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Abstract: Bridge expansion and contraction installation (BECI) has proved to be an essential com-
ponent of the bridge structure due to its stability, comfort, and durability benefits. At present, tra-
ditional replacement technologies for modular type, comb plate type, and seamless type BEClIs are
widely applied worldwide. Nevertheless, it is unfortunate that the research conducted on decision-
making (DM) approaches for the technical condition assessment and the optimal replacement plan
selection of existing BECIs remain scarce, which results in the waste of resources and the increase
in cost. Therefore, a BECI technical condition assessment approach, which contains specific on-site
inspection regulations with both qualitative and quantitative descriptions, is proposed in this re-
search, and a corresponding calculation program has been developed based on the MATLAB plat-
form, which provides the basis for the necessity of replacement. Simultaneously, the hybrid chaotic
whale optimization algorithm is designed and performed to improve and automate the process of
optimal replacement plan selection under the assistance of the analytic hierarchy process (AHP),
where both the achievement in consistency modification and the reservation of initial information
are perused, and its superiority and effectiveness are verified via the comparative experimental
analysis. The improved BECI replacement decision system is established, and the corresponding
case study demonstrates that the proposed system in this research proves reasonable and feasible.
The improved system can effectively assist bridge managers in making more informed operation
and maintenance (O and M) decisions in actual engineering projects.

Keywords: bridge expansion and contraction installation (BECI); decision making (DM); technical
condition assessment; analytic hierarchy process (AHP); whale optimization algorithm; Tent chaotic
mapping; Lévy flight

1. Introduction

With the rapid increase in technical obstacles caused by the damage of bridge expan-
sion and contraction installations (BECIs), related resources waste, economic burdens,
traffic hazards, and social arguments have attracted considerable attention, which empha-
sizes the significance of systematic operation and maintenance (O and M) for BECls.

Accordingly, the replacement of BECI has played a crucial role in the field of bridge
O and M, where the decision making (DM) and optimization of the O and M plan are
highly prized. In accordance with installation types and construction characteristics, the
replacement technologies for BECIs can be generally divided into modular type replace-
ment, comb plate type replacement, and seamless type replacement [1]. Referring to the
research of Huang et al. [2], a BECI replacement decision system is established based on
the analytic hierarchy process (AHP) [3], where the design requirements, construction re-
quirements, management requirements, and scopes of application are integrated as deci-
sion criteria to provide a persuasive mathematical model for the selection of an optimal
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replacement plan. As a potential multi-criteria decision-making (MCDM) method, AHP
has higher applicability and effectiveness compared with other common ones, such as the
analytic network process (ANP), the preference ranking organization method for enrich-
ment evaluations (PROMETHEE), and the simple additive weighting (SAW) [4]. Addi-
tionally, under the assistance of the Delphi method, which is capable of providing a strong
basis for the construction of hierarchy model, the AHP is widely applied to evaluate the
complexity of projects [5].

Nevertheless, the AHP is always confronted with the challenge of consistency test
due to massive decision criteria. In many studies, the framework of AHP consistency
modification is usually divided into two stages. Initially, a mathematical model for mod-
ification is established in accordance with the characteristics of comparison matrices,
where the least square method is effectively employed [6,7], and the iterative algorithm is
designed and performed to handle it subsequently [8]. Similarly, much research has been
conducted successfully in such a framework based on the meta-heuristic algorithms, such
as particle swarm optimization (PSO) [9], genetic algorithm (GA) [10], and ant colony op-
timization (ACO) [11], where the modification method proves reasonable and feasible and
could also be extended to multiple engineering optimization problems [12-14].

