
20 0.271 ** 0.285 ** —-0.032* —0.555*  0.941*  —0.678** -0.720*  0.732*  —0.664 **
23 -0.138*  0.389*  —0.041** —0.667**  0.936*  —0.862** -0.720*  0.741*  —0.698 **

Note: * denotes a significant difference (p < 0.05), ** denotes a significant difference (p < 0.01).

4. Conclusions

Physical model test was used to investigate the characteristics of gate vibration and holding force
in a plane gate at two operation modes. More attention was paid to the gate vertical vibration and the
correlation between the gate vibration and holding force. The results are as follows.

The vibration acceleration is significant in lateral and horizontal directions, and it is 10 times
higher in the vertical direction in fixed gate opening. In closing process, however, vertical vibration is
stronger than those in the lateral and horizontal directions. Dominant frequency of vertical vibration
gradually decreases from 14 to 7 Hz in a step form. The experiment results also show that gate vertical
vibration simplified into single degree of freedom is reasonable through equivalent stiffness theory.

At the same gate opening, the holding force in closing process is less than the fixed gate opening.
The horizontal panel thrust of plane gate can be treated as a hydraulic factor for the crawl vibration.
Once the panel thrust exceeds the critical threshold, crawl vibration happens. After the crawl vibration,
the gate stops motion at a certain distance from the chamber floor and the failure of gate-closing happens.
The higher is the upstream water level, the greater is the distance. Increasing the vertical downward
loads by modified shape of gate bottom edge can solve the failure of gate closing. More attention
should be paid to the holding force to prevent the large fluctuation value from exceeding hoists capacity
and tearing failure.

For fixed gate opening, gate vibration has almost no influence on holding force and can be ignored
in determining the hoists capacity. In closing process, however, absolute value of correlation coefficient
in three directions is relatively high. Holding force is significantly positively correlated with the
vertical vibration and is significantly negatively correlated with lateral and horizontal vibrations. Thus,
the gate vibration effect on the holding force should be considered in determining the hoists capacity
under closing process.
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Abstract: This paper presents the application of the observability technique for the structural system
identification of 2D models. Unlike previous applications of this method, unknown variables appear
both in the numerator and the denominator of the stiffness matrix system, making the problem
non-linear and impossible to solve. To fill this gap, new changes in variables are proposed to linearize
the system of equations. In addition, to illustrate the application of the proposed procedure into
the observability method, a detailed mathematical analysis is presented. Finally, to validate the
applicability of the method, the mechanical properties of a state-of-the-art plate are numerically
determined.

Keywords: observability method; structural system identification; plane strain analysis; 2D elements;
structural health monitoring; inverse analysis; finite element method

1. Introduction

In recent years, the maintenance, health monitoring, and identification of structural
systems are becoming more frequent all around the world [1,2]. A methodology to identify
the mechanical properties of existing structures according to in situ measurements is
defined as structural system identification [3] and is a necessary part of any Structural
Health Monitoring system. In the maintenance and rehabilitation process of the structures,
in addition to the in situ measurements and visual inspections, precise damage detection
might be performed using numerical and analytical analysis [4,5]. Examples of non-model-
based damage identification approaches can be found in [6,7].

Many structural system identification methods have been proposed for estimating
the mechanical parameters of structures modelled with 1D elements, such as steel and
concrete buildings as well as cable-stayed bridges, trusses, and frames [8-10]. However,
despite the intricate nature of 2D structural models such as tunnels, dams, and culverts,
few investigations have been conducted on the structural system identification of these
structures [11-15]. For instance, geotechnical engineers who tried to estimate the behavior
of buried structures encountered insufficient sets of input data [16,17]. In the case of
segmental underground structures, both the constraining effect of the soil and the existence
of the segment joints will generate problems for acquiring dynamic characteristics [18-20].
Khamsei et al. presented a new intelligent inverse analysis technique combining fuzzy
systems, an imperialistic competitive algorithm, and numerical analysis for the back
analysis of the Karaj Subway in Iran [21]. Dehghan et al. determined the geotechnical
parameters using inverse analysis based on convergence data [22]. They also proved
that their proposed method would be a more economical and time-saving technique in
comparison to a design based on soil mechanic tests carried out by consultant engineers.

Structural system identification methods can be categorized as parametric and non-
parametric [23-25]. With the quick increase in computer technology, jutting numerical
software, and well-known packages such as MatLab or Mathematica, the popularity of
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non-parametric methods has increased. These methods define the transfer functions of a
system, which implies that the input-output relation is characterized by a set of equations
that may not have any explicit physical meaning. Vardakos et al. estimated the potential
use of the differential evolution genetic algorithm in the back analysis of a tunnel response
to obtain improved estimates of the model parameters by matching the model prediction
with the monitored response [25].

Xiang et al. proposed two algorithms by means of automatically generating optimal
measurements [26]. They proved the validity of their methods with academic examples.
They used their proposed method for the Munich subway tunnel project. Santos et al.
presented a procedure to carry out back analysis of the tunnel excavation problem in
an automatic manner [27]. They verified their measurements with ones obtained from a
finite element analysis. However, in parametric methods all the parameters have physical
meaning in the equations and may be used as a method to identify the parameters of the
structures. Lozano-Galant et al. proposed a parametric method to uniquely identify the
mechanical properties of structures as well as the flexural and axial stiffness (EA, EI) [28].
This technique is called the observability method (OM) and is enforceable for the structural
system identification of 1D elements (Bernoulli and Timoshenko beam elements) but not
for finite element models with 2D elements.

OM stands as one of the unique structural system identification parametric approaches
presented in the literature for the static [29-36] and dynamic analysis of the stiffness matrix
method [37]. The advantages of using this deterministic and physics-based approach are:
1—the mathematical foundation of the technique is simple and comprehensible; 2—OM
defines whether all the variables or a subset of them are observable or not; 3—OM permits
engineers to acquire unique solutions of a structural system in a reasonable time; 4—OM
allows the identification of the mechanical parameters of the structure even if the involved
parameters are not linearly related; 5—if there is not a unique solution for a specific part of
a system, with a quick evaluation of the system relations are obtained that allow the user to
specify which measurements must be obtained to have more or complete observability [38].

OM was applied satisfactorily to solve engineering structural problems. For instance,
Lozano-Galant et al. facilitated the application of OM for the identification of the parame-
ters of complex concrete and steel bridges by proposing a graphical method for the selection
of measurement sets, which is called observability trees [34]. The use of observability trees
proved that, in the analyzed system, the probability of selecting the appropriate measure-
ment set with a minimum number of measurements at random was practically negligible.
In addition, Castillo et al. utilized OM to assist in decision-making and risk management
processes during the maintenance and service life of structures [30].

Although it has applicability to many structures, OM has never been applied to models
made out of 2D elements. Along with the undertaken studies and the proposed existing
gaps, for the first time we propose a new system of equation for the application of OM to
the inverse analysis of 2D models. This application is not as straightforward as it might
look. The 1D OM unknowns (Young’s modulus E, area A, Inertia I, and flexural or axial
stiffnesses) are located only in the numerator of the stiffness matrix [28]. However, for
the implementation of 2D models an obstacle arises, as the Poisson ratio appears in the
both the numerator and the denominator of the elements of the stiffness matrix. This
location of unknowns creates a nonlinear system of equations that prevents defining the
unknowns through traditional OM. The location of the unknowns creates a non-linear
system of equations that prevents the identification of the mechanical properties of the 2D
element structures with the traditional OM. To solve this problem, this paper proposes a
new methodology to enable the application of the OM to 2D model structures. The main
contribution of this work refers to the use of changes in variables to linearize non-linear
systems of equations. To illustrate the introduction of this change of variable into the
observability method, a detailed mathematical analysis is presented. Finally, to validate
the applicability of the method, the mechanical properties of a state-of-the-art plate are
numerically determined. It is important to highlight that the proposed mathematical
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methodology is characterized by its generality, as it can be used for other systems of
equations, including unknown variables in both the numerator and the denominator.
With the proposed methodology, scholars can derive the mechanical parameters of crucial
structures, such as tunnels, gravity dams, retaining walls, buttress dams, culverts, and
underground pipelines.

This paper is organized as follows. In Section 2, the observability technique is elu-
cidated and we demonstrate how it could be exerted to the stiffness matrix method of
2D elements. In Section 3, an example of a state-of-the-art technique is analyzed to show
the applicability of OM to 2D element structures. Moreover, a statistical analysis of the
required number of measurements for reaching different levels of observability is shown in
this section. Finally, the conclusions of the article are presented in Section 4.

2. Structural System Identification of Structures with 2D Elements by
Observability Techniques

In this section, the application of the observability method (OM) to the inverse analysis
of structures modeled by 2D elements is firstly described. Then, the proposed algorithm to
implement the application of the OM to 2D element structures is presented. Finally, the
differences in the system of equations of structures with 1D and 2D elements are reviewed.

2.1. Inverse Analysis of the Stiffness Matrix Method

According to the Finite Element Method ([39]), the stiffness matrix of 2D element
structures [K] can be obtained from the strain-displacement matrix [B] and elastic matrix
[D], as presented in Equation (1):

K= [ 1B]"[D][B] av. 8

In the stiffness matrix method, matrix [K] is used to relate the equilibrium equations
in terms of the nodal displacements, as presented in Equation (2).

K] (2NN><2NN).{5}(2NN><1) _ {f}(ZNle), @)

where, [K] depends on the following characteristics: thickness (h), Young’s modulus (E),
and Poisson ratio (8). {5} is the vector of displacements, which includes the vertical (v;)
and horizontal (u;) deflections at each node i, and {f} is the force vector that contains
the vertical (V;) and horizontal (H;) applied forces at each node i. Finally, Ny refers to
the number of nodes in the finite element equation. For the case of tunnel, dam, and
culvert analysis, the plane strain assumption is traditionally considered and the thickness
is assumed as one.

In the traditional application of the stiffness matrix method, the parameters in [K] are
known and the nodal displacements can be directly obtained from Equation (2). Then, the
internal forces in the elements as well as the reactions at the boundary conditions can be
obtained from these displacements. This methodology is traditionally used by computer
software to simulate the structural responses. A detailed explanation of the application of
this approach can be found in [38].

The stiffness matrix method can be also used to identify unknown mechanical prop-
erties of the structural elements (e.g., hj, z‘/’j, Ej) from the structural response measured on
site (inverse approach). In this approach, some terms in the stiffness matrix are assumed
as unknown together with the reactions at the boundary conditions and the unmeasured
deflections on site. In this inverse approach, non-linear products of unknown variables
appear. To identify these non-linear products of unknown in 1D element structures, the
OM was proposed in the literature. This method requires the rearrangement of the system
of equations of the stiffness matrix method to join all the unknown variables together. To
do so, the system in Equation (2) can be reordered as follows [28]:

(K]"{8}" = {f}, ®
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where, the products of variables are located in the modified vector of displacements {5*}
and the modified stiffness matrix [K]* is a matrix of coefficients with different dimensions
than the initial stiffness matrix [K]. Once the boundary conditions and the applied forces at
the nodes during the nondestructive test are introduced, it can be assumed that a subset of
deflections 81* of {5*} and a subset of forces in nodes f; of {f} are known and the remaining
subset 5p* of {6*} and fj of {f} are unknown. By the static condensation procedure, the
system in (3) can be partitioned as follows [28]:

oS BHE ()0 e

where, K, K¢y, Kj, and Kj; are the partitioned matrices of [K]* and &, 87, fo, and f; are
the partitioned vectors of {86*} and {f}. In order to join the unknowns, system (4) can be
written in the equivalent form [29]:

* * f _ * * .
=l SHE G e

where, 0 and are the null and the identity matrices, respectively. In this system, the vector of
unknown variables, {z}, appears on the left-hand side and the vector of observations, {f*},
on the right-hand side. Both vectors are related by a coefficient matrix [C]. A summary of
the couple variables and the nonlinear product of unknowns appearing in vector { 6*} for
the case of 2D element structures (modeled by 6-noded triangular element) is presented
in Table 1.

Table 1. Coupled variables and products of unknowns in the system of equation.

Coupled Eihy Eih; Eihi(8i—1) Eihi(58,-3) Eihi(108,-9)

variables 9+1 282+0;—1 202 +0;—1 20,2 +0;—1 202 +0;—1
Nonlinear Eihi .. Eih; ) Eihi(8;-1) Eihi(58,-3)  Ehi(108,=9)
d f 1M 207 +9,—1 i 207 40,14 20°10,-1 M 29724 0,-1 i
products o Eily o Eli o Ei(9—1) Eni(59,-3) Eili(108,29) .
unknowns g+1°0i 202+6,—1i 202101V 20210,—1 0 20749,—1 'V

In order to check if the system has a solution, it is sufficient to calculate the null space
[V] of [C] and check that [V][C] = {0}. The general solution (the set of all solutions) of
Equation (5) has the structure of Equation (6) (see Castillo et al. [39]):

@={ &+ mo ©)

foo

. 85 . . .
where, {z} refers to the general solution and { fOO } is a particular solution of the system
00

(6). This particular solution may be derived by different subroutines in Matlab [40] either
parametrically (backslash function (\)) or numerically (Moore-Penrose pseudoinverse
function (pinv)). The product [V]{p} represents the set of all solutions of the associated
homogeneous system of equations (a linear space of solutions, where the columns of [V]
are basis and the elements of the column matrix, and {p} are arbitrary real values which
represent the coefficients of all possible linear combinations). It is interesting to note that
a variable has a unique solution not only when matrix [V] has zero dimensions but also
when the associated row in matrix [V] is null. This matrix might provide full (FO) or
partial (PO) observability, depending on the number of parameters identified. The PO
might help to identify new parameters in the structure through a recursive process. In this
recursive process, the observed information is successively introduced as input data in the
observability analysis. For a more detailed analysis of the mathematical manipulation of
the system of equations presented, the reader is addressed to Lozano-Galant et al. [28]. In
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this work, detailed step by step analyses of the application of the observability techniques
to beam structures (1D element) are presented.

The application of the observability techniques to the identification of 2D element
structures is not presented in the literature. In this work, triangular elements are assumed.
This type of element has been extensively used in the literature ([41]). In fact, this geometry
does not include some of the limitations of the straight-sided elements, which displacement
functions induce their vertices to stay straight without allowing curved deformations. In
addition, they present a higher convergence rate. Three-noded constant strain triangle (CST)
elements can be satisfactorily used for meshing complex structures, as they have lower
accuracy than linear strain triangle (LST) ones. Although some scholars have improved
both the accuracy and convergency of CST elements (see, e.g., Yang et al. [42], Piltner and
Taylor [43], and Neto et al. [44]), in this work LSD elements are considered.

Although how it may appear, the application of OM to the structures modeled by LST
elements is not straightforward, as ¢ is located in both the numerator and denominator of
the stiffness matrix parameters. It can be seen in Table 1 that this system of equations is
non-linear, as coupled variables are coupled to other unknowns (nodal displacements). In
order to solve the above-cited issue and linearize the system of equations, the following
change in variables is proposed:

NUP =1/(8; +1), @)

NUN =1/(20; - 1). ®)

The super indices in these equations refer to the positive (P) and negative (N) signs in
the denominator. Table 2 presents the parameters that may appear in the classical stiffness
matrix of the structures modeled by LST elements, the above change in variables, and the
updated variables in the system of equations.

Table 2. Unknown variables before and after the proposed changes in variables.

Unknowns Change of Variables Updated Unknowns
Eih; - P
Pa) E;.hi.NU!
Eil; E;.hi. NU? NUN
20.2+0;—1 ¢ !

Eihid; p_ 1 h O P N
B NUIQ =7 E;.hi. 9. NU! .NU,

(0 — N — P N P N
5'0’75%1 1) NU;" = 35— E;.h 0. NU! NUN — E;.h;.NU! .NU]
Eihi(59;-3) 5.E;.h;.0;.NU’ NuN —3.E;.h;. NU’ NUN
202+0;,—1 i i i i
Eihi(109,-9) 10.E;.h;.8; NUP NUN — 9.E;.h; NU NUN
202+09,—1 ! ! i !

As shown in Table 2, after the proposed change in variables in [K]*, the unknown vari-
ables are generated and reduced to the following products: {Ei .hi.NU%D }, {Ei.hi.NUf NUN },

and Ei.hi.ﬂi.NU?.NU%\I}. This paper is focused on plane strain structures, where h; is
assumed to be 1. In comparison with the traditional observability techniques, dealing
with this type of structure produces the following difficulties: (1) The product of unknown
variables (nonlinearity of the problem): The following variables (such as E;, &;, NUf, and
NUDN) are unknown and coupled to each other. To solve this issue, the target unknowns are
identified as monomial-coupled elements (for example, the unknown variable Ei.hi.NUf is
considered as a new linear variable named EihiNUf ). In addition, the observed products
of variables can be used to calculate the value of single variables (e.g., using E; to uncouple
{Ei.%}). (2) The components of the stiffness matrix might be composed of the sum of
different linearized products of variables (see, for example, the last three rows of Table 2).
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To deal with this problem, the columns of [K]* were split, following the methodology in
the traditional application of OM [28]. This operation increases the size of Equation (3) to:

[K}*(ZNNX(ZNNXENXE}))'{5}*((ZNN><EN><3)><1) _ {f}(ZNle), ©9)

where, Ny refers to the number of nodes and Ey to the number of elements. (3) The
calculation of the null space. The application of OM to the 1D element structures enables the
symbolical calculation of the null space. This symbolical approach enables the visualization
of the dependences on the variables. Unfortunately, the symbolical calculation of the null
space in 2D element structures is very time-consuming; thus, a numerical calculation was
used for this research. This numerical analysis can reduce the computation time by more
than 99.6%.

2.2. Proposed Algorithm

To illustrate the application of the procedure presented above, an algorithm is pro-
posed in this section for the structural system identification of 2D element structures with
the OM. This algorithm is presented in Figure 1. The whole package of the 2D observability
technique was written in MatLab [40]. This package contains two main connected parts.
The first part contains only direct analysis codes. In this part, 2D finite element analyses
were developed for the plane strain analysis and the user only needs to input the node
coordinates, the mechanical properties, the boundary conditions, and the applied forces.
Afterwards, through the interface the user selects the defined structure and runs the direct
analysis to calculate the deflections at the free nodes and the reactions at the boundary
conditions. Some of the information calculated in this step is used as input data for the
inverse analysis of the structure in the second part. The second part of the package was only
assigned to inverse analysis and contains the procedure presented in the preceding section.
To carry out the inverse analysis, the user has to define the condition of the inverse analysis
through the interface. In this step, the interface offers all the possible measurements of
the structure calculated in the direct analysis. After selecting the measured degrees of
freedom, an observability analysis is performed and the observable variables are provided
together with their numerical values. The steps of the algorithm for the inverse analysis of
the structure are as follows:

Step 1. Generate the classical stiffness matrix equation presented in Equation (2).
Step 2. Exert the change in variable to the stiffness matrix using the functions of
Poisson’s ratio presented in Equations (7) and (8).
Step 3. Establish Equation (3) considering the variables defined in Step 2.
Step 4. Reorder the columns in matrix to isolate the monomial products of variables.
Step 5. Introduce the boundary conditions, the known forces, and the measured
deflections.
Step 6. Reorder the system following Equation (5).
Step 7. Calculate the null space of [C] numerically and identify the observed variables.
Step 8. Calculate the particular solution of the system numerically using the Moore—
Penrose pseudoinverse function.

e  Step 9. Use the observed parameters or the observed coupled variables to simplify the
other coupled variables.

e  Step 10. Introduce the observed parameters into Step 5. Repeat until no additional
parameters are observed (end of the recursive process).
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1- Generate the classical
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2- Exert the change of
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of the matrix [K]*
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variable been
observed?
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Figure 1. Flow chart of the algorithm.
A summary of the aforementioned algorithm is illustrated in Figure 1.

2.3. Comparison of the Application of OM to the 1D and 2D Element Structures

To illustrate the effect of changing the type of element into the observability method,
Table 3 is presented. This table compares the application of 1D (2-noded beam element)
and 2D (6-noded triangular element, LST) element structures and includes the following
information: (1) type of element, (2) degrees of freedom per element, (3) unknown variables,
(4) products of unknown variables, and (5) size of the stiffness matrix and, (6) type of
analysis of the null space. The information of the 2D elements is presented before and after
the change in variables described in Section 1.