Derived from the bubble-net hunting behavior of humpback whales, the whale opti-
mization algorithm (WOA) [15] was proposed as a meta-heuristic algorithm to handle
optimization problems in 2016. As an emerging and prevailing meta-heuristic algorithm,
the superiority and effectiveness of WOA are verified by being tested with 29 mathemat-
ical optimization problems and six structural design problems [16], which leads to the
wide application of WOA in engineering optimization problems, such as electrical engi-
neering, civil engineering, classification, clustering, image processing, mechanical engi-
neering, control engineering, robot path, networks, industrial engineering, task schedul-
ing, and other engineering applications [17-28]. However, similarly to other meta-heuris-
tic algorithms, the WOA is confronted with the problem of slow convergence speed,
which motivates chaos theory to be introduced into the WOA optimization process, and
the results prove that the chaotic mappings are capable of enhancing the performance of
WOA, especially Tent chaotic mapping [29]. Originally, the Lévy flight strategy was in-
troduced to develop the cuckoo search (CS) algorithm, which is a specific class of random
walk in which the step lengths are distributed based on a heavy power law tails, and it
proves efficient to assist the algorithm to perform a global search [30,31]. In order to im-
prove the global search performance of WOA, a set of studies has been conducted on the
hybridization of WOA and Lévy flight [32-34], where the results demonstrate that this
strategy can effectively enhance the convergence accuracy, speed, and stability of WOA,
even to handle a large-scale global optimization problem.

Much research has been conducted on decision making and plan optimization,
whose achievements play a significant guiding role in later study and production. How-
ever, to date, the existing developed system utilized in decision making for BECI replace-
ment remains insufficient to handle the large-scale MCDM optimization problem. Mean-
while, the approach of technical condition assessment of BEClIs is constrained by the lack
of on-site inspection regulations, which brings technical obstacles to the actual operation,
and thus, motivates this article. Furthermore, the significance of automation in the DM
system should never be ignored.

Based on the results of existing research, a BECI technical condition assessment ap-
proach, which contains specific on-site inspection regulations with both qualitative and
quantitative descriptions, is proposed in this research, and a corresponding calculation
program is developed based on the MATLAB platform, which provides the basis for the
necessity of replacement. Simultaneously, the hybrid chaotic whale optimization algo-
rithm is designed and performed to improve and automate the process of optimal replace-
ment plan selection under the assistance of the analytic hierarchy process (AHP), where
both the achievement in consistency modification and the reservation of initial infor-
mation are perused, and its superiority and effectiveness are verified via the comparative
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experimental analysis. Consequently, a performance-based optimal replacement plan is
selected by the improved decision system to guide later bridge managers, which also pro-
motes the application of computer science technologies in the field of bridge O and M.

2. Objective

The improved BECI replacement decision system established in this article is aimed
at achieving the objectives of two aspects, namely, realizing the standardization of BECI
on-site inspection and the automations of both the technical condition assessment and the
replacement plan selection. Accordingly, the proposed decision system can be divided
into two stages, as illustrated in Figure 1.
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Figure 1. Framework of improved BECI replacement decision system.

Stage 1: Technical condition assessment. The on-site inspection is conducted on the
target BECI, which will be hierarchically classified according to various installation types.
The inspection index evaluation is performed to provide the basis of progressive assess-
ment calculation, and “whether or not to replace” is determined.

Stage 2: Selection of replacement plan based on HCWOA. Twelve kinds of design,
construction, and management requirements are introduced as the decision criteria,
where the hierarchy model for selecting the performance-based optimal replacement plan
is constructed via AHP. The HCWOA is designed and utilized to modify and handle the
proposed mathematical model, where the optimal plan is selected precisely.

3. Methodology
3.1. Technical Condition Assessment

First and foremost, in order to provide a basis for the necessity of BECI replacement,
the technical condition assessment should be performed. In the light of the transportation

industry standard of the People’s Republic of China [35,36], the framework of the BECI
technical condition assessment approach is established and demonstrated in Figure 2.
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Figure 2. Framework of BECI technical condition assessment.

3.1.1. Hierarchical Classification

In terms of the design mentality of this method, hierarchical classification is con-
ducted after the on-site inspection to divide the inspected BECI into three layers from top
to bottom: main structure and accessory structure; components; members. Referring to
related standards of the transportation industry of the People’s Republic of China [1], 6
kinds of modular type, comb plate type, and seamless type BEClIs are introduced to this
method as specific assessment objects, which are widely applied worldwide. The hierar-
chical classification of BECIs is shown in Table 1.

Table 1. Hierarchical classification of BECIs.