Table 3. Comparison of 1D and 2D observability methods (OMs).

1D OM 2D OM
Before Change of Var. After Change of Var.
Type of element 2-noded beam element 6-noded triangular element 6-noded triangular element
Degrees of freedom per element 6 12 12
Number of unknows 2 2 4
Unknown variables per element E;A;, Eil; E;and 0; E;, 0, Nu}’, NLI,-N
(Eihi/8i +1) ik NUY
Products of unknowns (E;A;/L;) and (E;I;/ L;) (E;hi/282% + 9; — 1), E.hi.NU! .NUN,
(Eihi8; /207 + 9; = 1) Ephi.8.NU/ .NUN
Size of stiffness matrix [BNN x 3Ny] [2Ny x 2Ny] [2Ny x (2NN x Ey % 3)]
Calculation of the null space Symbolical Numerical Numerical
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The analysis of Table 3 shows that the number of unknown variables per element is
doubled (changing from 2 to 4) after applying the change of variables in the 2D elements.
Therefore, the number of columns of the stiffness matrix is also consequently increased.
This table also illustrates that, unlike the analysis of 1D elements, a numerical simulation
of the null space is required for the analysis of 2D element structures.

3. Example of the Application

In this section, a state-of-the-art example is analyzed to illustrate the applicability of
the proposed algorithm to the structural system identification of 2D element structures
with observability techniques. Firstly, the geometry, boundary, and loading conditions
of the example are detailed together with the results of the direct analysis. Then, some
steps of the inverse analysis of the structure are detailed. Finally, a statistical analysis is
presented to illustrate the role of the measuring set on the observability of the structural
parameters of this structure.

3.1. Definition of the Analyzed Structure

The analyzed structure was chosen from Peter Kattan’s book [45]. This structure
corresponds with the discretization of a clamped plate simulated with the plane strain
theory. For the finite element model, two quadratic 6-noded LST elements (see Figure
2a) were considered, leading to a system with 9 nodes and 18 degrees of freedom. The
boundary and loading conditions as well as the node and element numbering are presented
in Figure 2b. The uniform force at the right edge of the structure (corresponding to a
distributed load of W = 3000 kN/m?) has been simulated as concentrated forces at the
element nodes (nodes 3, 6, and 9), according to the tributary area of each node. As
illustrated in this figure, the clamp conditions are modeled by fixing the horizontal and
vertical deflections of nodes 1, 4, and 7. The horizontal and vertical deflections of the rest
of the nodes in the structure remain free.

vz >
. = 5 > 3125 KN
- ©)
. $14 2 B 64>12.5KN
2
V2
T : 2 31 ,3.125KN
Uy
(a) (b)

Figure 2. Example: (a) 6-noded triangular element (LST), and (b) node and element numbering
together with the boundary and loading conditions [45].

The analyzed structure has a length of 0.5 m, a height of 0.25 m, and the thickness of
1 (plane strain assumption). The Young’s modulus and Poisson’s ratio are E = 210 GPa
and 9 = 0.3, respectively. The first part of the developed package was used to calculate the
horizontal and vertical deflections at the free nodes as well as the reactions at the boundary
conditions (direct analysis). The obtained deflections and reactions are summarized in
Table 4. The results obtained from the direct analysis are considered in good agreement
with those in [45] (in fact, both results present the same number of decimal numbers).

Table 4. Deflections and reactions at the example from the direct analysis.

Node 1 2 3 4 5 6 7 8 9

u;(m)
e-6

U,e(-rg) 0.0227  0.0288 0.0055  0.0113 —0.011  —0.007

H;(KN) —3.541 —11.67 —3.541

Vi(KN) —2.863 0.012 2.851

0.080 0.1580 0.0739  0.1568 0.0716  0.1580
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Hy

3.2. Inverse Analysis

In this section, the proposed algorithm is used for the inverse analysis of the structure
from the following measurement set (up, v2, u3, v3, Us, Vs, U, Vs, Ug, and vg). The numerical
values of these deflections correspond with those presented in Table 4.

To identify the observable parameters in the structure, the stiffness matrix system
described in Step 1 of the algorithm was calculated. This example contains 18 components
for displacements (9 for both u and v). Unfortunately, the large size of this matrix (18 x 18)
prevents its representation in the paper and only the first equation (the one related to the
horizontal force at node 1, H; is depicted) is presented in Equation (10):

T

[ ((Evh1)/2(81 +1)) + ((E2h2)/ (82 — 1))/ ((4.(202 = 1).(82 4+ 1)) ] u
0 01
((Ezh2).(82 — 1))/ (3.(282 — 1).(82 + 1)) )
—(2.E2.h2.l92)/(3(2.l92 — 1).(192 + 1)) Vo
(Ezha.(92 —1))/(12(20, — 1).(82 + 1)) u3
(Ez.hz.ﬂz)/ﬁ(Zﬂz — 1)(192 + 1) U3
—(2.E1.]’l1)/3.(l91 + 1) Uy
(Elh])/3(191 +1) Uy

0 “s (10)
(2.E2ho82)/ (3(202 — 1).(82 + 1)) — (ELh) /361 +1) | *) os
0 Ug
0 Ve
(El.hl)/(6(l91 + 1)) uzy
—(Elhl)/(12(191+1)) (%4
0 us
0 Us
0 Ug
((E1h)/2(81 + 1)) — ((E2-h2.02)/ (6(282 — 1).(82 + 1)) J 09

As shown in Equation (10), Poisson’s ratio appears in both the numerator and denom-
inator of the matrix parameters. This location of Poisson’s ratio prevents the application
of traditional OM (proposed in the literature) and makes necessary the changes in vari-
ables proposed in Step 2. After this change in variables, the system of equations can be
rearranged. In this way, the size of the modified stiffness matrix is increased to 18 x 42.
Again, for size limitations only the obtained equilibrium equation of Hj is presented in the
paper. This equation is as follows:
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F o 7 Ey.01.NUJ NUY us
0 Ey.81.NU} .NUN .ug
0 E1.0,.NUL.NUN g
0 Ey.01.NU} .NUY 05
0 Ey.0.NU; .NU} vg
Ep.0,.NU,.NUY .uy
-1/3 3
]/2 E2.192.NU2.NU2 U3z
0 Ep.0,.NUL.NUY .us
0 Ep.0,.NUL.NUY .ug
23 Er.0,.NUL.NUY v,
14 N
]/6 Ez.ﬂz.Nuz.Nuz .03
14
2/3 Ez.ﬂz.NUZ,NU,f’.%
0 Ez.ﬂz.NUé;.NUé\].U(,
~1/6 E>.9,.NUY.NUY .vg
0 E.NUJ.NUN.us
0 Ey.NU}.NUN.ug
0 E1.NUJ .NUY .ug
0 E.NU;.NUY .05
0 Ey.NUJ .NUN.vg
0 E1.NU!.us
B 0 E{.NUY .ug
Hy = -1/3 | - E;.NU!.vs an
0 E1.NU/ .05
-1/12 E{.NUJ vg
-1/3 E».NUJ.NUY.u,
-1/12 Ep.NUL.NUY .u3
0 Ep.NUS.NUY .us
0 Ep.NUJ.NUY .ug
0 E.NUE.NUY .0
0 E».NUL.NUY .05
0 E».NUL.NUY .05
0 Ep.NUL.NUY vg
0 14 N
Ex.NU, .NU," .vg
0 P
0 Ez.Nuz.uz
0 Ep.NUJ.uz
0 EZ.NU§.M5
0 Ez.Nuz.u(,
0 Ep.NUS .ug
0 Ex.NUJ .0,
0 Ez.NLI%’:.vg,
0 Ez.NUZ.ZJ5
- - Ex.NUJ .06

After introducing the known information (null deflections at the boundary conditions;
deflections at the measurement set; and known forces at nodes 3, 6 and 9), the system of
equations was arranged as presented in Step 6. To proceed this application, the equilibrium
equation of the horizontal reaction at node 2, Hy, is presented. This equation is as follows:
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1T Ei.01.NU.NUY
E1.0,.NU!.NUN .ug
E1.0.NU}.NUN.vg
Ex.9.NUL.NUY
E.NUY
E.NU.NUN
E1.NUJ .NUN.ug
E1.NUJ.NUN.vg
E.NUY .ug
E{.NU} .vg
9 x 10798 E,.NU}
9 x107% E,.NUJ.NUY
0 H,
Hy
Hz
Vi
Vy
L _ \z

= o oo

N

X

2
=)
N

OO O oo

H, = (12)

o

OO O oo

This equation shows that at this stage, the number of unknown variables in the
system is eight (E;, 81, NU}, NUY, E,, 9, NUS, NUY). To identify the observability of the
variables, the null space [V] was numerically calculated in Step 7. With this information,
the general solution of the system {z} described in Equation (6) can be written as presented
in Figure 3.

Ey.9,.NUY.NUY
Ey. 9. NUY.NUY ug 6.9 x 10*04 0.4 x 10+ 0 0
Ey.9,.NUP.NUY . vg 2.4 x 1003 -3 x10° -8 x10° -9 x 10°
E,. 9, NUY.NUY 3.8 x 10+02 8x 1072 2x10° 2e x 10°
EONUP —1.2x 1008 0 0 0
151 1.5 x 101° -25x10%%% —35x10*%® —3.6x 10*8
Ey.NUP.NUY 2.2 % 10+ 16X 10%%  09x 107 0.8 x 10%°°
E;.NU?.NUY . ug 3.5 x 10%03 1x 10 7 x 10° 4x10°
Ey. NUP.NUY . vg 8.2 x 10%02 -1x10° 3 x10° 2x10° o1
E NUP.u _]-43x1072| | -9x10° -1x10° -1x10° ‘{pzl
N —3.2 x 10*%3 1x1077 3 %1077 3 %1078
E,.NUP.vg 6% 10498 0 o 0 Ps
E,.NUJ —4.0 X 1008 0 0 0
E,.NUY.NUY —4.0 x 10°* 6x107" 8 x 107! 8 x 107!
Hy 3.8 x 10%02 5x 10° 5x10° 4x10°
H, —7.4 % 10%02 9% 10° 1x 10! 1x10!
H, —83 x 1072 1x10° 0 0
v, 1.0 x 10*%3 0 1x10° 0
v, -1.1x10*% 0 0 1x10°
Vs

Figure 3. General solution of the system of equation.

The analysis of the null space presented in Figure 3 shows that the partial observability
of the structure is obtained. The particular solution of these parameters was numerically
obtained with the pseudoinverse of matrix [C] in MatLab (Step 8). In Figure 3, the ob-
servable parameters (the ones with a unique solution) are associated with the null rows
of the matrix [V]. The values of these parameters are (ﬂz.Ez.NUg.NUZN) = —1.2x 10708,
(E2.NU5. NUY)= —4.0 x 107%8, and (E,.NUY)=1.6 x 1078, Finally, by dividing the observ-
able coupled variables to each other, the following results were obtained for element 2 of
the structure: NUS=7.7 x 1091, NUN= —25 x 10~ 1, Ep= 2.1 x 109 Pa, and 9= 3 x 10~
Increasing the number of measurements may lead to increasing the number of observed
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parameters or full observability. To illustrate the effect of the number of measurements on
the observability of the system, a statistical analysis is presented in the following section.

3.3. Statistical Analysis

In this part, a statistical analysis of the example is presented to indicate the required
number of measurements for the partial and full observability of the system. To do so,
combinatorial analysis was conducted and the following combinatory equation was used:

C(n,r) = (n!)/(r!(n—1)!), (13)

with n as the number of possible measurement and r as the chosen number of measure-
ments in each combination. In the analyzed example, n is equal to 12, as the possible
measurements correspond to uy, va, Uz, U3, Us, Us, Us, Vs, Ug, U, Ug, and vg. This com-
binatorial analysis was carried out for 8 (Cff2 = 495), 9 (C?2 = 220), 10 (C%g = 66), 11
(Cl} =12), and 12 (C}2 = 1) measurements per set. It can be seen in Figure 4 that the full
observability of the structure requires at least nine measurements per set. In the case of
eight measurements, 0.6% of the sets lead to the partial observability of the system, and
99.4% lead to an indeterminate system. For the case of nine measurements, 3.6% lead to
the full observability of the system, 4.6% of the sets lead to the partial observability of
the system, and 91.8% lead to an indeterminate system. This figure also shows that by
conducting 10 measurements, 72.6% of the measurements lead to the full observability of
the system, 1.5% of the sets lead to the partial observability of the system, and 25.9% lead
to an indeterminate system.

100% r -F\ [ Full Observability 1 °00
E’ \\ = === = Measurement Sets
3 80% | \ 1 400 o
< b — ®
I \ s
< S -
2 60% | % { 300 &
\

© \ loo.ods  100.0% £
W 408 - 200 E
A% T S fR6 1 2
e N <
s R g
g 20% F \\ 4 100
K -

) 3.6% ~<{

0% 0% | R o S 0
8 9 10 11 12

Measurement Numbers

Figure 4. Full observability of the system based on the various measurement sets.

As illustrated in Table 5, to distinguish the difference between the sets achieving
different levels of observability, they were classified into different patterns with regard
to the location of the measurements. For instance, in the case of eight measurements
{u‘Vz, us, V3, us, Vs, Ug, V6,u|V9 }, {uz,v2,u3,V3,u5,V5,u\v6, u‘Vg}, and {uZ,Vz, us, Vs, us, Vs,

ug, ve} were classified as {2, 3, 5, 6,9}, {2, 3, 5,6,9}, and {2, 3,5, 6}, respectively (the
vertical bar between u and v indicates that either the vertical or horizontal degree of free-
dom is measured). In these patterns, the subscripts of the measurements (node number)
that identify the associated location are shown.
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Table 5. All the sets for achieving different levels of observability for 8, 9, and 10 measurements per
set. Partial observability (P.O.) and full observability (F.O.).
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The node numbers with the sign (—) indicate that both deflections, vertical and
horizontal, are measurements. However, no distinction is made between the measurements
of X and Y degrees of freedom, as the ones without any sign are indicative of either vertical
or horizontal measurements. All the sets related to the PO of the system in the cases of 8, 9,
and 10 measurements are listed in columns 1, 3, and 5 of Table 5, respectively. However,
columns 2 and 4 include the sets for FO of the system based on 9 and 10 measurements.
One of the surprising results of the method is that, with eight targeted unknowns, at least
nine measurements are required to obtain full observability. This is one of the drawbacks
inherent in the method. As the nonlinear problem is being solved as a linear one and
coupled unknowns are linearized, extra information might be required to uncouple them
and to obtain full observability.

It is clear that no set with 8, 9, or 10 measurements leads to the FO of the examined
structure. Hence, if those are not elected appropriately, the end of the recursive process
occurs before identifying all variables. In Table 5, the sets leading to the FO of the system
are selected at dispersed locations of the structure. With these sets, in the other words, the
distributed placement of the sensors keeps the observability flow, and, consequently, FO
will be obtained. If the measurements are conducted intensively at a local area or specific
element of the structure, the redundancy of the measurements will emerge.

In the same manner, in the case of {2,3,5, 6,8,9} (the first set related with nine
measurements), achieving the FO was due to the dispersed locations of the sensors at all
nodes of the structure. Accordingly, for the same number of measurements as well as 10,
the occurrence of PO in all sets (third and fifth columns of Table 5) is due to a lack of any
information about node 8. For instance, choosing the measurement set, {2, 3,5, 6, 9} leads
to partial observability despite 10 measurements being included in the set.

This set will only allow a unique solution for the following coupled unknowns

{Ez.ﬂz.Nuf.NUQI}, {EZ.NU;NU%’}, and {Ez.Nuf}A However, the first set in the fourth

system. In the first recursive step of the inverse analysis, the particular solutions for the cou-
ple {EI.NU{?.NU{\]} and {El.NUf} related to element 1 as well as {E2.192.NU5.NU§\’}
and {EZ.N up Nuy } related to element 2 are acquired. This information is sufficient to

derive the value of the parameters NU}Y and 8, first and the rest of unknowns of the
system. All the above information implies that the reason for the partial observability is
that the number of effective measurements is less than the number of unknowns.
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Figure 5 illustrates some of the mentioned possible sets (in Table 5) containing both
vertical and horizontal measurements. Figure 5a—c presents the sets that lead to the PO
of the system by measuring 8, 9, and 10 deflections, respectively. The FO of the problem
through 9 and 10 measurements is depicted in Figure 5b1,c1, respectively.

8 measurements 9 measurements N ) 10 measurements
2 ¥ Y L
1 I, ¥ L.
(a) (b) ()
ol
U
b 4 .
L
N
(b1) (c1)

Figure 5. Required number of measurements for having the partial (a,b,c) and full observability (b1,c1) of the system.

4. Conclusions

The observability technique has been studied in the literature for the structural system
identification of 1D element structures (such as beams and trusses). Nevertheless, the
application of this method to 2D element structures (such as dams, tunnels, and culverts)
has not been studied yet. Despite how it may appear, this application is not straightforward,
as the unknown variables in the system are not only located in the numerator. In fact,
the location of these variables also in the denominator makes the system of equations
nonlinear and prevents the application of traditional observability techniques for this type
of structure. To fill this gap, an algorithm for the observability analysis of 2D element
structures was developed in this paper. The main contribution of this algorithm refers to the
development of a new change in variables to linearize the system of equations and makes
OM applicable for 2D element structures. The proposed methodology is characterized
by its generality, as similar changes in variables can be used to linearize other nonlinear
problems when the unknown variables appear in both the numerator and denominator of
the system of equations.

To illustrate the applicability of the proposed algorithm, a state-of-the-art example
(cantilever plate) was analyzed with the plane strain theory. This analysis included a step-
by-step mathematical review of the system of equations, as well as a statistical study of
the structural system identification with different measurement sets. The obtained results
show that the unknown parameters (such as the Young’s Modulus, E, and Poisson’s Ratio,
v) are successfully calculated with the proposed methodology.

Author Contributions: Conceptualization, H.M., ].A.L.G. and ].T.; methodology, B.M. and J.A.L.G,;
software, B.M.; validation, H.M., . A.L.G. and ].T; formal analysis, B.M.; investigation, B.M. and
J.A.L.G.; resources, HM., ].LA.L.G. and ].T.; data curation, ].A.L.G. and ].T.; writing—original draft
preparation, B.M. and J.A.L.G.; writing—review and editing, H.M., . A.L.G. and ].T.; visualization,
B.M.; supervision, J.A.L.G. and ].T.; project administration, J.A.L.G.; funding acquisition, J.A.L.G. and
J.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Spanish Ministry of Economy and Competitiveness (grant
number BIA2013-47290-R, BIA2017-86811-C2-1-R, and BIA2017-86811-C2-2-R), the Universidad de
Castilla La Mancha (grant number 2018-COB-9092), and the Secretaria d” Universitats i Recerca de la
Generalitat de Catalunya (grant number 2017 SGR 1481).



Appl. Sci. 2021, 11,2000

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All data during the study appear in the submitted article.