Installation Part No. Component Quantity of Members
Main structure 1 Side beam 2
MA
2 Anchorage concrete 2
Modular type -
Accessory structure 3 Rubber sealing tape 1
Main structure 1 Side beam 2
2 Intermediate beam Quantity of intermediate beams
B 3 Bearing system Quantity of support beams
4 Displacement control system 1
Modular type -
5 Elastic support 1
6 Anchorage concrete 2
Accessory structure 7 Rubber sealing tape Quantity of intermediate beams +1
Main structure 1 Comb plate Quantity of comb plate units
SC 2 Anchor bolt Quantity of comb plate units
Comb plate type 3 Anchorage concrete 2
Accessory structure 4 Drainage device 1
Main structure 1 Fixed comb plate Quantity of fixed comb plate units
SSA, SSB 2 Movable comb plate Quantity of movable comb plate units
Comb plate type 3 Stainless steel sliding plate Quantity of comb plate units
4 Anchor bolt Quantity of comb plate units
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Multidirectional displacement device ~ Quantity of movable comb plate units
Anchorage concrete 2

Accessory structure

Main structure

Accessory structure

Seamless type

5

6

7 Drainage device 1
1 Elastic expansion body 1
2 Steel cover plate 1
3 Nail 1
4 Foam plate 1

3.1.2. Inspection Index Evaluation

Subsequently, in the process of on-site inspection, inspectors are also required to
evaluate the inspection indices of each member. Therefore, a standardized inspection in-
dex evaluation approach of BECIs with both specific qualitative and quantitative regula-
tions are proposed for the determination of inspection index scale. Corresponding to var-
ious types of BECIs, the regulations of inspection index evaluation are shown in Tables 2—-
6, respectively. In particular, the scale will be defined as 1 when the technical condition of
inspection index remains excellent.

Table 2. Inspection index evaluation of the BECI of MA modular type.

Inspection Ob-

ject Inspection Index  Scale Qualitative Description Quantitative Description
2 Slightly uneven Elevation difference <10 mm
3 Obviously uneven, local fractures occur 10 mm < elevation difference <30 mm
Evenness Excessively uneven, vehicle bumping, and side
4 y o ping, Elevation difference > 30 mm
Side beam sinking occur
2 Slightly narrow 50 mm < spacing < design value
. 3 Obviously narrow 10 mm < spacing < 50 mm
Spacing . .
. . Spacing > design value,
4 Excessively narrow or wide .
or spacing <10 mm
Fractures < 3, fracture width <2 mm, damaged area <
2 Local fractures occur 10% anchorage
concrete area
3 < fractures <5,
Anchorage con- 3 Multiple fractures occur 2 mm < fracture width <10 mm,
Fracture
crete 10% < damaged area < 20% anchorage concrete area
Fractures > 5,
Serious fractures occur, anchorage function fracture width > 10 mm,
4 .
fails damaged area > 20% anchorage
concrete area
. 2 Slightly aging, local fractures occur Fractures < 3, damaged area < 20%
Rubber sealing . . ! . o o
tape Aging 3 Obviously aging, multiple fractures occur 3 <fractures < 5, 20% < damaged area < 50%
P 4 Excessively aging, serious fractures occur Fractures > 5, damaged area > 50%
Table 3. Inspection index evaluation the BECI of MB modular type.
I tion Ob- . o s s .
nspe;elctzn Inspection Index  Scale Qualitative Description Quantitative Description
2 Slightly uneven Elevation difference < 15 mm
Evenness 3 Obviously uneven, local fractures occur 15 mm < spacing < 30 mm
Side beam, inter- 4 Excessively uneven, Yehlcle bumping, and side 30 mm < spacing < 100 mm
. sinking occur
mediate beam . . .
2 Slightly narrow 50 mm < spacing < design value
Spacing 3 Obviously narrow 10 mm < spacing < 50 mm
4 Excessively narrow or wide Spacing > design value, or spacing <10 mm
5 Local anchor bolts are unfixed, local hanger Proportion of unfixed bolts < 10%, or 1 hanger dam-
damages occur age
. Bolt looseness, hanger Multiple anchor bolts are unfixed, multiple 10% < proportion of unfixed bolts < 30%, or 2 hanger
Bearing system 3
damage hanger damages occur damages
4 Massive anchor bolts are unfixed, massive Proportion of unfixed bolts > 30%, or hanger dam-
hanger damages occur ages>2
Displacement 5 Serious spring deformations occur, local bolts = Spring deformation >20% design value, or propor-

control system

are unfixed, local hinges are damaged tion of unfixed bolts <10%, or 1 hinge damage
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Local springs are damaged, multiple bolts are Proportion of damaged springs < 10%, or 10% < pro-

Spring def ti 3
pring deformation, unfixed, multiple hinges are damaged portion of unfixed bolts < 30%, or 2 hinge damages
bolt looseness, hinge . . . . . .
Multiple springs are damaged, massive bolts Proportion of damaged springs 10%, or proportion of
damage 4 . . . . o .
are unfixed, massive hinges are damaged unfixed bolts > 30%, or hinge damages > 2
2 Slight support deformations occur Support deformations < allowable value
Elastic support Support deformation 3 Obvious support deformations occur Support deformations > allowable value
4 Serious support deformations occur Proportion of damaged supports > 30%
Fractures < 3, fracture width <2 mm, damaged area <
2 Local fractures occur
10%
Anchorage con- . 3 < fractures <5, 2 mm < fracture width <10 mm, 10%
Fracture 3 Multiple fractures occur
crete < damaged area <20%
4 Serious fractures occur, Fractures > 5, fracture width > 10 mm, damaged area
anchorage function fails >20%
X 2 Slightly aging, local fractures occur Fractures < 3, damaged area < 20%
Rubber sealing R . ! . o o
tape Aging 3 Obviously aging, multiple fractures occur 3 <fractures < 5, 20% < damaged area < 50%
P 4 Excessively aging, serious fractures occur Fractures > 5, damage area > 50%

Table 4. Inspection index evaluation of the BECI of SC comb plate type BECI.

Inspection Inspection

Object Index Scale Qualitative Description Quantitative Description
2 Slightly uneven, local fractures occur Damaged area < 10%, 1 mm < elevation differences <2 mm
10% < d d <30%, 2 < elevation diffa <
Comb plate  Evenness 3 Obviously uneven, multiple fractures occur %o < damaged area A;mim clevation ditterences
4 Seriously uneven, serious fractures differences occur Damaged area > 30%, elevation differences > 4 mm
2 Local anchor bolts are unfixed Proportion of damaged bolts < 10%
Anchor bolt  Looseness 3 Multiple anchor bolts are unfixed 10% < proportion of damaged bolts < 30%
4 Massive anchor bolts are unfixed Proportion of damaged bolts > 30%
Fractures < 3, fracture width <2 mm, damaged area < 10%
2 Local fractures occur
anchorage concrete area
Anchorage 3 < fractures < 5, 2 mm < fracture width <10 mm, 10% an-
concreteg Fracture 3 Multiple fractures occur chorage concrete area < damaged area < 20% anchorage
concrete area
. . X Fractures > 5, fracture width > 10 mm, damaged area > 20%
4 Serious fractures occur, anchorage function fails
anchorage concrete area
Fractures < 3, damaged area < 10%
2 Local fractures occur
total area
Drai de- 3 < fractures <5, 10% < d d <30%
TANAge A€ practure 3 Multiple fractures occur ractures o < damagec ared °
vice total area
. Fractures > 5, damaged area > 30%
4 Serious fractures occur
total area

Table 5. Inspection index evaluation of the BECI of SSA, SSB comb plate type.

Inspection

Inspection Object Index Scale Qualitative Description Quantitative Description
. Damaged area < 10%, 1 mm < elevation differences <2
2 Slightly uneven, local fractures occur mm
Fixed b plate, . .
xed comb prate . . 10% < damaged area < 30%, 2 mm < elevation differences
movable comb Evenness 3 Obviously uneven, multiple fractures occur <4mm
plate . . . -
S 1 ¥ fractures differ- . .
4 eriousty uneven, serious fractures ditier Damaged area > 30%, elevation differences >4 mm
ences occur
Stainless steel slid 2 Local abrasions occur Abrasion area < 10% total area
ing plate Abrasion 3 Multiple abrasions occur 10% < abrasion area < 30% total area
&P 4 Massive abrasions occur Abrasion area > 30% total area
2 Local anchor bolts are unfixed Proportion of damaged bolts < 10%
Anchor bolt Looseness 3 Multiple anchor bolts are unfixed 10% < proportion of damaged bolts < 30%
4 Massive anchor bolts are unfixed Proportion of damaged bolts > 30%
e 2 Individual unit is inflexible 1 inflexible unit
Multidirectional . . . . . . .
. s 3 Partial units are inflexible 2 inflexible units
displacement de-  Flexibility . . . . ) .
. Multiple units are inflexible, device function . .
vice 4 . Inflexible units > 2
fails
Fract <3, fractu idth<2 , d d <
Anchorage concrete  Fracture 2 Local fractures occur ractures racture wi mm, damaged area