Acknowledgments: The authors are indebted to the Spanish Ministry of Economy and Competitive-
ness for the funding provided through the research projects BIA2013-47290-R, BIA2017-86811-C2-1-R,
and BIA2017-86811-C2-2-R founded with FEDER funds. Funding for this research was provided to
Behnam Mobaraki by the Spanish Ministry of Economy and Competitiveness through its program for
his PhD. Part of this work was done through grant number 2018-COB-9092 from the Universidad de
Castilla La Mancha (UCLM). The authors are also indebted to the Secretaria d” Universitats i Recerca
de la Generalitat de Catalunya for the funding provided through Agaur (2017 SGR 1481).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

1D One dimensional

2D Two dimensional

[B] Strain-displacement matrix
[C] Coefficient matrix

CST  Constant Strain Triangle
[D] Elastic matrix

E; Young’s Modulus

En Number of elements

{f}  Force vector

fo Subset of unknown forces

f Subset of known forces

h Plate thickness

H; Horizontal force at the ith node
I Moment of inertia

K] Stiffness matrix

[K*] Modified stiffness matrix

K Subset of the modified stiffness matrix
L Length of the jth element

LST Linear strain triangle

{N} Vector of known parameters

Ny Number of nodes in the FEM

NU}\I Change of variable for the negative sign in denominator
NUP  Change of variable for the positive sign in denominator
OM  Observability method

U; Horizontal deflection at the ith node

V] Null space of the system of equations

Vi Vertical force at the ith node

v; Vertical deflection at the ith node

{z} General solution of the system of equations
¢ Poisson’s Ratio

{6} Vector of displacements

{6*}  Modified vector of displacements

5 Subset of unknown deflections

o7 Subset of known deflections

{p} Vector of arbitrary values
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Abstract: The information collected on large-span prestressed cables by field sensors is susceptible
to interference, which leads to inaccurate collection of structural and mechanical parameters of
large-span prestressed cables, resulting in misjudgment of structural safety performance. This paper
proposes an intelligent judgment method for improving the sensitivity of analyzing mechanical
parameters of prestressed cables based on digital twins (DTs). The safety performance of the structure
was evaluated by analyzing the mechanical parameters. First, the information during prestressed
cable tensioning is dynamically sensed, thereby establishing a multidimensional model of structural
analysis. The virtual model is processed by the model modification rule to improve the robustness of
the simulation; thus, a DT framework for the sensitivity judgment of the mechanical parameters of
the cable is built. In the twin model, the simulation data of the real structure were extracted. Proba-
bilistic analysis was performed using the Dempster-Shafer(D-S) evidence theory to discriminate the
sensitivity of mechanical parameters of each cable node under the action of external forces with high
accuracy and intelligence. Sensitivity analysis provides a reliable basis for the safety performance
assessment of structures. Taking the wheel-spoke-type cable truss as an example, the application of
DTs and D-S evidence theory to the sensitivity determination of cable mechanical parameters under
temperature fully verified that the proposed intelligent method can effectively evaluate the safety
performance of the actual structure.

Keywords: digital twin; Dempster-Shafer evidence theory; prestressed cable; sensitivity of mechani-
cal parameter; intelligent discrimination; structural safety assessment

1. Introduction

With improvements in construction technology, the use of prestressed steel structures
is widespread. With superior strength, flexible shape, and being light weight, prestressed
space structures are commonly used in large public buildings [1]. In recent years, they have
mostly been used in sports stadiums in China. The quality of construction of large-span
spatial structures is also an important measure of a country’s construction technology
and capability, and the mechanical properties of the cables directly determine the overall
performance of the structure [2]. Because large-span spatial structures are mostly used in
buildings of high importance and large quantities are involved in the construction process,
the safety requirements of the construction process are strict. Many experts and scholars
have conducted a lot of research on the safety control of prestressed steel structures in the
tensioning process.

Chen et al. [3] conducted research on a new type of tensioning construction forming
method, construction error influence, and control technology for cable domes called the
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divisional lifting overall tensioning method. The application of this method during con-
struction avoids large member displacement, thus improving the safety of construction.
Guo et al. [4] investigated the effect of the initial cable length error in the prestressing state
on the sensitivity of prestressed cables to length error. By controlling the length error, the
prestress level during cable tensioning was effectively improved. Zhang et al. [5] proposed
a joint-square double-brace structure to improve the force performance of the spatial struc-
ture and derived a formula for calculating the prestressing of the members of the structure
under their self-weight, which provided theoretical support for the stability verification of
the structure during the construction process. Xue et al. [6] studied a single-story saddle-
shaped cross-cable network without an inner ring. By studying the nonlinear analysis of the
forces of the structure based on the raw-dead unit method, the structural resistance to the
continuous collapse of the inner-loop cable network was effectively improved. Liu et al. [7]
used the response surface method and Monte Carlo method to calculate the structural
reliability index and obtain the effect of tensioning cable relaxation at different locations on
structural reliability, which allows the calculation of prestress loss in spatial structures and
provides a basis for the safety assessment of structures. Asadolahi, SM. et al. [8] proposed
equations to estimate the joint stiffness and energy dissipation reduction of the system by
analyzing it for two time periods, during and after the application of prestress. Arezki
et al. [9] investigated the effect of temperature variation on the safety performance of cable
truss structures and cables. Castillo et al. [10] derived the damage accumulation process of
a cable system under normal loading and established a theoretical model for the fatigue life
of a cable considering load redistribution. Shekastehband et al. [11] conducted a theoretical
analysis and experimental study on the sudden breakage of cables in tensioned monolithic
structures, pointing out that severe cases can cause a continuous collapse of the tensioned
monolithic structure.

There are several shortcomings in the component sensitivity discrimination and safety
performance assessment of prestressed steel structures in the above studies. (i) The safety
assessment of structures relies on data collected by field sensors, resulting in insufficient
accuracy of structural performance analysis. (ii) The damage level of the structure cannot
be displayed visually, resulting in insufficient information for structural performance
analysis. With the development of the new generation of information technology and
the promotion of industrial information systems, the application of technologies such as
Digital twins (DTs) to engineering construction has become an increasingly researched
topic [12]. Applying DTs to engineering practice can significantly improve the accuracy
and intelligence of structural performance analysis.

DT technology is a technique that simulates the state and behavior of physical entities
portrayed in a dynamic virtual model with high fidelity [13]. Zhang et al. [14] combined DTs
and virtual reality technology to propose an intelligent control method for underground
equipment, which solved the problem of difficulty in remotely controlling cantilevered
road heading machines. Gong et al. [15] proposed an intelligent regulation and control
system for air flow at the outlet of the digging face by analyzing the DT technology, thereby
realizing the mapping interaction between the physical entity and the virtual twin in
the coal mining process. Meng et al. [16] used DT technology in vehicle life prediction
and maintenance decision making, which describes the working state of the system more
accurately, thus enabling online optimal decision making and feedback control of the
vehicle. Szpytko et al. [17] proposed an integrated maintenance decision model for cranes
under operating conditions based on the DT concept, which effectively improved the
operational efficiency of cranes and reduced the safety risk of equipment operation. Zhou
et al. [18] proposed a DT model of a centrifugal impeller and established parametric
centrifugal impeller DTs, which can significantly improve the design and manufacturing
level of the centrifugal impeller and shorten the design cycle. Yu et al. [19] proposed a DT
framework for solving the health state monitoring problem of complex systems, which
improves the accuracy and reduces the uncertainty of analysis for the health monitoring of
complex systems in intelligent manufacturing. Krishnan et al. [20] used the DT concept for
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the detection of electric drive faults, which improved the performance analysis accuracy
of electric vehicles during usage. Seon et al. [21] conducted a study to accurately analyze
the structural integrity and remaining service life of aircraft. Based on the study of high-
fidelity nondestructive inspection techniques, a DT of the structure was created to optimize
the monitoring mechanism, which provided a reference for the performance analysis of
complex structures. This shows that DT technology has been studied and widely applied
in manufacturing.

Owing to the lack of research on the assessment of structural safety performance
during tensioning of prestressed steel structures and combined with the status of research
on DTs, this paper proposes an intelligent discrimination method based on DTs for the
sensitivity analysis of mechanical parameters of prestressed cables. The safety performance
of the structure is intelligently evaluated through the analysis of the sensitivity of the
component mechanical parameters. First, based on the concept of DTs, a framework for
sensitivity discrimination was established, and the real tension was dynamically perceived
and simulated. In the virtual model, the mechanical parameters of the structure can
be extracted directly, and the mechanical properties of the structure can be displayed
intelligently. After extracting the mechanical parameters, the Dempster—Shafer (D-S)
evidence theory was fused to process the structural mechanical performance information.
Therefore, the change probability of the mechanical parameters of each node of the cable
was accurately analyzed, and the sensitivity of the prestressed cable was intelligently
determined, thus providing a basis for the safety performance evaluation of the structure.
Driven by DTs, the D-S evidence theory is integrated to realize intelligent discrimination
of the sensitivity of the mechanical parameters of the prestressed cable. Based on the above
theoretical method, application was made to a wheel-spoke cable truss as an example.
In this study, the sensitivity of the mechanical parameters of the cable under the effect
of temperature during tensioning was analyzed, and the effectiveness of this method
was verified.

2. Construction of a DTs Framework for Sensitivity Discrimination

Prestressed steel structures have the highest safety risk during the construction phase
because of the incompleteness of the structure, time-varying nature of the material, com-
plexity of the loads applied, and immaturity of the structural resistance. Mechanical
analysis during cable tensioning is in the domain of construction mechanics, where the
geometric, physical, and boundary parameters are functions of time. The safety assessment
of the tensioning process is a multidimensional mechanical problem of the coupling time
and space. Combined with the characteristics of tensioning safety assessment, this study
considers the sensitivity of the mechanical parameters of tension cables as an entry point.
The reliability of the structure is determined by analyzing the sensitivity of the mechanical
parameters at each point in the member. Supported by the concept of DTs, the dynamic per-
ception and simulation of realistic tension are performed, and the mechanical performance
state of the structure is intelligently displayed by the twin model.

2.1. Capture of Twin Information

The DTs replicate a real physical entity through visual virtual space modeling, and the
virtual model simulates the dynamic behavior of that entity in a real environment [22,23].
It is necessary to compare multidimensional structural data during assessment of the
structural safety state [24]. Therefore, the first step in the twin modeling of cable tensioning
is to identify the factors influencing the safety for analysis. The changes in the external
effect and structural mechanical properties of the prestressed steel structure subjected to the
tensioning process are the external and internal causes of the structural state change. The
changes in the structure and mechanical performance of the structure can directly change
the state of the structure. Likewise, the changes in the structural state of the prestressed steel
structure in the tensioning process will also cause a change in the structural mechanical
properties; thus, the changes in the structural state can be reflected in the degree of changes
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in the structural mechanical properties. The state of the structure directly responds to the
safety performance of the structure. The intrinsic relationship between the basic factors
influencing the safety performance of prestressed steel structures during tensioning is
shown in Figure 1.

The role of structural
bearing

Impact | Thestate | Reflect Safety performance
v of the of the structure
structure

Mechanical properties | |
of the structure

A

Reverse action

Figure 1. Intrinsic relationship of basic influencing factors of safety performance of prestressed steel structures during tensioning.

From the intrinsic relationship of the factors influencing the structural safety perfor-
mance, it can be concluded that the information to be captured for the tensioning process
is mainly divided into the action to which the structure is subjected (S) and the mechanical
properties of the structure (R). The twin model established in this study can accurately map
the state of the structure.

1. The role of structure bearing

There are multiple causes of structural damage or destruction during the tensioning
process. By combining the effects of various external influences [25], this study focuses
on capturing and sensing the member length errors (L), wind load effects (W), and
temperature effects (T,). The component length error is the most important factor causing
the initial form and pretension deviation of the cable tension structure [26]. The effective
control of the length error effect is key in the design of prestressed steel structures, especially
in the design of construction tensioning. In an actual project, the geometric error of the
cable tension structure mainly includes the error of the release length of the cable, error
of the size of the anchorage or node, and deviation of the bearing position. Geometric
errors can cause deviations in the initial form of the flexible pretensioned structure design,
resulting in inconsistencies between construction and design and a consequent loss in
prestress. The severity and sensitivity of the wind vibration effects of large-span space
structures are no less than those of high-rise and towering structures. In most cases,
wind loads tend to be controlling loads in the design of structures [27]. The cable is a
flexible system, which very easily deforms under the wind load, thus affecting the safety
performance of the entire structure. Therefore, the monitoring of wind pressure helps
to scientifically predict the safety performance of cables. Because steel structures have
temperature-sensitive properties, the analysis of temperature effects is very important in
the design and construction of large-span steel structures [28]. Changes in temperature
result in temperature stresses and temperature deformations in the structure. Prestressed
cables are important elements of superstationary structures, and the effect of temperature
inevitably causes changes in the internal forces of the cables, thus affecting the safety
performance of the structure.

2. Mechanical properties of the structure

It is more common to determine the safety performance of a structure according to the
state of the prestressed steel structure during tensioning. The state of the structure refers to
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all the forms of the structure and its materials, and the state of the structure is influenced
by the mechanical properties of the structure. Based on the mechanical properties of the
cables, the sensitivity of the mechanical parameters at each point can be discerned, and the
reliability of the structure can be assessed. The key elements in the analysis of prestressed
steel structures during tensioning are the mechanical property indices, such as cable force
(Cp), deflection (w), stress (4), strain (¢), and crack (C), which are closely related to the
reliability of the construction process of the structure.

2.2. Multidimensional Modeling for Intelligent Discrimination of Sensitivity to Mechanical
Parameters of Cables

In this study, the structural information of cable tensioning is derived from the finite
element model of the structure, which is highly integrated with each construction element
of the prestressed steel tensioning process and contains sufficient twin data to support the
analysis of the sensitivity of the member mechanical parameters. This allows an intelligent
analysis of the safety performance of structures. Moreover, finite element analysis has
been widely used as a better mechanical simulation tool in the structural construction
industry [29]. The twin information is divided into two categories based on the analysis
of the information that needs to be captured for tension safety assessment: the action to
which the structure is subjected and the mechanical properties of the structure. These are
expressed by Equation (1) and Equation (2). As important simulation information for the
twin model, the action on the structure (S), and the mechanical properties of the structure
(R) are expressed specifically as:

S =(Le, Wy, Te) 1

R=(Crw,6,¢0C) (2)

In Equation (1), L, denotes the member length errors, W; denotes the wind load effects,
and T, denotes the temperature effects. In Equation (2), Cy denotes the cable force, w
denotes deflection, § denotes stress, ¢ denotes strain, and C denotes a crack.

During the creation of the twin model, the action to which the structure is subjected
and the mechanical properties of the structure are collected in real time using sensors. At
the same time, a virtual model of the real structure is created during the finite element
analysis. In the virtual model, the twin data of the effect of the structure and the mechanical
properties of the structure are simulated by setting the corresponding working conditions.
This enables the twin simulation of the realized tensioning process and establishes a model
basis for the intelligent discrimination of the sensitivity of the mechanical parameters of
the prestressed cables driven by the DTs. This in turn provides a basis for the analysis
of the safety performance of structure construction. A multidimensional model for the
intelligent discrimination of the sensitivity of the mechanical parameters of the cables is
represented by Equation (3). The multidimensional model consists of five dimensions,
expressed as follows:

DTM = (Sprr Som, Ldpr Lf[lr Cn) (3)

In Equation (3), DTM denotes a multidimensional model for the intelligent discrimina-
tion of the sensitivity of the mechanical parameters of the cables, S, denotes the physical
structure entity, Sy, denotes the virtual structure model, L, denotes twin data processing
layer, Ly, denotes the functional application layer, and C, denotes the connection between
the components. The multidimensional twin model enables the simulation and mapping
of realistic tensioning processes. By processing the structural parameters from realistic
monitoring and virtual simulation, the sensitivity of the mechanical parameters of the
structural components can be determined. As a result, the safety performance of the
structure can be assessed, and precise maintenance of the construction site can be achieved.
The multidimensional model for the intelligent discrimination of the sensitivity of the
mechanical parameters of the oriented cables is shown in Figure 2.

73



Appl. Sci. 2021, 11,1485

o o
q ® i
Applica- =
> e @
tion layer
@ @
(O}
Structural safety
assessment
Interactive D_ata Realistic Interactive
Feedback driven feedback Feedback
Twin data processing layer
The role of structural bearing  Mechanical properties of the structure
C > 5
TLength
errorof ‘Wind Temper-
the load ature
compon- effect effect
ent
Sensory
Real-time
acquisition

Dynamic
perception

virtual structure model

Figure 2. Multidimensional model for intelligent discrimination of sensitivity to mechanical parameters of cables.

2.3. Correction of the Virtual Model

Under the condition of establishing a multidimensional model, to enhance the sim-
ulation capability of the virtual model, it is necessary to overcome the high fidelity of
the model and correct the virtual twin model of the tensioning process of the cables. The
average weighting method [30] was used to fuse the monitored data of realistic tensioning
and the simulated data of the finite element model to correct the virtual model. The basic
principle involves selecting different weights for different location sensitivity indicators to
achieve the goal of minimizing the sum of squared Euclidean distances between the fusion
results and each sensitivity indicator.

Suppose that the actual monitored values of a mechanical parameter at each node of
a cable in a certain working condition are x1, X, ..., x,. Then, the average value ¥ of the
actual monitored values is expressed as:

X= (4)
Then the weight w; of each mechanical parameter is represented by Equation (5),

which is expressed as:
1 n (1
o= (4)/20(1)

In Equation (5), d; is the Euclidean distance from each mechanical parameter to the
mean of the mechanical parameters, expressed as:

©®)

(6)

di = [|x — x|

74



Appl. Sci. 2021, 11,1485

From this, the weighted average of the monitored values of mechanical parameters (%)
for the entire cable can be calculated by combining the data of each node, that is,

2=Y"  wix @)

The overall monitoring value D of the structure can be calculated from the weighted
average of the monitoring values of the mechanical parameters of each cable, that is:

D=pu+acc 8)

a. is the confidence level of the mechanical parameter analysis, 1.5 in this study. u
and ¢ denote the mean and standard deviation of the weighted average of the monitored
values of the mechanical parameters (£) for each cable, respectively.

Similarly, using the above steps, the simulation values D* of the mechanical parameters
in the finite element model can be calculated. Using Equation (9) to judge the fidelity of the
simulation model, the correction of the virtual model is completed, which ensures that the
simulation data effectively represent the mechanical properties of the real structure:

_ D" -Dj
- D

Ep x 100% )

In Equation (9), Ep is a metric for determining the fidelity of the twin model.

2.4. DTs-Driven Sensitivity Intelligence Discriminative Framework

By establishing a high-fidelity virtual model, it is possible to simulate the mechanical
properties of cables in a virtual space for realistic tensioning processes. The simulation is
carried out in the virtual model for the conditions in the real tensioning process to obtain
highly consistent mechanical property information with the real structure. To improve
the sensitivity analysis accuracy of the mechanical parameters of the cables, multiple
types of simulation data were analyzed by integrating the D-S evidence theory. The
sensitivity of the mechanical parameters of each node on the cable can be intelligently
discerned to provide a basis for the safety performance assessment of the structure, which
in turn ensures the feasibility of the maintenance of the real structure. The intelligent
discriminative framework for the sensitivity of the mechanical parameters driven by DTs
is shown in Figure 3.

Intelligent
assessment

stress aack

Figure 3. Intelligent discriminative framework for mechanical parameter sensitivity driven by
digital twins.
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3. Analysis of Simulation Data Based on D-S Evidence Theory

By establishing a high-fidelity twin model, the simulated data in the model can be
directly extracted for analysis, which realizes intelligent discrimination of the sensitivity of
the cable mechanical parameters based on the DTs. By integrating the D-S evidence theory
to process the information about the structural mechanical properties, the probability
of mechanical property change at each point of the cables is calculated to discern the
sensitivity of mechanical parameters at each point and provide a basis for the safety
performance assessment of the structure. D-S theory, as a technique for the fusion of
multisource information, belongs to the category of artificial intelligence [31] and has been
applied in business administration and road transportation. In this study, it was applied
to discriminate the sensitivity of the mechanical parameters of a structure to improve the
accuracy of the safety assessment.

3.1. D-S Evidence Matrix

The basic principle of the D-S evidence matrix is as follows: based on multiple
sources of heterogeneous data, multiple mechanical parameter sensitivity discriminators
are identified independently, and the basic probability assignment function is determined
by the probability assignment of each mechanical parameter sensitivity discriminator. The
final discriminatory results are obtained by fusion using D-S synthesis rules [32].

Assume that () is the discriminative framework for the sensitivity of the mechanical
parameters of the prestressed cable members, which is expressed by Equation (10), and the
specific expression is:

Q= (e, e, ) (10)

In Equation (10), ¢;(i = 1, 2, ..., n) expresses the change in the mechanical properties of
the ith node of the prestressed cable.

All possible working conditions of the prestressed cable element are the power set
“2Q” which is expressed as Equation (11):

20 — (@,e1,e9, -+ ,en,61UeZ,eiUer~~~Uek~~-) (11)

In Equation (11), @ indicates no change in the mechanical properties of the prestressed
cable, and ¢; indicates a change in the mechanical properties of a single node of the
prestressed cable. ¢; U ¢j U -+ U ¢ indicates the change of mechanical properties of
multiple nodes of the prestressed cable.

The basic probability distribution function (mass function) can be expressed as m: 2
— [0,1], satisfying Equation (12):

m() =0
{ ZAc(E m)<A> -1 (12)

In Equation (12), A is a certain working condition of the prestressed cable, and m(A) is
the basic probability distribution function of A.

Assume that 11;(A;) is the basic probability distribution function for the jth mechanical
parameter sensitivity indicator. To determine the change in the mechanical properties of
the ith node, the synthesis rule of the D-S evidence matrix is Equation (13):

Yra,=aTlicj<n mi(A;)
DF(A)=m &my®---dmy,(A K (A #2) 13
(4) = m & m) n(){ L . (13)
In Equation (13), K = L AN Ay Ay £D my(A)mp(A)y - - -mu(A),

=1- ZAlm AN N Ap=2 my(Ar)ma(Az) -+ my(Ay).
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3.2. Analysis Process of Sensitivity

The DT framework is integrated with the D-S evidence theory to intelligently dis-
criminate the sensitivity of the mechanical parameters of the cables. First, a twin model
was built for a realistic tensioned structure, and the model was modified by the weighted
average method to improve the fidelity of the model. In the virtual model with high
fidelity, the working conditions corresponding to the construction site were set, and the
mechanical performance index data simulated in the model were extracted. The relevant
information of the index data is determined probabilistically, and the sensitivity of the
integrated mechanical parameters of each node of the cable is calculated by integrating the
D-S evidence theory algorithm. In this study, the sensitivity of the mechanical parameters
is characterized by the degree of change in the mechanical parameters of each node on
the cable. By sorting the probability of change in mechanical parameters at each point of
the cable, the change degree of mechanical properties at each point can be determined.
According to the sensitivity of the mechanical parameters, the most vulnerable position of
the structure can be directly determined, thus providing a basis for the safety performance
evaluation and maintenance of the structure. The process of safety performance assess-
ment and maintenance of the structure through a sensitivity analysis of the mechanical
parameters is shown in Figure 4.
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model for pre- maintenance
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method
Correction Structural
of twin safety
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Figure 4. Safety performance assessment and maintenance process for structures.

4. Intelligent Discrimination of the Sensitivity of Mechanical Parameters of
Prestressed Cables under the Effect of Temperature

In the intelligent discrimination framework of mechanical parameter sensitivity driven
by DTs, a high-fidelity virtual model of a realistic tensioning structure is established. The
twin data are also processed by integrating the D-S evidence theory, which can accurately
discriminate the sensitivity of the mechanical parameters of each prestressed cable node
under the effect of an external environment using model simulation data. The experimental
model built in this study is a reduced-scale test model based on a certain wheel-spoke
cable truss project. Compared with the actual project, the scale ratio of the test model was
1:10, cross-sectional area ratio of the cable was 1:100, and materials were identical. The
structure span of the test model was 6 m and consisted of 10 radial cables, ring cables,
braces, nodes, outer ring beams, and steel columns. The radial cables include upper and
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lower radial cableshe radial cables include upper and lower radial cables, and the ring
cables include upper and lower ring cables.

The struts included the outer, middle, and inner struts. The model used to test the
wheel, spoke cable truss, is shown in Figure 5. This study focuses on the analysis of changes
in structural mechanical parameters under the effect of temperature difference. First, the
mechanical parameters of the structure are simulated in the high-fidelity virtual model,
and the degree of change in the mechanical parameters of each node is analyzed by fusing
the D-S evidence theory to find and monitor the most sensitive position, thus realizing
the intelligent evaluation of the safety performance of the structure. In the test process,
to simulate roof installation after the cable is formed, the effect of temperature difference
on the structural safety performance of the cable is considered, and the extreme working
conditions are considered. Combined with the temperature change in the region where a
practical project is located, it is concluded that the annual temperature change in the region
is 55 °C. In order to simulate the state of the real structure, a test model is built. According
to the constructed test model, the working condition was set to a temperature rise of 55 °C.
The initial temperature value of the structure is given first, and then the final temperature
value of the structure is set by adjusting the temperature so that the temperature change is
55 °C. At the same time, the temperature change is set to increase by 1 °C per minute, and
the mechanical properties of the structure are analyzed when the temperature increases by
55 °C, thus achieving consistency with realistic structure state. Sensors are arranged in the
field for real-time monitoring, whereas the virtual model combined with the D-S evidence
theory discriminates the sensitivity of the mechanical parameters of the cables under the
effect of temperature.

(a) Building information model of test (b) Finite element model of test

Figure 5. Model for the test of the wheel-spoke cable truss.

4.1. The Analysis Process of Sensitivity

A high-fidelity twin model is the basis for the intelligent discrimination of the sensi-
tivity of mechanical parameters in cables under the effect of temperature. In this study,
ANSYS was used to establish a finite element model for the simulation and analysis of
structural performance. In the finite element model, the mechanical performance indices
such as cable force (Cy), deflection (w), stress (0), strain (¢), and crack (C) of the structure can
be simulated by setting various types of effects to which the structure is subjected. Among
them, the main effects of the structure include the length error of the member (L), wind
load action (W), and temperature action (T,).

After the finite element model is established, to achieve a realistic mapping of the
real structure, the model needs to be modified to improve the fidelity of the model. The
monitored data of the field sensors and the simulated data of the model were fused
according to the model correction law proposed in Section 2.3. Finally, the parameters
and node connections of the twin model were adjusted using the cable force as the control
object. In the performance analysis of this structure, the analysis focused on the support
and midspan position of each section of the cable. Under the self-weight of the structure,
cable force sensors are arranged at the supports and midspan positions of each section
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of the upper and lower radial cables of the test structure to collect the cable forces of the
cable members. The cable forces of the corresponding nodes of the cables are simulated
in the twin model. In this case, the nodes of the real structure with the sensors are the
same as the nodes of the simulated data in the model. Taking the upper radial cable of
the first bay as an example, the nodes where the sensors are arranged in the real structure
and the nodes simulated in the model are shown in Figure 6. A total of seven nodes were
selected in upper radial cable 1. The cable force and strain sensors are arranged at each
control node, while the real-time acquisition of vertical displacement is carried out by a
total station. In the finite element model, the analysis of the corresponding mechanical
parameters is carried out for each node. Using the average weighting method, the index
(Ep) for adjusting the fidelity of the twin model is within 5%, and mapping to the real
structure can be achieved.

Node 1

Node 2
Node 3
Node 4
Node 5
Node 6

0000000

Node 7

Figure 6. Schematic diagram of the selection of nodes.

In this study, the finite element model was modified by adjusting the cross-sectional
area of the cable before studying the effect of temperature on the mechanical properties
of the structure. In Figure 6, by collecting the cable force of each node under the action of
self-weight, the weighted average method is used for data fusion. Considering that the
change of the section size of the component will cause the change of the self-weight of the
structure, the fidelity of the finite element model is improved by modifying the section area
of the component. The dimensions of the modified finite element model members are listed
in Table 1. Taking the whole of each cable as the object of examination, a comparison of the
simulation of the cable force before and after the model correction is shown in Table 2.

Table 1. Dimensions of the modified finite element model members.

Member Type Location Cross-Sectional Area (mm?)
. Upper level 24.6
Radial cable Lower level 333
. Upper circle 24.6
Ring cable Lower circle 49.1
Outer circle 62.8
Strut Mid circle 62.8
Inner circle 62.8
Ring beam Outer circle 4300
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Table 2. Comparison of simulation degree of cable force before and after model correction.

c . Monitoring Values of Simulation Value  Simulation Value
omponent Unit . . Error before Error after
Number the Structure before Correction after Correction Correction Correction
(N) (N) (N)
Upper radial cable 1 4890 5572 4775 14% —2%
Upper radial cable 3 5850 5563 5713 —5% —2%
Upper radial cable 5 5150 5570 5087 8% —1%
Upper radial cable 7 5660 5569 5772 —2% 2%
Upper radial cable 9 5140 5573 5137 8% 0%
Lower radial cable 1 4260 4481 4136 5% —3%
Lower radial cable 3 4790 4473 4851 —7% 1%
Lower radial cable 5 4100 4569 4134 11% 1%
Lower radial cable 7 4490 4368 4655 —3% 2%
Lower radial cable 9 4210 4481 4302 6% 2%

From the comparison before and after the model correction, it can be seen that the
revised model can reflect the state of the real structure effectively. The data of multiple
nodes of each cable are fused based on the average weighting method in the correction
process to ensure that the assurance index of the virtual model is within 5%. Therefore, the
error of the corrected simulation is lower when each cable is studied as a whole. In this
study, it can be concluded from Table 1 that the error between the simulated data of the
modified model and the actual collected data is within 3%. The resulting finite element
model can realistically and accurately map the performance changes in the structure.

4.2. Data Analysis Based on D-S Evidence Theory

Based on the establishment of a high-fidelity finite element model, the data from the
simulation of multiple mechanical parameters of the structure were fused. The sensitivity
of the mechanical parameters at each node of the cable under the effect of temperature
was analyzed using the probabilistic treatment and D-S evidence theory. In this study, to
verify the accuracy of the judgment based on the D-S evidence theory, the points where
the simulated data are collected in the model are set to be the same as the locations of the
monitored points arranged in the real cables. Upper radial cable 1 is the object of study,
and there are seven monitored and simulated points arranged at the support and midspan
positions of each section of the cable. The selection of the monitored and simulated points
is the same as that in Figure 6.

In the finite element model, a condition consistent with the real tensioning process
was set, that is, a temperature rise of 55 °C. The simulated values of the cable force, strain,
and deflection at each node were extracted from the model, and the sensitivity of the
mechanical parameters at each point under the effect of temperature was calculated by
probabilistic processing. In calculating the probability of the simulated values at each point,
the analysis using the D-S evidence theory should ensure that the sum of the probabilities
of parameter changes at each node is 1 when a single parameter is used as the discriminant.

For example, when using the cable force as the basis for discrimination, the probability
of the change in the cable force at each node is calculated using Equation (14).

X ‘Cfi B C;i
P, c; (14)
In Equation (14), Cy; indicates the value of the cable force at each node on the cable
before the effect of temperature, C}ii and indicates the value of the cable force at each node
on the cable after a temperature increase of 55 °C. To ensure that the sum of the damage
probability of each node on the cable is 1 when the cable force is used as the basis for
discrimination, the probability calculated by Equation (14) needs to be corrected. The
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probability (P;) of the change in the cable force at each node after correction was calculated
according to Equation (15):

_r
A

In Equation (15), A denotes the coefficient of the correction of probability A = Y-7_, Py
The probabilities calculated accordingly can be used in the fusion analysis of the D-S
evidence theory to discriminate the sensitivity of the mechanical parameters of each node.

Similarly, the probability of change in the mechanical parameters at each point when
strain and deflection are used as discriminators can be derived. Combining the D-S
evidence theory to fuse various types of data and synthesize the sensitivity of each node
can lead to the response of the cable to the effect of temperature. At the same time, the
rate of change of the cross-sectional area of each point on the real structure is used as
an important basis for the detected results of structural safety performance. The data
collection of the rate of change of the cross-sectional area of each node of the cable in the
field is shown in Figure 7.

b (15)

Figure 7. Data acquisition of the rate of change of cross-sectional area.

The rate of change of the cross-sectional area of each node on the cables was calculated
according to Equation (16). To make the comparison of the results clearer, this study
adjusted the sum of the detection result values to 1 for each point. The rate of change of
the cross-sectional area of each node on the cable was corrected according to Equation (17),
and the results of the detection of the structural safety performance expressed by the
corrected rate of change of the cross-sectional area of each node on the cable were used
for comparison with the results of the D-S evidence theory. The discrimination of the
sensitivity of each node of the cable is presented in Table 3.

Ami - Ad i
Di,; = ‘A"”’ (16)
mi

Table 3. Judgment of the sensitivity of each node of the cable.

e s Discrimination Discriminative Detected Results of
. Discrimination Based  Discrimination
Location . Based on Results of D-S Structural Safety
on Cable Force Based on Strain . .
Deflection Evidence Theory Performance
Node 1 12.5% 12.3% 11.2% 8.21% 8.69%
Node 2 13.1% 12.8% 12.3% 9.84% 9.24%
Node 3 13.7% 13.7% 12.7% 11.37% 10.72%
Node 4 15.6% 15.9% 14.9% 17.63% 18.67%
Node 5 16.4% 15.6% 15.6% 19.04% 20.18%
Node 6 14.9% 15.3% 16.9% 18.38% 19.43%
Node 7 13.8% 14.4% 16.4% 15.53% 14.68%
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In Equation (16), D}, denotes the rate of change of the cross-sectional area of each
node of the cable in a realistic structure, and A,,; denotes the cross-sectional area of each
node on the cable before the effect of temperature. A% ; denotes the cross-sectional area of
the nodes on the cable after a temperature increase of 55 °C.

*

Dy = Dmi
k

(17)

In Equation (17), D,,; denotes the corrected rate of change of the cross-sectional area
of each node on the cable, and y indicates the coefficient of correction of the rate of change,
k=Yl,Dj;

In Table 3, by comparing the change rate of mechanical parameters of each point based
on D-S evidence theory analysis and the change rate of area based on field acquisition, it
can be obtained that when the temperature increases by 55 °C, the order of sensitivity of
each point is consistent, and the sensitivity of node 5 is the highest, so it is necessary to
focus on monitoring the node.

4.3. Analysis of Experimental Results

In the modification of the finite element model, it is possible to effectively target a
structural parameter as the control object; however, the other simulated parameters are not
necessarily guaranteed to be consistent with the real structure. As the change in several
mechanical parameters will have an impact on the cross-sectional area of the components
and each mechanical parameter is also taken into consideration when probing the safety
performance of the real structure, it is necessary to make a comprehensive judgment on
the various types of data from the simulation by means of data fusion. The probability of
mechanical property change at each node of the cable can be determined more precisely
by the D-S evidence theory incorporating various sensitivity discriminant parameters.
By comparing the detected results with the safety performance of the real structure, the
ranking of the damage degree of each node is consistent, and the synchronization of the
structural sensitivity degree of each point analyzed with the real monitoring value is above
95%, which provides a reliable basis for the safety assessment of the structure. In this study,
with a temperature increase of 55 °C as the working condition, it was determined that
the most sensitive position of the mechanical parameters of upper radial cable 1 under
the effect of temperature is at node 5. This needs to be closely monitored to ensure the
reliability of the structure.

To verify the validity of the proposed method, the fidelity of the model and the number
of discriminative indicators were varied in this study, and experimental analyses were
performed on other cables as well. During the test, the mechanical parameters of each cable
were analyzed. In this paper, the upper radial cable 1 is described as the key analysis object.
The average weighting method is used to modify the virtual model, whereas the D-S
evidence theory is used to integrate various types of discriminant indices for the sensitivity
analysis of structural mechanical parameters, which are finally applied to the analysis of
the safety performance of the entire structure. The fidelity of the model and the number of
discriminative indicators were adjusted in the sensitivity analysis of the individual cable
mechanical parameters for the entire structure. By analyzing the influence of varying
fidelity and number of discriminative indicators on the accuracy of the analysis results, the
relationship between accuracy and the degree of assurance and number of discriminant
indicators was obtained, as shown in Figure 8. From the figure, it can be concluded that the
fidelity must be within 6%, and the number of discriminative indicators must not be less
than 3 to ensure that the discriminative accuracy of sensitivity is above 93.4%. As the model
fidelity and number of discriminative indicators increased, the accuracy of the analysis
improved significantly, but the analysis accuracy rate of improvement decreased when
both increased to a certain level. Therefore, the fidelity of the model used in this study was
5%, and the number of discriminative indicators was three, which met the requirement of
the accuracy of the study.
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Number of discriminative indicators: 3| m55.00%-100.00%
Model fidelity: 6% 90.00%-95.00%
100.00% Analytical Accuracy: 93.4%  55.00%-50.00%

W 80.00%-85.00%

95.00%
= 75.00%-80.00%
90.00% W 70.00%-75.00%

W 65.00%-70.00%
85.00%

80.00%

75.00%

Analytical accuracy of sensitivity

70.00%

5
65.00% a
2% 3

7%

Number of
8% 2 discriminative
10% indicators of
Model fidelity mechanical
parameters

Figure 8. Relationship between the accuracy of sensitive analysis and the fidelity of the model and
the number of discriminative indicators.

5. Discussion and Conclusions

DT technology is a central to realizing intelligent analysis of structures. A multidimen-
sional model oriented to the intelligent discrimination of structural sensitivity driven by
DTs is established, and an analysis method for the intelligent discrimination of prestressed
cable sensitivity is proposed by integrating D-S evidence theory to improve the accuracy of
structural safety analysis and provide a reliable basis for the maintenance of the structure.
In the present study, the following main findings were obtained.

1. Through the capture of monitored and simulated data, a virtual model of the structure
with high fidelity can be established using the average weighting method, which
provides a model basis for the intelligent analysis of the structure.

2. Onthebasis of establishing the twin model, the mechanical parameters of the structure
are simulated by setting the working conditions. Further, the mechanical properties
of each node can be analyzed with high accuracy by integrating multiclass discrimi-
nant indices from D-S evidence theory, which guarantees the safety assessment and
accurate maintenance of the structure.

3. Through the integration of DTs and D-S evidence theory, the mapping of virtual space
to real tension can be realized, and it also provides a reference for the virtual space to
control the real tension.

Driven by the DT-based intelligent discrimination method for the sensitivity of the
mechanical parameters of prestressed cables, the safety assessment of structures can be
carried out by fusing intelligent algorithms with simulated data from twin models, which
effectively improves the intelligence and accuracy of structural analysis and also reduces
the cost of real-time monitoring of real structures. This overcomes the misjudgment of
structural safety performance owing to errors in the data collected by sensors. The change
in structural safety performance is related to influencing factors such as the length error
of members, wind load, and temperature. In future research, the influence of the change
degree of mechanical parameters on the development trend of structural reliability will
be focused on according to the concept of DTs and under the comprehensive action of
various factors.
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Abstract: This paper proposes a method for monitoring the structural health of concrete bridges in
Iran. In this method, the bridge condition index (BCI) of bridges is determined by the analytical
hierarchy process (AHP). BCI constitutes eight indices that are scored based on the experts’ views,
including structural, hydrology and climate, safety, load impact, geotechnical and seismicity, strategic
importance, facilities, and traffic and pavement. Experts’ views were analyzed by Expert Choice
software, and the relative importance (weight) of all eight indices were determined using AHP.
Moreover, the scores of indices for various conditions were extracted from experts” standpoints.
BCI defines as the sum of weighted scores of indices. Bridge inspectors can examine the bridge,
determine the scores of indices, and compute BCI. Higher values of BCI indicate better conditions.
Therefore, bridges with lower BCI take priority in maintenance activities. As the case studies, the
authors selected five bridges in Iran. Successful implementation of the proposed method for these
case studies verified that this method can be applied as an easy-to-use optimization tool in health
monitoring and prioritizing programs.