10% anchorage concrete area
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3 < fractures <5, 2 mm < fracture width < 10 mm, 10% an-
3 Multiple fractures occur chorage concrete area < damaged area < 20% anchorage
concrete area
Serious fractures occur, anchorage function ~ Fractures > 5, fracture width > 10 mm, damaged area >

4 .
fails 20% anchorage concrete area
Fractures < 3, damaged area < 10%
2 Local fractures occur
total area
3 < fractures < 5, 10% < damaged area < 30%
Drainage device Fracture 3 Multiple fractures occur ° & °
total area
. Fractures > 5, damaged area > 30%
4 Serious fractures occur
total area
Table 6. Inspection index evaluation of the BECI of seamless type.
. . Inspection In- ceps o en .
Inspection Object dex Scale Qualitative Description Quantitative Description
2 Local fractures occur Damaged area < 10% total area
Elastic expansion Fracture 3 Multiple fractures occur 10% < damaged area < 30% total area
bod Serious fractures occur, anchorage function
y 4 . & Damaged area > 30% total area
fails
2 Local abrasions occur Abrasion area < 10% total area
Steel cover plate Abrasion 3 Multiple abrasions occur 10% < abrasion area < 30% total area
4 Massive abrasions occur Abrasion area > 30% total area
2 Local corrosions occur Corrosions <3
Nail Corrosion 3 Multiple corrosions occur 3 < corrosions <5
4 Massive corrosions occur Corrosions >5
2 Local fractures occur Damaged area < 10% total area
Foam plate Fracture 3 Multiple fractures occur 10% < damaged area < 30% total area
4 Serious fractures occur Damaged area > 30% total area

3.1.3. Calculation of Progressive Assessment

In accordance with the obtained technical condition scales of each inspection index
of each member in on-site inspection process, numerical progressive assessment is carried
out from bottom to top. Specifically, the numerical calculations of the technical condition
indices of members, components, main structure and accessory structure, and the overall
BECI will be conducted successively, where the necessity of replacement will be settled in
consequence.

1. Technical condition assessment of BECI members

The technical condition assessment of BECI members is calculated as follows:

k
MMCI, (AMCI, ) =100-) N,
x=1

N, =DP , e=l 1)

DP . e-1
N, =—2_(100— Y N)(where j=e¢), e>2
100 /e =

where MMCI and AMCI are the condition indices of members, which belong to the
main structure and accessory structure, respectively; i, /,and j denote component i,

member /, and inspection index j; k is the quantity of inspection indices; x, e, and

r areintroduced variables; DP is the deduct point, which is determined by the technical
condition scales of each inspection index according to Table 7.

2. Technical condition assessment of BECI components

The technical condition assessment of BECI components is calculated as follows:
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MCCI, = MMCIL, —(100—MMCI, _ )/t

ACCI, = AMCL — (100 - AMCI, ) /¢ )

MCCI,(ACCI,) =0, when MCCI,(ACCI,) < 0

where MCCI and ACCI are the condition indices of components, which belong to the
main structure and accessory structure, respectively; i denotes component i; ¢, as is
illustrated in Table 8, is the correction coefficient, which is a variable with the quantity of
members and introduced to neutralize the adverse effect of individual members on over-
all component technical condition assessment.

3. Technical condition assessment of BECI main structure and accessory structure

The technical condition assessment of BECI main structure and accessory structure
is calculated as follows:

MSCI(ASCI) = £ MCCI(ACCI)x W, 3)

where here MSCI and ASCI are the condition indices of main structure and accessory
structure; i denotes component i; ¢ represents the quantity of components; as is
shown in Table 9, W, is the calculation weight of each component, which is established

via an analytic hierarchy process method under the guidance of the transportation indus-
try standard of the People’s Republic of China [35,36].