Keywords: transportation infrastructure; concrete bridges; structural health monitoring; bridge
condition index; analytical hierarchy process; mobility; multiple-criteria decision analysis; decision
making; civil engineering; infrastructure

1. Introduction

The quality of transportation systems directly affects the lives of urban residents.
A large portion of the national resources of each country is invested in this area. As
one of the most important parts of transportation systems, bridges have a critical role in
urban development [1-5]. The bridge conditions in the transportation networks are so
important that the costs incurred by out-of-service bridges are exorbitant. Therefore, bridge
condition evaluation has crucial importance for the proper maintenance and management
of transportation infrastructures. Another important factor that affects the maintenance
process of infrastructures is budget constraints. Consequently, further attention should be
paid to the development of a bridge management system (BMS) [6,7]. The first step in the
BMS is to prepare a technical profile for all bridges in the network. This profile contains
technical information such as the name of a bridge, its location, construction method, etc. It
is, in fact, the starting point of BMS. The next step in BMS is assessment, including structural
and seismic assessment, hydrological assessment, facility evaluation, safety assessment,
and pavement and traffic evaluation [8]. Bridge inspection methods are divided into four
general categories [9,10]: 1. Visual assessment; 2. Evaluation by non-destructive tests;
3. Sampling and destructive tests; and 4. Health assessment. Another major step of BMS is
bridge maintenance. The maintenance involves a variety of operations that continuously
ensure the safety and serviceability of bridges over their lifetime. The prioritization of
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bridge maintenance, including repairs or reinforcement, is the cornerstone of the BMS [8,11].
Traditionally, for small-sized bridges, the prioritization of bridge maintenance projects was
carried out based on engineer’s assessments. In large and old bridge networks, it was
conducted in accordance with concepts and principles of optimization in project budget
allocation. Today, the bridge condition index (BCI) is used for this purpose. BCl is a good
benchmark for prioritizing BMS [12].

The service life of a bridge is divided into four different phases [13]:

Design and construction;

Start of damages (early damage stages);
The spread of damages;

The expansion of damages.

Under the famous Law of Five, each dollar spent on the first phase will equal $5 in the
second phase, $25 in the third phase, and $125 in the fourth phase [13]. According to this
law, any miscalculated decisions about maintenance, repair, and rehabilitation (MR&R) in
bridges would incur surplus costs. With this in mind, there is a need for a decision support
system (DSS). DDS aims at improving the bridge network condition and allocating the
budget appropriately [14]. Most of BMSs are founded upon processes that optimize the
cost of a lifecycle. They tend to overlook factors such as environmental impacts and social
impacts. This gives rise to a number of problems, especially when the existing financial
resources are higher or lower than the cost of the computational life cycle [15].

In this paper, the main goal is to present an applicable method for determining the
condition index of the concrete bridges in Iran. For this purpose, firstly, eight critical indices
were selected. These indices include structure, hydrology and climate, safety, load impact,
geotechnical and seismicity, strategic importance, facilities, and traffic and pavement. Each
index comprises a number of sub-indices. Next, the authors developed a questionnaire
for surveying the views of experts. The questionnaire was about the relative importance
of the indices and sub-indices. Moreover, examining various conditions of sub-indexes is
another aim of this questionnaire. After that, this questionnaire was distributed among
bridge experts. Then, experts’ feedbacks about the relative importance of indices and
some sub-indexes were analyzed by Expert Choice software. This software resulted in the
relative weight of these indexes and sub-indexes using the analytical hierarchy process
(AHP). For all sub-indexes, experts” views about conditions scores were gathered as well.
The score of each index is the sum of condition scores assigned to its sub-indices. Finally,
BCl is calculated as the sum of weighted scores assigned to indices. BCI is a value between
0 and 100, with higher values indicating a better bridge condition. Therefore, bridges
with lower BCI take priority in terms of repair and maintenance. To test the proposed
method in practice, five bridges in Semnan province, in Iran, were inspected and their
BCI was determined to prioritize bridges in terms of maintenance requirements. This
study is innovative because no comprehensive method has been proposed to evaluate
and prioritize in-service bridges in Iran. Therefore, the proposed method helps Iranian
engineers evaluate bridges and prioritize bridge maintenance operations more effectively.

This paper is organized as follows: Next section presents a literature review of BCI.
Section “Method” introduces the study methodology, which is further divided into three
general sub-sections entitled BCI, AHP, and sub-indices of BCI. The results are presented
and discussed in section “Results and Discussion.” The final section offers a summary of
results and conclusions.

2. Background

The proper maintenance and management of bridges need the evaluation of safety and
lifetime conditions. In recent years, there is an increasing number of studies on the BMS
and BCI. This section presents a range of the most important methods used for determining
BCI around the world.
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2.1. India

In India, Sanjay and Kumar developed a bridge health index (BHI) using AHP. They
divided elements of the bridge into seven categories, including approaches, substructure,
waterway /channel, foundations, superstructure, appurtenances/auxiliary works, and
bearings. Then, they drafted a questionnaire and distributed it among engineers and
experts. The results of the questionnaire were incorporated in determining the relative
importance and weight of diverse elements. They also considered a numerical value for
each type of damage. The condition of various elements of a bridge is assessed by visual
inspection. Finally, BHI was developed by summing the score of all bridge elements [16].
In Figure 1, the decision tree of this research is presented.
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Figure 1. Decision tree in Sanjay and Kumar research.

2.2. China

In China, there are two main indexes for assessing bridge conditions. The Ministry of
Transport of the People’s Republic of China uses the Dr index to assess the conditions of a
bridge [17]:

D, = BDCI x WD + SPCI x Wsp + SBCI x WSB/ (1)

where D; is bridge condition rating, BDCI is bridge deck condition index, SPCI is bridge
superstructure condition index, SBCI is bridge substructure condition index, Wp, Wgp,
and Wgg are the weight of BDCI, SPCI, and SBCI indicators, respectively. On the other
hand, the Ministry of Housing and Urban-Rural Development of China has also provided
a definition identical to Equation (1) for assessing bridge conditions [18]:

BCI=BCly X wq + BClsp x wsp + BClg, X wygp, 2)

where BCI is bridge conditions index, BCy is bridge deck condition index, BCIsp is bridge
superstructure condition index, BClyy, is bridge substructure condition index, and w is the
weight of a bridge element. Table 1 presents the assessment approach based on D, and BCI.
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Table 1. Assessment of bridge condition in China.

D; Condition
95 < D, <100 90 < BCI Perfect
80 < D; <95 80 < BCI<90 Good (minor damage)
60 < D; <80 66 < BCI <80 Pass (mediate damage)
40 < Dy <60 50 < BCI < 66 Unqualified (great damage)
0< Dy <40 BCI <50 Dangerous

2.3. Japan

In Japan, no specific formula or equation is used to evaluate the condition of a bridge.
For each bridge, first, one of the statuses shown in Table 2 is assigned to each element
based on the assessment of the bridge inspector, and then the bridge general conditions are
described in accordance with Table 3 [19].

Table 2. Assessment of maintenance urgency for bridge element in Japan.

Rate Condition
A No repair needed
B No immediate repairs needed
C1 Immediate repairs needed from standpoint of preventative maintenance
C2 Immediate repairs needed from standpoint of structural safety
El Immediate actions needed from standpoint of structural safety
E2 Immediate actions needed in tandem with other factors
M Repairs needed during regular maintenance work
S1 In-depth investigations needed
52 Follow-up investigations needed

Table 3. Bridge soundness in Japan.

State Condition Description
1 Good No problems in bridge’s functions
. . No problems in bridge’s functions but maintenance
2 Preventative maintenance . . . .
required from standpoint of preventive maintenance
3 Early action Possibility of problems in bric'lge’s functions, need for
early action
4 Emergency action Possibility of }:)roblems or existing problerr}s in bridge’s
functions, need for emergency actions
2.4. Korea

In Korea, a damage index (DI) is used to assess bridge conditions. It is the normalized
index obtained from the evaluation of all bridge elements. The DI index is shown in
Equation (3) [20]:

DI =) (CR; x WEF;)/100, (3)

Y (WE;) = 100,

where DI is damage index, CR; is condition evaluation of ith element, and WF; is the weight
factor of ith element. Based on the DI indeXx, a bridge condition could be described with
grades A to E (Table 4).
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Table 4. Assessment of bridge condition in Korea.

Rate DI Description
A 0<DI<0.13 Perfect
B 0.13 <DI<0.26 Minor problem in secondary elements
C 0.26 < DI <0.49 Minor problem in primary elements
D 0.49 <DI<0.79 Problem in primary elements
E 0.79 < DI Serious problem in primary elements

2.5. United States

In the United States, there are various approaches to assess the condition of the bridge.

For example, the California Department of Transportation defines BHI based on Equation (4).

This index varies from 0 for the worst bridge condition to 100 for the healthiest bridge
condition [21].

BHI = [} (CEV)/) (TEV)] x 100, (4)

where BHI is bridge health index, CEV is current element value, and TEV is total ele-

ment value.
CEV and TEV can be calculated according to the following equations [21]:

CEV =) (QCS; x WF;) x FC, (5)

TEV = TEQ x FC, (6)

where TEQ is total element quantity, FC is failure costs of element, QCS; is quantity in
condition state i, and WF is weight factor.

In the United States, transportation departments report a set of data called national
bridge inspection (NBI). Based on the physical condition of the bridge, the bridge is assigned
a score in the range of 0 to 9 [22]. The assessment procedure is presented in Table 5.

Table 5. Assessment of bridge condition based on NBI.

Rate State Description

9 Excellent A new bridge

8 Very good No problems noted

7 Good Some minor problems

6 Satisfactory Structural elements show some minor deterioration

5 Fair All primary structural elements are sound but may have minor

section loss, deterioration, spalling or scour
4 Poor Advanced section loss, deterioration, spalling, scour
Loss of section, etc., has affected primary structural components;

3 Serious Local failures are possible. Fatigue cracks in steel or shear cracks in

concrete may be present

Advanced deterioration of primary structural elements. Fatigue
cracks in steel or shear cracks in concrete may be present or scour
may have removed structural support. Unless closely monitored it
may be necessary to close the bridge until corrective action is taken

Major deterioration or loss of section in critical structural
components or obvious vertical or horizontal movement affecting
structural stability. Bridge is closed to traffic but corrective action
may allow it to be returned to light service

0 Failed Out of service. Beyond corrective action

2 Critical

1 Imminent failure

The US departments of transportation often use a computer program to assess bridge
conditions. This program is based on Equation (7) [22].

SR251+52+S3*S4, (7)

91



Appl. Sci. 2021, 11, 8060

where SR is Sufficiency rating, Sy is the parameter related to structural safety, S, is the
parameter related to bridge serviceability and functionality, S3 is the parameter related
to user requirements, and Sy is the parameter related to reductive coefficients based on
structure type and traffic safety.

SR indicates the bridge sufficiency to remain in service, where SR has a maximum
rating of 100%, indicating complete bridge sufficiency, and a minimum rating of 0%,
indicating complete bridge deficiency. The parameters S;, Sy, S3, and Sy have weight
importance of 55%, 30%, 15%, and 13%, respectively. FHWA uses SR to allocate rebuilding
funds so that [22]:

e IfSR <50, the bridge is eligible for replacement;
e If50 <SR < 80, the bridge is eligible for rehabilitation.

2.6. Australia

In Australia, Rashidi et al. presented an overall working framework for bridge
infrastructure management. This framework had two phases, including project ranking
and remediation planning. The engaged factors of this framework were weighting by
expert judgments and employing AHP [23]. In phase project ranking, they presented a
model for prioritizing based on priority index (PI). A bridge with higher PI takes priority
for maintenance [24]:

PI = 0.6(SE) + 0.2(FE) + 0.2(CIF), (8)

where Pl is priority index, SE is structural efficiency index, FE is functional efficiency, and
CIF is the client impact factor.

In phase remediation planning, the problem was modeled in a hierarchical order by a
simplified hierarchical analysis process (S-AHP). This hierarchy consists of at least three
main levels: goal, criteria, and alternatives. The goal is the remediation strategy. The criteria
require to be broken down into more specific sub-criteria introduced as attributes in an extra
level of the hierarchy. Each criterion has a weight indicating its importance. These weights
are defined by the decision makers. The final level is added for the remediation treatment
alternatives. This procedure is flexible and can vary for different projects. Therefore,
criteria, rehabilitation strategies, and even the number of levels can be different in various
cases [25,26].

2.7. Turkey

In Turkey, the following technique is used for the assessment of bridge condition and
its elements [27]:

CR (€)etementw = Li(E(WPaqyij X 1))/ (EEWPqin X m)),j=1,...,5i=1,...,d;

n=1,...,S ©)

CR (b)bridge,W = Z (We x CR (e)element,W)/lool e=1,...,ne (10)

where CR(e)element,w 15 Weighted assessment of conditions for element e, ne is total number
of bridge elements, WP (4 j) is weighted percentages for damage type i under condition
j, s is total conditions, d is total number of damages, 1j is damage impact distribution
coefficient, CR(b)pridge,w is weighted assessment of bridge b, and W is weight importance
of I element. In Figure 2, the weight importance of elements for a conventional concrete
bridge is shown.
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Figure 2. Weight importance of elements for a conventional concrete bridge.

2.8. Concluding Remarks

In previous parts of this section, an overview of the most important studies is relating
to methods of assessing the condition of bridges in different countries is presented. After
reviewing these works, the authors found that the main gap in these methods is: almost all
methods/models only focus on the structural condition of bridges. Of course, considering
the structural condition is logical and essential because the structural elements play the
most key role in bridge serviceability. However, disregarding other important factors,
including hydrology, climate, safety, load impact, etc., can decrease the quality of moni-
toring, assessing, and prioritizing bridges. Another key point that can be found from the
background is the attempt of some researchers and organizations to resolve the mentioned
gap. By applying some new factors such as safety, seismic evaluation, and hydrology, they
tried to remove/moderate the impact of the gap. This is a valuable attempt and a helpful
step in eliminating the mentioned gap. But, the authors think that these attempts can be
more extended and with more details. As a result, the authors aim to present a new method
that includes a wide range of the affecting factors in evaluating bridges condition. Indeed,
this study presents a method for monitoring, assessing, and prioritizing bridges that is not
confined to structural condition and considers other affecting factors. Moreover, all these
factors are examined in detail as much as possible. The method includes hydrology and
climate index, safety index, load impact index, geotechnical and seismic index, mechani-
cal/electrical facilities quality index, strategic importance index, and traffic and pavement
index. Another gap that has been followed in this study is the lack of a comprehensive,
practical, scientific method for bridge networks in Iran. Although there are attempts in the
field of developing health monitoring methods for various infrastructures in Iran, such
as [28-37]; however, the absence of a full detailed, efficient, specialized method for bridges
can be felt. Consequently, the authors also tried to fill the later gap, and therefore, the
proposed method is based on the condition of bridges in Iran.

3. Method
3.1. Bridge Condition Index (BCI)

One of the major concerns of organizations in charge of bridges is that repairs and
maintenance of bridges should be implemented with respect to financial constraints. Bridge
maintenance is a costly and long-term project, which has led to the development of various
scientific tools and methods for optimal budget allocation [38]. Before allocating any
budget, it is necessary to determine the current condition of the bridge and its present
and possible future needs. The key to the successful assessment of a bridge condition
is to recognize various damages. Bridge damage is a slow, progressive, and continuous
process that is influenced by the imposing load, conditions of various bridge components,
environmental factors, and the properties of materials [16].
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Many researchers have argued that the damage process is a blend of several mecha-
nisms, such as corrosion, creep, shrinkage, cracking, fatigue, etc. [39]. The bridge damage
is induced by a host of factors such as traffic, rainfall, freezing and melting cycles, climate
change, and pollution, which can eventually lead to bridge failure [16]. The bridge failure
can be either structural or functional. The methods for assessing various components of a
bridge and their relative significance are key concepts in BMS [40].

Different countries employ diverse methods to evaluate bridges so that they can de-
velop a priority plan for bridge repair and maintenance with respect to budget constraints.
Using a series of indicators is one of the most commonly used decision-making methods
to prioritize maintenance. One perquisite of such indicators is determining the relative
importance of different bridge components. Indicators can be categorized into two broad
categories [16]:

1.  Bridge Health Index (BHI);
2. Maintenance Priority Index (MPI).

The BHI is generally calculated as follows [16]:
BHI=) W;xCj,i=1,...,n (11)

where BHI is bridge health index, W; is the weight of ith element, C; is the condition of ith
element, and n is the number of bridge elements.
Moreover, MPI is usually calculated using the following equation [41]:

MPI:ZKI X Fi(a,b, C, .. ), (12)

where MPI is maintenance priority index, K; is the weight of ith damage, F; is ith damage
and a, b, ¢, etc., are damage characteristics.

The above indicators, BHI and MPI, aim to determine the condition of the in-service
bridges. In fact, both these indicators are somehow the same as the BCI. In this study, a
method of BCI determination is proposed that is structurally similar to BHI.

3.2. Analytical Hierarchy Process (AHP)

Introduced by Thomas Satty in 1980, the analytic hierarchy process (AHP) provides
a mechanism for switching the criteria rating into weights [4,42]. AHP is an effective
and powerful tool for multi-criteria decision-making approaches. In fact, it is a powerful
technique for solving complicated problems that may have correlations and interactions
among different goals. When using in multi-criteria problems, AHP breaks down these
problems into multiple levels of hierarchy. The goal or objective seats in the top level.
Intermediate levels include the criteria and sub-criteria, and the lowest level can provide
alternatives. AHP then develops priorities among all the criteria and sub-criteria within
each level of the hierarchy [43,44]. The basis of AHP can be both experts” judgments
and predetermined measurements. Experts are interviewed, and pair-wise comparison
judgments are applied to pairs of criteria. Eventually, priorities will be determined. AHP is
easy to apply and helps engineers obtain the final ranking from the individual evaluations,
and finally, select an optimal alternative [45]. Because of these features, AHP has been
used in bridge engineering in the past decades. Generally, the AHP can be included in the
following steps [46]:
1.  Constructing the pair-wise comparison judgment matrix.
2. Determining the weight of decision elements.
3. Controlling the compatibility index.

The purpose of this study is to present a simple, applicable methodology for the health
monitoring and prioritizing of bridges. This methodology works based on calculating
the bridge condition index (BCI). For the determination of BCI, the methodology uses
AHP. In cases where AHP is used for decision making, a proper hierarchy tree should be
designed. This hierarchy tree has different levels depending on the type of problem under
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investigation. As mentioned earlier, the first level of this tree is goal or objective. In this
study, the goal is to determine the BCI of the bridge. In intermediate levels, first, criteria
are located. These criteria are eight indices affecting the quality of a bridge, including
structural index, hydrology and climate index, safety index, bridge performance index
(load impact), geotechnical and seismic index, strategic importance index, facilities index,
and traffic and pavement index. Sub-criteria are set in the next level. The sub-criteria, in
fact, are sub-indexes of eight indexes of the previous level. Figure 3 shows the hierarchy
tree of this research.

e
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/3 i \
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— Traffic and Pavement Index ‘ Traffic Volume
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Figure 3. Hierarchy tree in this study.

In this work, the problem is to calculate BCI. For solving this problem, the authors must
provide the relative importance of all indexes and sub-indexes. The relative importance
values depend on weights which are measured using the AHP method. AHP is an analytical
method that allows making appropriate decisions by considering qualitative, quantitative,
and mixed criteria. This process is based on a dual comparison system [47]. For this
reason, a questionnaire (Appendix A) is designed and distributed among experts. The
experts” group comprises several specialists and advisors involved in the maintenance
and reinforcement of bridges, also, university professors with relevant expertise. In this
questionnaire, firstly, experts are asked to determine the relative importance of eight indices
of Figure 3. Table Al was designed for this purpose. In each cell of Table A1, experts
assigned a value between 0 and 10 based on their technical experience and expertise. In fact,
this table is a dual comparison between all indices. In this table, if a row index outweighs a
column index, experts assigned a value between 1 and 10. If the column index outweighs
the row index, a value between 0 and 1 was assigned by experts. Of course, the value of 1
was used at the diameter of the table. Table 6 shows the final results. In fact, the numbers
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in Table 6 are the average of experts’ viewpoints. After this step, the values of Table 6
were entered in Expert Choice software, and the relative weights of all eight indexes were
calculated (Table 7).

Table 6. Relative importance of indices based on a survey of experts.
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Table 7. Relative weights of indices and compatibility rating.
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Relative weight 0.331 0.097 0.146 0.080 0.143 0.088 0.046 0.068
compatibility rating 0.03

As indicated in Table 7, the relative weight of indices was calculated. This table
contains additional information called compatibility rating. It is the mechanism that
determines the adaptability of comparisons, indicating the extent to which the priorities
selected by the group or the priorities of the mixed table are reliable. According to the
experience, if the compatibility rate is less than 0.1, the adaptability of comparisons is
acceptable; otherwise, the comparisons need be repeated [46].

The next step is to examine all indices in detail. In Figure 3, each index is divided into
some sub-indices. In this step, the relative importance/weight of all sub-indices must be
determined. Figure 3 shows that the structural index consists of four sub-indices. These
four sub-indices have various relative importance. Therefore, Table A2 in the questionnaire
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was assigned to the relative importance of these four sub-indices. In other indices of
Figure 3, all sub-indices have the same importance/weight. By determining the relative
importance/weight of all indices and sub-indices, it is time to determine the score of each
sub-index in various conditions. Tables A3—-A10 were designed for this purpose. In these
tables, experts rated sub-indices in different states. Considering the given explanations,
they filled the blank cells of the tables with a number in the range of 0 to 100. Details of
this step are presented in the next sections of the paper. Figure 4 depicts the flow chart of
AHP in this study.
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Figure 4. The flow chart of AHP used in this study.

Now, the BCI can be calculated. For each bridge, first, the score of each sub-index is
determined based on the bridge inspection. After that, the score of each index is computed
as the sum of weighted scores of its sub-indices. Finally, BCI can be determined based on
Equation (13):

BCI=) (Xi x Wy),i=1,...,8 (13)

where BCl is the bridge condition index, X; is the score of ith index, and W; is the weight of
ith index.

3.3. Sub-Indices of BCI
3.3.1. Structural Index

The structural index describes the bridge condition in terms of the damages in the
structural elements. In other words, it evaluates the structural condition of the bridge.
Figure 4 shows that the structural index consists of four sub-indices, including deck, girder,
bent-abutment-wall, and foundation. It should be noted that the joints are classified under
the deck sub-index and bearing and support in the sub-index of bent-abutment-wall. These
four sub-indices have various relative importance. Table A2 in the questionnaire was
designed for determining the relative importance of these four sub-indices. Similar to
Table A1, the experts were asked to conduct a dual comparison between the four sub-
indices and assign a value between 0 and 10 in cells of Table A2. Table 8 presents the
averaged viewpoints of experts. By inserting these values into Expert Choice software, the
authors calculated the relative weights of the sub-indices. Table 9 indicates these relative
weights. Next, these four sub-indices must be assessed for different states of damages.
Table A3 had been designed for this purpose. Experts were asked to enter the appropriate
scores in the blank cells based on their views about the various damage intensity in each
sub-index. Their scores were a number in the range of 0 to 100. A score of 100 is related to
the best condition, and a score of 0 is related to the worst condition. Table 10 shows the
assigned score of each sub-index for different conditions. These scores are the average of
experts’ viewpoints.
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Table 8. Relative importance of sub-indices in structural index.

Sub-Index Deck Girder Bent-Abutment-Wall Foundation
Deck 1 1 0.84 1.476
Girder 1 1.644 1.94
Bent-abutment-wall 1 3.204
Foundation 1

Table 9. Relative weight of sub-indices in structural index (Results of Expert Choice software).

Sub-Index Deck Girder Bent-Abutment-Wall Foundation Compatibility Rating
Relative 0247 032 0297 0136 0.04
weight

Table 10. Scores of sub-indexes in structural index.

Sub-Indexes Scores

Damage Intensity

Deck Girder Bent-Abutment-Wall Foundation
Low 95 95 90 95
Mediate 70 65 60 75
High 30 30 25 35

The structural index score is the sum of weighted scores of its four sub-indices. In
the bridge maintenance program, usually, more attention was allocated to structural sub-
indices, and they were included with more details in the assessment. In other indices,
however, evaluations were more general.

3.3.2. Hydrology and Climate Index

One of the affecting factors in the condition of a bridge is hydrology and environmental
factors. The hydrology and climate index focuses on four factors, including river conditions,
river type, climatic features, and the concentration of destructive matters (such as sulfates)
in the water, soil, and air. Based on the explanation of Table A4, experts provided the
appropriate scores in the range of 0 to 100 for various conditions of this table. A score
of 100 is related to the best conditions, and a score of 0 is related to the worst conditions.
These scores are shown in Table 11. The score of hydrology and climate index is the average
value of these scores, with identical weight. It should be noted that if there is no river in the
path under the bridge, the sub-indices of river conditions and destructive matters would
be removed.

3.3.3. Safety Index

This index includes parameters that affect the safety of the bridge. These parameters in-
clude the beauty and proper serviceability of curbs, absence of crack/fracture/delaminated
curbs, proper functioning of the guardrails/fences, lighting and brightness, and the ef-
ficiency of the drainage system to provide sufficient friction coefficient. Table A5 in the
questionnaire was designated for the safety index. Based on the explanation of Table A5,
experts were asked to assign the relevant score for various conditions of safety equipment.
These scores are in the range of 0 to 100. Again, the scores of 100 and 0 are related to
the best and worst conditions, respectively. Table 12 shows the average scores based on
the experts’ scores. The safety index score is the average value of scores of these three
sub-indexes, with identical weight.
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Table 11. Scores of sub-indexes in hydrology and climate index.

Sub-Indexes Scores

River Conditions River Type
Description Score Type Score
There is no erosion in the riverbed or the erosion is trivial. The amount of 98 Area under the bridge is not a 98
sedimentation and debris is negligible river path
The riverbed has eroded slightly. There are signs of depositions in the There is seasonal river flowing
. . . 58 . 59
upstream and downstream. Further analysis is required to detect failures under the bridge.
The erosion of the riverbed is critical and concerning. There are enormous . .
. - . . There is permanent river
amounts of sedimentations around the bridge. Serious measures have to 14 . . 8
flowing under the bridge.
be taken.
Climatic Features Destructive Agents
- Quality of Protection against
Description Score Destructive Matters Score
Mild (there are no invas.ive agents such as moisture, transpiration, freezing 93 Very good 95
and melting cycle, corrosive substances, etc.)
Medium (conditions that are occasionally exposed to moisture and
transpiration, and elements that are permanently exposed to non-invasive 80 Good 76
soils and water, or underwater with a pH > 5)
Severe (extreme humidity or transpiration, or freezing and thawing cycle,
elements immersed in water, such that one surface is exposed to air, .
. S . . 54 Medium 49
elements in chlorine ion air, elements exposed to corrosion caused by the
use of anti-freezing agents)
Extremely severe (conditions that are exposed to gases, water and static
sewage with a pH of up to 5, corrosive matters, moisture with extreme 35 Bad 14
icing and melting)
Exceptionally severe (conditions subject to extreme erosion, flowing water 20 . )

and sewage with a maximum pH of 5)

Table 12. Score of sub-indexes in safety index.

Sub-Indexes Scores

Curbs, Guardrails and Fences Lighting and Brightness Drainage of Surface Water
Description of Defects Score Conditions Score Drainage Condition Score
L. Trivial dazzling, excellent Perfect drainage, adequate

No repair is needed % color rendering, broad sight o4 friction coefficient %
Slight dazzling, color Drainage for securin,

Partial repair is needed 67 rendering and sight are 66 a8 ecuring 68

. . desirable friction
relatively desirable

. Improper drainage,

Major repair is required 14 Extreme dazzling, low color 23 undesirable friction 27

rendering and limited sight

coefficient

3.3.4. Load Impact Index

In bridges that are under heavy loads or dynamic loads, damages are more common.
The dynamic load imposed on a railway bridge is higher than that of a road bridge.
Moreover, bridges for which use crossing heavy vehicles, such as a trailer or trucks, are
more likely to be damaged than bridges used for light traffic. These points are considered
in the impact load index. Table A6 in the questionnaire was designated for this index. In
this table, experts assigned their scores for various classes and types of the transport system
that the under-investigation bridge belongs to it. These scores are in the range of 0 to 100.

Table 13 shows the final results of Table A6 that is the average value of experts’ scores.
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Table 13. Load impact score.

Transport Type
Class
Car Train

Freeway 40 30
Highway and major road 45 40
Minor road 70 60

Rural road 85 -
Metro and monorail - 70

3.3.5. Geotechnical and Seismic Index

The quality of soil under the bridge foundation, seismicity of the region, and its geo-
logical structure affect the behavior of the bridge during an earthquake and its settlement,
which consequently affect the bridge condition. For considering these points, Table A7 was
designed to determine the geotechnical and seismic index. According to the earth and the
seismic area type, experts filled the blank cells with numbers from the range of 0 to 100.
The better conditions take higher scores and vice versa. The average values of Table A7
are presented in Table 14. Based on Table 14, each bridge takes two scores: Geotechnical
score and seismic score. The score of the geotechnical and seismic index is obtained by
averaging these two scores.

Table 14. Scores of sub-indexes in geotechnical and seismic index.

Sub-Indexes Scores

Geotechnical Seismic
Earth Type Score Seismic Area Type Score
I 92 Low relative risk 80
I 71 Medium relative risk 63
I 47 High relative risk 40
v 26 Very high relative risk 23

3.3.6. Strategic Importance Index

This index indicates the importance of the bridge location in terms of regional, strate-
gic, and political considerations. Strategic areas include hospitals (with more than 500
beds), military centers, crisis management centers, and fire stations. The experts were
asked to write their scores in Table A8. They used the numbers from the range of 0 to 100.
Table 15 indicates the final scores that are the average values of experts’ scores.

Table 15. Scores of the strategic importance index.

The Strategic Importance of Bridge Score
High importance (links two strategic areas) 89
Medium importance (links streets and non-strategic arterial) 55
Low importance (other bridges) 29

3.3.7. Facilities Index

This index is composed of two parts, including mechanical facilities and electrical
facilities. The facilities index demonstrates the need for repairing the electrical or mechanical
facilities of the bridge. Table A9 in the questionnaire was designed for this index. Experts
scored various conditions of these facilities from the range of 0 to 100. Scores of 100 and 0 are
related to the best and the worst conditions, respectively. The average values of these scores
are presented in Table 16. It is important to point out that both sub-indexes of Table 16 have
the same importance. Therefore, the overall score of the facilities index concludes from
averaging of sub-indexes scores with equal weights.
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Table 16. Scores of sub-indexes in facilities index.

Sub-Indexes Scores

Mechanical Facilities Electrical Facilities
Drainage System Score Lighting Condition Score
Fair 97 Good 92
Critical 62 Medium 62
Inappropriate 30 Unfair 29

3.3.8. Traffic and Pavement Index

Two other affecting parameters in bridge serviceability are traffic and pavement condi-
tion. For considering these parameters, the authors designed Table A10 in the questionnaire.
Traffic effects are determined according to traffic volume and traffic condition. Pavement
effects are considered as the pavement condition index (PCI). Therefore, the traffic and
pavement index has three sub-indexes. Experts scored in the blank cells of Table A10 with
the numbers from the range of 0 to 100. Furthermore, PCI is a number between 0 and 100.
Table 17 shows the average of experts’ views. Accordingly, the inspector needs three scores
for each bridge: Traffic conditions score, Traffic volume score, and PCI. Finally, by aver-
aging these three numbers, the score of traffic and pavement index will be obtained. It is
important to point out that all sub-indexes (traffic condition, traffic volume, and pavement
condition index) have the same importance.

Table 17. Scores of traffic sub-index.

Traffic Sun-Indexes Scores

Traffic Conditions Score Traffic Volume Score
Very good (traffic facilities are perfectly working, full sight distance and the number
. 95 Low 89
of lanes is standard)
Good (traffic facilities are in relatively good condition, sight distance is desirable in .
. . 74 medium 68
most areas and the number of lanes is appropriate)
Moderate (Some of traffic facilities are in bad conditions and the bridge has an
. 51 Heavy 51
undesirable curve)
Bad (lanes are not enough, traffic facilities are not working, the bridge has a horizontal 12 Very heavy %

and vertical curve together, the sight distance is not appropriate).

4. Results and Discussion

The theoretical method needs to test in the real world to be more reliable for engineers.
For this purpose, in this study, five bridges in Semnan province in Iran have been selected
and implemented the proposed method for them. These bridges as following:

Bridge No. 1: The bridge of Shahmirzad road intersection,
Bridge No. 2: The bridge of Sari road intersection,

Bridge No. 3: The bridge on 73rd km of Semnan-Damghan road,
Bridge No. 4: The bridge on 6th km of Semnan-Jandaq road,
Bridge No. 5: The bridge on 12th km of Semnan-Jandaq road.

First, all bridges are inspected by the authors. After that, the BCI of all bridges was
determined based on the proposed method in this study. Finally, the prioritization of all
bridges was conducted. The results of inspection and rating of bridges are given in the
following subsections.

4.1. Determination of BCI in Bridge No. 1

The bridge of Shahmirzad road intersection is located in the city of Semnan, at
the beginning of the Semnan-Shahmirzad road (Figure 5). This bridge has two spans
and acts as the overpass of the Mashhad-Tehran highway. The bridge is forty-five
meters in length, twenty-three meters in width, and has three lanes in each direction.
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As shown in Figures 6 and 7, the structural elements of this bridge were in satisfactory
conditions. Mostly, these elements were in low-distress conditions and rarely had medium-
distress conditions. Hydrology and climate condition was good. The safety of the bridge
was moderate. This bridge is part of the highway network, and the load impact score
was forty-five. Earth type is II, and the seismic area type is high relative risky. The
strategic importance of the bridge is medium. Bridge facilities were in weak condition. The
drainage system and the electrical facilities were in inappropriate and medium conditions,
respectively. Some of the traffic facilities were in bad condition, traffic volume was medium,
and PCI was 76 (Figure 8). After completing the inspection and determination of all indices
scores, BCI can be calculated (Table 18).

Figure 6. The structure of the bridge No. 1.
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Figure 8. The pavement condition in the bridge No. 1.

Table 18. Calculation of BCI in bridge No. 1.

Index Wi Xi W; x Xi BCI = Z (Wi X Xi)
1 Structural 0.331 93.765 31.036
2 Hydrology and Climate 0.097 95.5 9.264
3 Safety 0.146 66 9.636
4 Bridge Performance (load impact) 0.08 45 3.6 72 849
5 Geotechnical and Seismic 0.143 55.5 7.937 :
6 Strategic Importance 0.088 55 4.84
7 Facilities 0.046 46 2.116
8 Traffic and Pavement 0.068 65 4.42

4.2. Determination of BCI in Bridge No. 2

The bridge of Sari road intersection is located in Damghan, at the cross of Damghan-
Semnan and Damghan-Sari roads (Figure 9). The bridge has two spans and two lanes and
is twenty-five meters in length and nine meters in width. After inspecting, the structural el-
ements of this bridge, including deck, girder, bent-abutment-wall, and foundation, received
the highest possible score because of their health conditions (Figure 10). In hydrology
and climate examinations, there was no problem. The only problem of safety was related
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to lighting and brightness. The scores of the load impact, geotechnical and seismic, and
strategic importance indices were similar to bridge No. 1. Another issue was related to
the mechanical facilities of the drainage system that was inappropriate (Figure 11). Traffic
condition was very well, volume traffic was medium, and PCI was 100. A summary of the
BCI calculations in this bridge is presented in Table 19.

Figure 10. The structural elements of bridge No. 2.
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Figure 11. An example of block in the facilities of drainage system (bridge No. 2).

Table 19. BCI calculation of the bridge No. 2.

Index W; X; W; x X BCI=) (Wi X Xi)
1 Structural 0.331 93.765 31.036
2 Hydrology and Climate 0.097 95.5 9.264
3 Safety 0.146 63 9.198
4 Bridge Performance (load impact) 0.08 45 3.6 73001
5 Geotechnical and Seismic 0.143 55.5 7.937 '
6 Strategic Importance 0.088 55 4.84
7 Facilities 0.046 30 1.38
8 Traffic and Pavement 0.068 87.67 5.962

4.3. Determination of BCI in Bridge No. 3

This bridge is located at 73rd km of Semnan-Damghan road (Figure 12). The bridge has
five spans, a total length of sixty meters, a width of ten meters, and two lanes. Similar to the
two previous bridges, this bridge had low damage in its structural elements. Figures 13 and 14
show the structure and the example of the structural damage in this bridge, respectively.
In hydrology and climate index, status was moderate. The most important issue was about
the quality of protection against destructive matters. Lighting and brightness conditions
were not proper and can cause safety issues in the bridge. This bridge is part of the highway
network, and therefore the score of the load impact index was forty-five. Earth type is II,
and the bridge is located in a high relative risk region. The strategic importance of the
bridge is medium. The drainage system was another issue in this bridge because of its
critical condition. Traffic facilities acted perfectly, sight distance was fully covered, and the
number of lanes was standard. The traffic volume was medium, and the pavement was in
very good condition with some minor distresses in the shoulder (Figure 15). A summary of
the BCI calculation of this bridge is presented in Table 20.
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4 200m

Figure 12. The bridge No. 3 on Google Earth (Latitude: 35°57'22” N, Longitude: 54°01'54” E).

Figure 13. The structure of bridge No. 3.

Figure 14. An example of structural damage in bridge No. 3.
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Figure 15. The pavement condition of bridge No. 3.

Table 20. BCI calculation of the bridge No. 3.

Index Wi Xi Wi X Xi BCI = E (Wi X Xi)
1 Structural 0.331 93.765 31.036
2 Hydrology and Climate 0.097 66 6.402
3 Safety 0.146 72.33 10.56
4  Bridge Performance (load impact) 0.08 45 3.6 73.193
5 Geotechnical and Seismic 0.143 55.5 7.937 :
6 Strategic Importance 0.088 55 4.84
7 Facilities 0.046 62 2.852
8 Traffic and Pavement 0.068 87.67 5.962

4.4. Determination of BCI in Bridge No. 4

This bridge is located at 6th km of Semnan-Jandaq road (Figure 16). It has one span, a
length of eight meters, a width of seven meters, and two lanes. All structural subindexes were
in low damage condition, except the bent-abutment-wall that had mediate damage intensity
(Figure 17). Although this bridge is exposed to invasive agents (look at Figure 16), there
was not appropriate protection against this issue. For this reason, the score of hydrology
and climate index decreased into the moderate range. The safety of the bridge was not in
a satisfactory status. Safety equipment needed repair, lighting condition is critical, and
drainage condition was not very well (look at Figure 18). This bridge services as a member
of a minor road, and therefore, the score of the load impact index is seventy. Earth type is
1II, and the bridge is located in a region with high relative risk. Based on Table 15, the score
of strategic importance is twenty-nine because this bridge does not link the strategic areas,
streets, and non-strategic arterials. In this bridge, there were no electrical facilities, and
mechanical facilities were not in appropriate condition. Therefore, the score of the facilities
index was thirty. Traffic volume was very low, traffic condition was very bad, and also, the
pavement had not satisfactory status, and PCI was thirty-four (Figure 19). Table 21 shows
a summary of the BCI calculation of this bridge.
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Figure 18. Safety and drainage issues in bridge No. 4.
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Figure 19. Condition of pavement distresses in bridge NO. 4.

Table 21. BCI calculation of the bridge on 6th km of Semnan-Jandaq road.

Index W; X; W; x X BCI = E (Wi X Xi)
1 Structural 0.331 86.355 28.583
2 Hydrology and Climate 0.097 62.75 6.087
3 Safety 0.146 52.67 7.69
4 Bridge Performance (load impact) 0.08 70 5.6 62172
5 Geotechnical and Seismic 0.143 43.5 6.22 '
6 Strategic Importance 0.088 29 2.552
7 Facilities 0.046 30 1.38
8 Traffic and Pavement 0.068 45 3.06

4.5. Determination of BCI in Bridge No. 5

This bridge is located at 12th km of Semnan-Jandaq road (Figure 20) and has three
spans, a length of twenty meters, a width of eight meters, and two lanes. Due to problems
in the wall and foundation (Figures 21 and 22), the score of the structural index decreases
to 83.635. Invasive agents caused erosion, and protection against them is weak. Safety
equipment required major repair, lighting and brightness condition was in a bad status,
and drainage condition could not provide the desired friction (look at Figure 23). Because
of being in the same region and transport network, bridges No.4 and No. 5 have similar
scores in the load impact index, geotechnical and seismic index, and strategic importance
index. The mechanical facilities of the drainage system were improper. The volume of
traffic was at a level of low. There are no proper traffic horizontal/vertical signs. The
pavement had various distresses, and PCI was thirty-six. BCL in this bridge is calculated
in Table 22.

Table 22. BCI calculation of the bridge on 12th km of Semnan-Jandaq road.

Index Wi Xi Wi X Xi BCI= Z (Wl X Xl)
1 Structural 0.331 83.635 27.683
2 Hydrology and Climate 0.097 52.75 5.117
3 Safety 0.146 35 5.11
4 Bridge Performance (load impact) ~ 0.08 70 5.6 56.768
5 Geotechnical and Seismic 0.143 43.5 6.22 :
6 Strategic Importance 0.088 29 2.552
7 Facilities 0.046 30 1.38
8 Traffic and Pavement 0.068 45.67 3.106
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Figure 20. The bridge No. 5 on Google Earth (Latitude: 35°31'59” N, Longitude: 53°30'46” E).

Figure 21. Damage in the wall of the bridge No. 5.

Figure 22. Bridge scour in bridge No. 5.
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Figure 23. Distresses of pavement and safety problems in bridge No. 5.

In this section, the authors aimed to check the ability of their methodology. They
selected five case studies from the bridge network in Semnan province, in Iran. The
authors tried to adopt the bridges that have the maximum possible difference in condition.
According to Tables 18-22, the bridge of 12th km of Semnan-Jandaq road has the lowest
BCI among the five studied bridges (BCI = 56.8). This bridge takes the highest priority for
maintenance. The second priority is related to the bridge of 6th km of Semnan-Jandaq road
with BCI = 62.2. The bridge at the beginning of Shahmirzad road, with BCI = 72.8, takes
the third priority. Two other bridges with BCI = 73.2 take the lowest maintenance priority.

As mentioned in the earlier sections, a review of previous studies shows the lack of
a comprehensive method for evaluating and prioritizing bridges. Each of the methods
proposed by other researchers generally focuses on limited parts of the factors affecting
the bridge conditions. In this study, the authors tried to develop a new methodology that
includes all the factors affecting the condition of bridges. Scrutiny of the results obtained
from five under-study bridges, with different characteristics, confirms that this method
is feasible. On the one hand, the method is simple and can save time and money in the
health monitoring process of the bridge network. On the other hand, the flexibility of
the methodology is high, and therefore this methodology can be easily calibrated and
implemented in any other place. It is enough to design the relevant questionnaire, gather
the opinion of bridge experts, analyze the filled questionnaires, determine scores and
weights, and after that, inspect and prioritize bridges. This study helps remove another gap:
The lack of an efficient, comprehensive method /system for health monitoring of bridges in
Iran. This gap results in wasting resources and time. Continuous, exact, complete health
monitoring and correctly prioritizing are essential needs for infrastructures. The proposed
methodology can simply apply in various regions of Iran. Therefore, this study helps
improve the quality of BMS activities in Iran, and it can be another helpfulness of this work.

Despite the positive points mentioned in the previous paragraph, the proposed
method has a limitation named the subjective influence of inspectors. Visual inspection is a
measurement mechanism implemented by humans. Accordingly, variability influences
the reliability of this mechanism. In fact, the visual examination gives valuable data on
bridge health, but it is not always guaranteed since it depends mainly on the inspector’s
experience and knowledge. Of course, this issue can hardly be avoided. One solution
for such an issue is to use auxiliary analyses, such as non-destructive tests (NDTs). Al-
though this solution can confine the subjective influence of inspectors, it will confront the
authors with another limitation. Most of the local organizations in Iran are deprived of
NDT equipment or similar tools. Moreover, the authors intend to present an easy-to-use,
applicable method for all organizations in Iran, including local organizations. Eventually,
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the authors decided to base their methodology according to direct inspection by inspectors.
In their opinion, the advantages of being more usable of the methods conquer possible
disadvantages of subjective influence of inspectors. For solving or reducing the problem of
inspectors’ influence, they suggest that organizations should focus on the personal selection
and better training of inspectors.

As part of future works, the authors are investigating three different research objectives.
First, the authors are very interested in connecting new technologies/tools/methods with
their methodology. One of these new technologies is remote sensing (RS). RS analyzes
different objects on the earth’s surface by data received from a device that is not in contact
with those objects. Another tool is machine learning (ML). ML originated from artificial
intelligence (Al) and has been used in recent years in various scientific areas. Increasing
applications of RS [48-54] and ML [55-59] in structural health monitoring of infrastructures
in recent years motivates the authors to conduct this idea. Second, the authors intend to
extend the proposed methodology for other types of bridges, including steel and stone (old)
bridges. The latter idea can help enlarge the application dominance of the methodology.
Finally, by increasing the number of experts asked to fill the questionnaire, the accuracy
and efficiency of the methodology will be more reliable.

5. Conclusions

This study presents a new methodology for the determination of BCI in concrete
bridges. BCI constitutes eight indices and several sub-indexes. Each one of these indices
and sub-indices has a specific score and importance weight. The scores and weights are as-
signed by experts of bridge engineering. After determining scores and weights, inspectors
survey the bridge and assign the scores to all sub-index based on their condition. Then,
the score of each index is obtained. Finally, by summing the weighted scores of indices,
BCI will be determined. The necessity of this research could be justified in the absence
of any comprehensive and effective system or index for assessing the bridge conditions,
especially in Iran. Due to financial constraints and the lack of qualified specialists, it is also
crucial to provide solutions to overcome these shortcomings. Therefore, in this research,
attempts were made to develop a new, simple method for assessing bridge conditions in
order to optimize the management activities. The novelty of this study is in the scoring
system because the scoring system is constructed by native experts’ views. On the other
hand, because of the lack of a comprehensive, proper index in Iran, this paper is considered
innovative. Simplicity is one of the characteristics of the proposed method because it
does not require the application of non-destructive equipment or laboratory tests. The
method allows measuring BCI and prioritizing bridges for maintenance based on the visual
evaluation of the damages and general characteristics of the bridge and their performance.
Therefore, time and budget can be saved in this method. On the other hand, the experts’
views, scores, and coefficients of relative importance may vary in different organizations or
countries. Thus, the calibration of this method is only done by designing the questionnaire
and collecting experts’ views. For testing the proposed method, five bridges in Semnan
province were inspected, and their BCI was determined to prioritize bridges.
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Appendix A. Survey Questionnaire

This appendix presents the questionnaire used in this study.

Appendix A.1. Introduction

This survey belongs to a study that will provide a bridge condition index (BCI) for
concrete bridges in Iran. BCI is an applicable tool that can be help engineers in bridge
management programs. This tool provides a method for evaluating and prioritizing the
existing bridges. Because this method will be implemented for bridge networks in Iran,
the viewpoint of Iranian experts is crucial in this study. Therefore, this questionnaire aims
to gather the opinion of bridge experts about influencing indexes on bridge conditions
in Iran.

Appendix A.2. Overview

BCI involves eight indices, including Structural, Hydrology and Climate, Safety,
Bridge Performance, Geotechnical and Seismic, Strategic Importance, Facilities, and Traffic
and Pavement. Moreover, each index divides into several sub-indexes. Therefore, you deal
with these indexes and sub-indexes.

This survey consists of several tables, which you must insert your standpoint as a
number. The necessary explanations are presented in each part and help you.

Appendix A.2.1. BCI Indices

Table A1 aims to provide the relative importance of affecting indices on bridge condi-
tions. You must assign a value between 0 and 10 based on your technical experience and
expertise in each cell of the table. If the row index is more important than the column index,
a value between 1 and 10 must be assigned (the more important, the bigger the number).
In contrast, if the column index is more important than the row index, a value between
0 and 1 must be assigned (the more important, the smaller the number). In this pairwise
comparison, the number one is related to the same relative importance.

Table A1. Relative importance of indices.
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Structural 1
Hydrology and Climate 1
Safety 1
Bridge Performance (load impact) 1
Geotechnical and Seismic 1
Strategic Importance 1
Facilities 1
Traffic and Pavement 1
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Appendix A.2.2. Structural Index

The structural index includes four sub-indexes. Table A2 aims to determine the
relative importance of these sub-indexes. Please, assign a value between 0 and 10 based
on your technical experience and expertise in each cell of the table. If the row index is
more important than the column index, a value between 1 and 10 must be assigned (the
more important, the bigger the number). In contrast, if the column index is more important
than the row index, a value between 0 and 1 must be assigned (the more important, the
smaller the number). In this pairwise comparison, the number one is related to the same
relative importance.

Table A2. Relative Importance of Sub-Indices in Structural index.

Sub-Index Deck Girder Bent-Abutment-Wall Foundation
Deck 1
Girder 1
Bent-abutment-wall 1
Foundation 1

Based on the damage intensity, score four sub-indexes of the structural index in Table A3.
Your scores must be in the range of 0 to 100. Note that the score of 100 is related to the best
condition and the score of 0 is related to the worst condition.

Table A3. Scores of Sub-Indexes in Structural Index.

Sub-Indexes Scores

Deck Girder Bent-Abutment-Wall Foundation

Damage Intensity

Low
Mediate
High

Appendix A.2.3. Hydrology and Climate Index

Based on the explanation of Table A4, rate river condition, river type, climatic feature,
and the existence of destructive agent. Your scores must be in the range of 0 to 100. Note
that the score of 100 is related to the best condition and the score of 0 is related to the
worst condition. It is important to point out that all sub-indexes have the same importance.
Therefore, the overall score of the index includes the sum of sub-indexes scores with
equal weights.

Appendix A.2.4. Safety Index

Based on the explanation of Table A5, provide the proper score for various conditions
of safety equipment. Your scores must be in the range of 0 to 100. Note that the score of
100 is related to the best condition and the score of 0 is related to the worst condition. It
is important to point out that all sub-indexes have the same importance. Therefore, the
overall score of the index includes the sum of sub-indexes scores with equal weights.
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Table A4. Scores of sub-indexes in hydrology and climate index.

Sub-Indexes Scores

River Condition River Type
Description Score Type Score
There is no erosion in the riverbed or the erosion is trivial. The amount of Area under the bridge is not a
sedimentation and debris is negligible river path
The riverbed has eroded slightly. There are signs of depositions in the There is seasonal river flowing
upstream and downstream. Further analysis is required to detect failures under the bridge.

The erosion of the riverbed is critical and concerning. There are enormous

. . . N There is permanent river
amounts of sedimentations around the bridge. Serious measures have to p

be taken. flowing under the bridge.
Climatic Features Destructive Agents
. Quality of Protection against
D t S . S
escription core Destructive Matters core
Mild (there are no invasive agents such as moisture, transpiration, freezing Verv good
and melting cycle, corrosive substances, etc.) Y8
Medium (conditions that are occasionally exposed to moisture and
transpiration, and elements that are permanently exposed to non-invasive Good
soils and water, or underwater with a pH > 5)
Severe (extreme humidity or transpiration, or freezing and thawing cycle,
elements immersed in water, such that one surface is exposed to air, .
. . . . Medium
elements in chlorine ion air, elements exposed to corrosion caused by the
use of anti-freezing agents)
Extremely severe (conditions that are exposed to gases, water and static
sewage with a pH of up to 5, corrosive matters, moisture with extreme Bad
icing and melting)
Exceptionally severe (conditions subject to extreme erosion, flowing water
and sewage with a maximum pH of 5)
Table A5. Scores of sub-indexes in Safety index.
Sub-Indexes Scores
Curbs, Guardrails and Fences Lighting and Brightness Drainage of Surface Water
Description of Defects Score Conditions Score Drainage Condition Score
No repair is needed Trivial dazz}ing, excelle'nt PerfecF d.rainage,.a‘dequate
color rendering, broad sight friction coefficient
Slight dazzling, color

Drainage for securing

Partial repair is needed rendering and sight are desirable friction

relatively desirable

Improper drainage,
undesirable friction
coefficient

Extreme dazzling, low color

Major repair is required rendering and limited sight

Appendix A.2.5. Load Impact Index

Based on the class and the type of transport (road or rail), provide the proper score for
Table A6. Your scores must be in the range of 0 to 100.
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Table A6. Load impact score.

Transport Type
Road Rail

Class

Freeway

Highway and major road

Minor road
Rural road
Metro and monorail

Appendix A.2.6. Geotechnical and Seismic Index

Based on the earth type and the seismic area type, give the appropriate score for
Table A7. Your scores must be in the range of 0 to 100. Note that the score of 100 is related
to the best and the safest situation, and the score of 0 is related to the worst and most risky
one. Itis important to point out that both sub-indexes have the same importance. Therefore,
the overall score of the index includes the sum of sub-indexes scores with equal weights.

Table A7. Scores of Sub-Indexes in Geotechnical and Seismic Index.

Sub-Indexes Scores

Geotechnical Seismic
Earth Type Score Seismic Area Type Score
I Low relative risk
I Medium relative risk
I High relative risk
v Very high relative risk

Appendix A.2.7. Strategic Importance Index

Table A8 evaluates the strategic importance of bridges. Write the appropriate scores.
Your scores must be in the range of 0 to 100.

Table A8. Scores of the strategic importance index.

The Strategic Importance of Bridge Score

High importance (links two strategic areas)

Medium importance (links streets and non-strategic arterial)

Low importance (other bridges)

Appendix A.2.8. Facilities Index

Considering conditions of mechanical and electrical facilities can be conducted in
Table A9. Please, write the appropriate scores in the range of 0 to 100. Note that the score
of 100 is related to the best condition, and the score of 0 is related to the worst condition.
It is important to point out that both sub-indexes of Table A9 have the same importance.
Therefore, the overall score of the facilities index concludes from averaging of sub-indexes
scores with equal weights.
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Table A9. Scores of sub-indexes in facilities index.

Sub-Indexes Scores

Mechanical Facilities Electrical Facilities
Drainage System Score Lighting Condition Score
Fair Good
Critical Medium
Inappropriate Unfair

Appendix A.2.9. Traffic and Pavement Index

This index is related to traffic and pavement conditions in bridges. It has three sub-
indexes, including traffic condition, traffic volume, and the pavement condition index.
Fill appropriate scores in the blank cells of Table A10. This table represents the traffic
condition and volume of a bridge. Your scores must be in the range of 0 to 100. Whatever
the traffic condition is better and traffic volume is lower, your score must be higher because
the bridge is in a more reliable situation. Furthermore, for considering the pavement
condition, we use the pavement condition index (PCI). PCI is an index that ranges from 0
to 100. It is important to point out that all sub-indexes (traffic condition, traffic volume,
and pavement condition index) have the same importance. Therefore, the overall score of
the index includes the sum of sub-indexes scores with equal weights.

Table A10. Scores of traffic sub-index.

Traffic Sub-Indexes Scores

Traffic Conditions Score Traffic Volume Score

Very good (traffic facilities are perfectly working, full sight distance and the number
. Low

of lanes is standard)

Good (traffic facilities are in relatively good condition, sight distance is desirable in .
. . medium
most areas and the number of lanes is appropriate)
Moderate (Some of traffic facilities are in bad conditions and the bridge has an
. Heavy

undesirable curve)

Bad (lanes are not enough, traffic facilities are not working, the bridge has a horizontal
Very heavy

and vertical curve together, the sight distance is not appropriate).

Appendix A.3. Responding Information

Here is some information that can help us. Please, provide them:

Your name (optional):

Agency/University/Company :

Current position:

Address (optional):

Date:

E-mail:

Please, submit your completed questionnaire to: N.Karballaeezadeh@shahroodut.ac.ir
or N .karballaeezadeh@gmail.com

Thank you in advance for your support and cooperation with our study.
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Abstract: Healthy reinforced concrete should be highly alkaline to safeguard the passive protective
film for reinforcement of steel bars against corrosion. pH measurement is gaining importance
in research of cement-based materials (CBMs), such as paste, mortar and concrete, as well as in
structural health monitoring and forensic engineering applications. However, insufficient information
is available regarding the most practical, economical and applicable quantitative pH measurement
method for CBMs from the sampling to measurement stage. Existing recommended methods for
measuring pH have many variables that need to be investigated to determine how they influence the
pH value. Samples were recommended to be ground into very fine particles for pH measurement.
Preparing very fine particles of CBMs is costly and time consuming, while larger particles, with sizes
similar to sand particles, are easier to obtain, without needing special equipment. This study aims to
investigate the effect of different particle sizes on the pH of cement mortar. Mortar specimens were
crushed and sieved to obtain different ranges of particle sizes to measure the pH values. Results
showed that specimens with large particle sizes (between 600 um and 4.75 mm) can produce similar
results to specimens with very fine particle sizes (<600 um) by increasing the solid-to-solvent ratio or
the leaching time.

Keywords: pH measurement; pH value; ex-situ leaching; particle size; cement-based materials

1. Introduction

Calcium silicates (C3S and C;S) are the main cementitious compounds in cement. The
hydration and hydrolysis of calcium silicates produces calcium hydroxide (Ca(OH), or
CH) [1]. About 25% of the structural component of cement paste is CH, which increases
the pH of cement-based materials (CBMs) to more than 12 [2]. The high pH of concrete
will enable the formation of a passive protective film on the embedded steel. This thin
oxide layer formed on the steel can prevent the metal atoms from dissolving and reduce
the corrosion rate to an insignificant level [3]. However, carbonation, CH leaching, or the
presence of ion chloride reduces the amount of CH and other alkalis in concrete [4]. When
the pH of concrete is reduced to less than 11.5, the passive protective film for the embedded
steel will be unstable and the steel will be corroded at the rate of at least 1000 times
higher [3-5]. Phenolphthalein solution is typically used as an indicator to test the depth
of carbonation from the concrete surface because it changes from pink to colourless when
the pH is less than 9.5 [6]. However, this method is not accurate enough to evaluate the
durability of reinforced concrete, where the pH near the embedded steel is more than
11.5 [4,5]. A more accurate pH measurement method is needed to evaluate the durability
performance of concrete materials, particularly for concrete containing supplementary
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pH measurement
method

cementitious materials (SCMs). Gruyaert et al. [7] reported that concrete containing SCMs
is more vulnerable to carbonation than ordinary Portland cement concrete. Sanjuan et al. [8]
also reported that mortars and concretes made of ground granulated blast-furnace slag
(GGBFS) cement exhibited higher carbonation rates, particularly when they were poorly
cured and had high GGBFS content.

Researchers have investigated the pH of CBMs for different purposes. Most studies
are related to the passive protective film of embedded steel bars and aim to compare the
pH among different CBM mixtures [9-11], to monitor the pH profiles over time [12] and at
different depths [6,13-15], to determine the rates of pH changes [16] and the pH profiles
of CBMs due to early carbonation curing [15,17]. Meanwhile, Kakade [18], and Radsanen
and Penttala [19] measured the pH of a concrete surface for floor covering purposes.
Alonso et al. [20] analysed methods for pH measurement for low-pH CBMs (pH about 11)
used in a geological repository.

Few studies have used pH testing and phenolphthalein testing and determined their
relation. Zhang and Shao [15] conducted phenolphthalein and pH measurement tests at
different depths of the concrete surface at days 1 and 28 of different concrete mixtures, when
the concrete samples were under early carbonation curing. At day 1, the pH test results
at a carbonation depth of 10-25 mm showed higher variance than those at other depths
of 0-10 and 25-50 mm. However, at day 28, no carbonation was found on the samples
by using the phenolphthalein test, consistent with the pH test. The author suggested that
this finding may be due to the existence of transition zones. McPolin [6] measured the
apparent pH (not true pH) value of different carbonated concrete mixtures at different
depths of the concrete surface. The measurements were conducted weekly, for a period of
6 weeks. At the 6th week, a phenolphthalein test was carried out to identify the average
carbonation depth. The results showed that, at the average carbonated depth measured by
phenolphthalein, the apparent pH value was within 11.3-11.7.

Behnood et al. [21] stated the lack of standardisation for pH measurement for concrete
and urged the development of a profoundly reproducible and repeatable standard method
for fresh and hardened concrete. Researchers typically applied their own consistent mea-
surement methods across different samples for pH comparison (Figure 1). Pore solution
extraction (PSE) method described in Barneyback and Diamond [22] is commonly referred
by researches to extract pore solution from the CBMs for further analysis. Sagiiés et al. [23]
introduced in-situ leaching (ISL) method while ESL is the most widely applied method for
pH measurement for CBMs. Each method has its advantages and disadvantages. However,
there are insufficient studies about variables affecting each measurement method.

Pore Solution Extraction (PSE) [20,22] ‘

Tn-situ Leaching (ISL) [9,23] ‘

Exsitu Leaching (ESL) [10-20] ‘

Figure 1. pH measurement methods categorised by different types of sample preparation.

Among different pH measurement methods, the ex-situ leaching (ESL) method is
economic and simple [24]. ESL has good repeatability and reproducibility [20,25]. Figure 2
illustrates the steps and considerations for each stage of the ESL method; these parameters
are inconsistent among researchers, varying from specimen preparation to measurement.
Given the lack of a standardised method for ESL, experimental errors may occur due to
the wrong selection of variables. As shown in this figure, the first step of measuring pH
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is to prepare fine particle sizes from the specimens. Table 1 lists the particle sizes used by

different researchers [13,19,25,26] in their pH measurement.

Specimen +Define if need to sieve

preparation [ Define how to store the specimens before measurement

+Define particle size needed (fine particle/ powder)
+Define method to obtain the size required (crush/ drill/ ball milled)

+Define the solvent used
+Define the solid-to-solvent ratio

P ETE « Define the amount of solid and solvent needed

preparation

+Define the required time for leaching

+Define methodology for leaching and stirring.
+Define the method for stirring 1f applicable.

+Need filtering or not

+If ves, define the setup for filteration method and the filter paper used.

+Define a quantitative pH measurement method

» pH meter / titration / others.

Figure 2. Summary for stages of the ESL method.

Table 1. Particle sizes used by different researchers in the ESL method.

Specimen Particle Size

Reference

Powder from drilling

McPolin et al. [6],
Heng and Murata [16],
Bjork and Eriksson [27]

<63 um Rashad [10]
150 um Manso and Aguado [24]
<297 um Li et al. [28]

Grind until <80 um, do not use a sieve

Alonso et al. [20]

Crush and grind using a vibratory disc mill at
1500 rpm for 30 s, then sieve to <80 um

Plusquellec et al. [29]

<500 um, 500 um-1 mm, 1-2 mm

Pavlik [26]

<75 um, 75-125 um, 125-250 um,
250-500 um, 500 um-1 mm, 1-2 mm,
2-4 mm, 4-8 mm, 8-16 mm, >16 mm

Résdnen and Penttala [19]

<850 um, 850 um-2 mm, >2 mm

Grubb et al. [13]

<74 um, 74-149 um, 149-297 um, 297-595 um

Wang et al. [25]

Pavlik [26] measured the concentration of OH™ ions (in mmol/L) for cement paste
to calculate pH. The equation of pH = 14 + log[OH] was used in his study. The results
showed that smaller particle sizes had a higher OH™ concentration, indicating a higher pH
value (more alkaline). Résénen and Penttala [19] tested concrete from blended cement with
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a solid-to-solvent ratio of 1:1, while Grubb et al. [13] tested concrete samples without fly
ash, with a solid-to-solvent ratio of 1:2.

Table 2 shows the pH values of concrete in two different studies when different
particle sizes were used. Specimens with bigger particle sizes had lower pH. Therefore, fine
particles should be used for a more accurate measurement of pH [19]. However, preparing
specimens into very fine particles requires more energy and time, compared with using
bigger particle sizes.

Table 2. Comparison of the pH value for biggest and smallest particle sizes in previous studies.

Grubb et al. [13] Résdnen and Penttala [19]
Particle Size pH Measured Particle Size pH Measured
>2 mm 11.55 >16 mm 12.22
<850 um 12.48 <75 um 12.81

Pavlik [26] reported that the effect of the particle size of Portland cement paste with a
high solid-to-solvent ratio of 1:1 is relatively smaller than those with the ratios of 1:2, 1:5
and 1:50.

This study selected the ESL method to standardise a quantitative pH measurement
method for CBMs to cover a wider pH range than phenolphthalein measurement. This
work aims to determine the effects of using different particle sizes on the pH value of
cement mortar and understand the possibility of using large particles (within the range
of standard sand particle sizes) instead of using very fine particles for pH measurement.
Similar studies were conducted on concrete and paste materials [13,19,25,26], and the
results revealed that large particles had lower pH than very fine particles. Therefore,
very fine particle sizes should be used to measure pH in the ESL method. No study has
investigated the possibility of using large particles in pH measurement if very fine particles
are not available. The use of large particles can benefit researchers and engineers with
limited resources for making specimens in powdered form (very fine particle size). In
addition, considering that the preparation of samples with large particle sizes is simpler,
the time and cost of testing will be reduced.

2. Research Methodology
2.1. Materials

Low-porosity cement mortar with a cement to sand (c/s) ratio of 1:3 was prepared [30].
For a good workable mortar, a w/c ratio of 0.55 was applied. Ordinary Portland Cement
(OPC) Type I (Tasek Corporation Berhad, Ipoh, Malaysia according to MS522 specification),
local mining sand with a maximum grain size of 4.75 mm in saturated-surface-dry (SSD)
condition and normal tap water from the pipeline were used. The fresh mortar, with a
flow table test result of 220 mm, was cast in 50 mm cubes, and vibrated in two layers on
a vibration table. The specimens were demoulded one day after casting and submerged
in normal tap water until the time of testing (the age of specimens was 398 days at the
time of testing). The average value of the compressive strength for the mortar sample was
55.7 MPa.

2.2. pH Meter Selection and Other Instruments

The main components of pH meter are an electrochemical system (a pH sensor and a
reference electrode), a high input impedance meter (which processes the voltage difference
in DC millivolt and displays them in mV or pH) and a temperature sensor. The reference
electrode provides stable and constant reference voltage but is completely insensitive to
the measured fluid. The junction of the reference electrode may be contaminated under
adverse condition, such as high temperature, high pressure, high acidity and high basicity.
An under-performing reference electrode can cause the pH reading to drift. Therefore, the
reference electrode should be used carefully, according to the supplier’s recommendation,
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and/or a double-junction electrode should be selected, instead of a single-junction electrode,
to minimise contamination

The quality of electrodes degrades overtime depending on usage and maintenance,
as evident in response time, slope and offset of the pH electrode. Response time refers to
the time taken to obtain a stable reading. In theory, a perfect pH electrode reads 0 mV at
pH 7 buffer at 25 °C, with a slope of 59.16 mV /pH. For a clean, correctly calibrated, and
in good condition electrode, at 25 °C, the slope shall be within 92% to 110%, where 100%
is 59.16 mV /pH, while the offset shall be £30 mV [31]. Before the test, calibration was
performed with at least one to five standard buffer solutions, depending on the capability
of the pH meter.

The suspension of CBMs consists of hard and sharp particles. The pH measurement
was carried out in filtered aqueous solutions to protect the pH-sensitive glass sensor from
physical damage. The Hanna Instrument [32] recommends the use of plastic beakers to
minimise any EMC interferences during the measurement.

This experiment used the Hanna edge® pH HI2002 and Hanna digital pH electrode
HI11310, with a resolution of 0.01 pH and accuracy of +0.01 pH. The instrument has an
automatic temperature compensation feature between —5 °C and 100 °C because of its
built-in temperature sensor. This double-junction electrode has a 9.5 mm spherical tip.

2.3. Experimental Procedure

Test cubes were left to surface dry for about 15 min and crushed into pieces that could
pass through sieve mesh no. 4 (4.75 mm). Throughout the test, CO, contamination on the
specimens was minimised by keeping a distance from the operator’s exhalation or other
sources [23]. Wang et al. [25] reported insignificant pH difference (standard deviation of
+0.03) among paste powder samples exposed to air for 0, 1, 5, 10, 20, 30, 60 and 120 min
before mixing with deionised water. The specimens and liquid used were maintained at
room temperature throughout the test. The specimens for pH measurement were sieved to
obtain at least 50 g for each category as shown below:

(1) Mesh no. 8—to obtain particle size between 2.36 and 4.75 mm diameter;

(2) Mesh no. 16—to obtain particle size between 1.18 and 2.36 mm diameter;

(3) Mesh no. 30—to obtain particle size between 600 um and 1.18 mm diameter;
(4) Mesh no. 50—to obtain particle size between 300 and 600 um diameter;

(5)  Mesh no. 100—to obtain particle size between 150 and 300 um diameter;

(6) Base tray—to obtain particle size between less than 150 pm diameter.

Grubb et al. [13] and Plusquellec et al. [29] milled the specimens to measure the pH of
CBMs. For comparison, about 100 g of crushed specimens were ground using planetary
ball mills. The majority of these specimens passed through the 150 um sieve after the
milling process. Figure 3 displays the specimens with different sizes for the test. Fine
powder appeared lighter in colour than large particles.

Each category of the specimens was stored in individual, sealed plastic bags. Before
the test, the pH meter was calibrated with standard buffer solutions of 4.01, 7.01 and 10.01,
with an offset of £30 mV and slope ranging between 92% and 110%.
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Figure 3. Samples stored in individual, sealed plastic bags.

In a 50 mL self-standing centrifuge tube, 10 £ 0.1 g of the specimens was added to
20 £ 0.1 g of fresh distilled water, followed by magnetic stir bar, before tightening the
screw cap on the tube. The tube was placed on the magnetic stirrer to stir without heating
for 5 min of leaching. The suspension was filtered through a quantitative ashless filter
paper Grade 40 by using a Buchner funnel filter to obtain at least 10 mL of the solution. The
filtered solution was immediately poured into a clean 50 mL self-standing centrifuge tube
for pH measurement. The solution level was higher than the ceramic junction and stirred
during the measurement. The meter was set to log the reading in stability-accurate mode
to avoid human error. For each sample, three readings were recorded, and the mean value
was taken. The test was conducted randomly until three samples were tested for each
particle size. The estimated time for the experiment (after the specimens were separated
into respective sizes) was as follows: preparation of the suspension: within 5 min; stirring
and leaching: 5 min; filtering: within 1 min and pH measurement: within 5 min.

Figure 4 summarises the variables set for the benchmark methodology to test the
effect of different particle sizes. Alonso et al. [20] and Wang et al. [25] applied 5 min of
mixing with magnetic stirrer for leaching 10 g of powder, with the solid-to-solvent ratio of
1:1. The solid-to-solvent ratio of 1:2 for the benchmark methodology was set instead of 1:1,
given that Grubb et al. [13] commented that this ratio was practical for the measurement.
In brief, 20 g of water was chosen so that the filtered solution in the 50 mL tube was higher
than the ceramic junction of the electrode during pH measurement. The suspension was
filtered with Grade 40 filter paper to protect the electrode from physical damages [13,29].
A Bushner funnel was also used to prevent carbonisation during filtering.
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Specimen
preparation

Suspension
preparation

pH
measurement

»Crush to fine particle and powder
*Manual sieve using 200mm sieve with stainless steel woven wire mesh
ssieveno. 4, 8, 16, 30_ 50, and 100.

*Some milled using ball mill until fine powder. then sieve with sieve £#100.

« Store the specimens in sealed plastic bag.

*Solvent used is fresh distilled water
* Solid-to-solvent ratio of 1:2
*10£0.1g of specimen, 20g=0.1g of fresh distilled water

=5 mins of leaching in a capped tube
= Stirred with magnetic stirrer at low to medium speed.

»Buchner Funnel Filter applied.
*Quantitative filter paper Grade 40 (8um)

vy

«pH meter - Hanna edge® pH HI2002 using Hanna digital pH electrode with integrated

temperature sensor (HI11310)
«Buffers - Hanna standard buffer 4.01, 7.01, and 10.01
 Stir during the measurement
*Log condition - stability accurate mode

Figure 4. Benchmark methodology for effect of particle size.

3. Results and Discussion
3.1. Effect of Particle Size on pH

When a solid particle breaks into smaller particles, the total surface area increases.
A large surface area allows more chemical reactions than a small surface area. Therefore,
CBMs with smaller particle sizes have a higher total surface area in contact with solvent
for the leaching of the OH™ ion [33]. Figure 5 shows that larger particle sizes have a lower
pH value, as evident in particle sizes of 2.36-4.75 mm to 0.60-1.18 mm. For particle sizes of
2.36-4.75 mm, the pH is about 0.26 units lower than very fine particles (<150 um using ball
mill). Fine particles with sizes below 600 um have a pH differential of less than 0.05 units.
For pH measurement, the sample particle sizes could be divided into two zones, namely,
large particle size (particle sizes larger than 600 um) and fine particle size (particle sizes
smaller than 600 um). Figure 5 also shows that the proposed pH measurement method has
good repeatability, as the standard deviations are 0.05 or less for each category of particle
size, as can be seen in Table 3. The standard deviation for each particle size denotes that

the electrode probe has high accuracy during the measurement.
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Figure 5. Effect of particle size.

Table 3. Comparison for pH among mortar, paste and concrete samples with similar particle sizes.

pH Value
Particle Size In This Study Wang et al. [25] Riésinen and Penttala [19]
(Mortar) (Paste) (Concrete)

2.36-4.75 mm 12.16 + 0.04 N.A. 12.53
1.18-2.36 mm 12.24 + 0.02 N.A. 12.64
600 tm-1.18 mm 12.27 + 0.05 N.A. 12.72
300-600 pm 12.37 + 0.02 12.73 12.74
150-300 pm 12.35 + 0.02 12.73 12.77
<150 pm 12.37 + 0.04 12.77 12.79

The results for cement mortar are consistent with the findings from other research (for
similar particle size) but differ for CBMs, such as cement paste and concrete (Table 3). The
pH value in the reference paper is higher than that in the present study, possibly due to the
different calibration buffers used; this discrepancy requires further study for clarification.
Wang et al. [25] determined the pH of cement paste by using calibration buffer solutions
of 4,7 and 10. Rasanen and Penttala [19] studied the pH of concrete by using calibration
buffers of 10, 11, 12 and 13. The table also shows the similar trends of pH values for large
and fine particle sizes.

3.2. Possibility of Using Samples with Large Particle Sizes in Measuring pH

Grubb et al. [13] reported that particle size influences the pH of CBMs, such that large
particles showed lower pH than fine particles. Rdsanen and Penttala [19] recommended
that the particle size of samples should be fine or very fine to obtain an accurate result for
the pH of cement-based materials; however, preparing fine particles is more difficult than
large particles. Given the idea of using large particles for pH measurement, the following
variables were examined.

3.2.1. Effect of Solid-to-Solvent Ratio on pH

The effect of solid-to-solvent ratio for large particles was determined. Large particle
sizes refer to particles larger than 600 um, while fine particle sizes refer to particles smaller
than 600 pm. The solid-to-solvent ratio was changed from 1:2 to 1:1, where 20 g of solid
was mixed with 20 g of fresh distilled water. On the same day, and with the same batch
of specimens, samples with a size of 300-600 um were tested according to the benchmark
methodology for reference (Figure 2). The measured pH of 12.35 4= 0.02 matched the results
reported in Section 3.1.
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Table 4 shows the pH test results of three different ranges of large particle sizes (large
particle sizes in ranges I, I and III) with the solid-to-solvent ratio of 1:1 in comparison with
the pH value of fine particle sizes with the solid-to-solvent ratio of 1:2. With increasing
solid-to-solvent ratio of the large particle sizes, the pH value of the range III particle size is
similar to the reference, whereas that of the range Il particle size differs from the reference.
A meaningful difference was found between the range I particle size and the reference.
By increasing the quantity of solid in the same amount of solvent, the total surface area
increases, and a higher pH value (equal or close) than the reference could be achieved.

Table 4. Effect of the solid-to-solvent ratio of different large particle sizes on pH.

Large Particle Size Fine Particle Size
Particle Size 2.36-4.75 mm 1.18-2.36 mm 600 um-1.18 mm 300-600 um
(Particle Size Range I) (Particle Size Range II) (Particle Size Range III) (Reference)
solid-to-solvent ratio 1:1 1:1 1:1 1:2
pH value (mean =+ SD) 12.23 £ 0.02 12.31 £ 0.04 12.35 £ 0.02 12.35 £ 0.02

Figure 6 shows the pH values of the three ranges of large particle size with different
solid-to-solvent ratios. The pH increased by about 0.07 units when the quantity of the solid
samples was doubled for all the three ranges of the large particle size. Grubb et al. [13]
reported that when the solid-to-solvent ratio of ground cement paste was changed from 1:2
to 1:1 (with 20 g of water), the pH increased by about 0.05 units. Rdsdnen and Penttala [19]
tested the solid-to-solvent ratio for 7-day-old normal-strength concrete (NSC-7) and 180-
day-old high-strength concrete (HSC-180), which were ground into powder. When the solid-
to-solvent ratio was increased from 1:2 to 1:1, the pH value increased by approximately
0.04 units for NSC-7 and 0.12 units for HSC-180. The change in the solid-to-solvent ratio
from 1:2 to 1:1 did not contribute much to the pH increment compared with the large
particle sizes tested.
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2.36mm - 4.75mm 1.18mm - 2.36mm 600um - 1.18mm

particle size
Figure 6. Effect of solid-to-solvent ratio of 1:1 and 1:2 for large particle size.

3.2.2. Effect of Leaching Time on pH

The leaching time was increased to investigate the possibility of using large particle
sizes for accurate pH measurement. The specimens were placed in a magnetic stirrer
for 10 min of leaching instead of 5 min. The reference sample was treated similarly to
the method in Section 3.2.1, and the solid-to-solvent ratio for all specimens was 1:2. The
test results are shown in Table 5. With increasing leaching time, the pH also increases,
indicating that the leaching time for the benchmark methodology (Figure 4) may not be
sufficient when the particle size of the specimens was large. The pH values of the ranges I
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and II large particle sizes are almost the same as the reference sample, but higher than that
of the range III large particle size.

Table 5. Effect of leaching time for different large particle sizes on pH.

Large Particle Size Fine Particle Size
Particle Size 2.36-4.75 mm 1.18-2.36 mm 600 um-1.18 mm 300-600 pm
(Particle Size Range I)  (Particle Size Range II) (Particle Size Range III) (Reference)
Leaching time (min) 10 10 10 5
pH value (mean + SD) 12.32 +0.03 12.38 + 0.02 12.43 +0.03 12.35 +0.02

Figure 7 shows an average increment in the pH value of about 0.15 for large particle
sizes when the leaching time is increased from 5 min to 10 min. Rdsdnen and Penttala [19]
utilised a CM200 cell mixer with the speed of 35 rpm to stir the suspension. The stirring
speed is slower than that of magnetic stirring used in the present study. For NSC-180,
when the stirring time is increased from 5 min to 15 min, the pH increases by 0.01 units.
Grubb et al. [13] recorded an insignificant pH change of approximately 0.05 units for a
leaching time of 30-60 min. In both studies, the pH tests were conducted on the fine particle
size (powder form).
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Figure 7. Effect of changing leaching time to 10 min for large particle size.

4. Conclusions

As a part of durability and serviceability assessment of a concrete structure, the pH
of structural concrete is one of the fundamental indicators to ensure that the concrete
structure is in healthy condition or assess whether it needs rehabilitation and maintenance.
Considering the lack of a standard for pH measurement, especially for high pH ranges,
this work investigated the possibility of using large particle sizes, instead of fine particle
sizes, for CBMs (cement mortar) to simplify the method of pH measurement.

Cement mortar specimens with smaller particle sizes resulted in a higher pH value,
consistent with the studies on cement paste and concrete. Using a particle size of less than
600 pum (fine particle size) showed consistent pH measurement with a mean of 12.37-12.42
for cement mortar. In addition, large particle sizes (particle sizes between 2.36 mm and
600 um) can be used for accurate pH measurement if the solid-to-solvent ratio is increased
from 1:2 (used for fine particle sizes) to 1:1 or the leaching time is doubled (from 5 min for
fine particle sizes to 10 min). However, increasing the leaching time is recommended, rather
than increasing the solid-to-solvent ratio to obtain similar pH readings as fine particle size.

These findings are important for the development of a standardised pH measurement
using the ESL method for CBMs. The effect of other variables should be investigated on
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different types of CBMs to verify the applicability of all variables before a standardised pH
measurement can be proposed.
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