4. Technical condition assessment of overall BECI

The technical condition assessment of overall BECI is calculated as follows:

S, =MSCIx W, + ASCIx W )

where S, denotes the summative condition index of overall BECI; W, and W, are
the calculation weights of the main structure and accessory structure, respectively, which
are valued according to Table 10.
5. Technical condition scale classification of BECI

In accordance with the computation results of S,, the technical condition scales Sq
of BECI are classified and corresponding maintenance suggestions are proposed, which
is exhibited in Table 11.
6. Inspection control index of BECI

In particular, the technical condition scale of BECI will be classified as 4 without fol-
lowing up subsequent assessment process if the results of on-site inspection satisfy the
inspection control indices, which implies that a BECI replacement is necessary to be de-
veloped immediately. The inspection control indices of BECI are proposed as follows:

e  More than 2 fractures occur in side beam or intermediate beam;
e  The damaged area of comb plate exceeds 30% and more than 3 defective units occur;
e  The damaged area of elastic expansion body exceeds 30%.

Compared with traditional inspection, this approach allows an exact number to be
output when on-site inspectors find that the BECI is between two scales and it is difficult
to completely make judgment, which proves the most significant improvement.

Table 7. Deduct point of inspection index.

The Highest Scale That Can Be Achieved by Scale of Inspection Index
Inspection Index 1 2 3 4
4 0 25 50 100
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Table 8. Value of correction coefficient ¢.

Quantity of ; Quantity of ;
Members Members
1 oo 11 7.9
2 10 12 7.7
3 9.7 13 7.5
4 9.5 14 73
5 9.2 15 72
6 8.9 16 7.08
7 8.7 17 6.96
8 8.5 18 6.84
9 8.3 19 6.72
10 8.1 20 6.6
Table 9. Calculation weight of the component.
Installation Part No. Component \W
Main structure 1 Side beam 0.75
MA
2 Anchorage concrete 0.25
Modular type )
Accessory structure 3 Rubber sealing tape 1
Main structure 1 Side beam 0.27
2 Intermediate beam 0.27
3 Bearing system 0.10
MB Displacement control
4 0.10
Modular type system
5 Elastic support 0.10
6 Anchorage concrete 0.16
Accessory structure 7 Rubber sealing tape 1
Main structure 1 Comb plate 0.52
SC 2 Anchor bolt 0.24
Comb plate type 3 Anchorage concrete 0.24
Accessory structure 4 Drainage device 1
Main structure 1 Fixed comb plate 0.25
2 Movable comb plate 0.35
3 Stainless steel sliding plate 0.05
SSA, SSB 4 Anchor bolt 0.10
Comb plate type Multidirectional
5 . . 0.12
displacement device
6 Anchorage concrete 0.13
Accessory structure 7 Drainage device 1
Main structure 1 Elastic expansion body 1
Seamless tvpe Accessory structure 2 Steel cover plate 0.40
P 3 Nail 0.40
4 Foam plate 0.20

Table 10. Weights of main structure and accessory structure.

Part Weight
Main structure 0.8
Accessory structure 0.2

Table 11. Technical condition scale classification.

Technical Condition Scale Technical Condition Index Qualitative De-

S, S, scription Maintenance Suggestion

1 [90, 100] Healthy Normal maintenance
Slightly dam- Individual members repair or replace-

2 [75,90) aged ment
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3 [60, 75) Obviously Essential components replacement
damaged
Seriously dam-
4 [0, 60) BECI replacement

aged

3.1.4. Software Development

Derived from the composition design, the “Bridge Expansion and Contraction Instal-
lation Assessment (BECIA)” software was developed based on the MATLAB platform to
assist decision makers in making replacement decision efficiently. The software provides
decision makers with a friendly user interface (Figure 3) where the users are only required
to input the inspection index scales succinctly, and the technical condition index and scale
of overall BECI will be output through automatic computation. Compared with tradi-
tional assessment, the development of software implies that both project managers and
on-site inspector are entitled to participate in decision making directly, which proves the
most significant improvement.

4. BECIA — O X
Type Selection
MA modular type
Reset
Component Member Inspection Index
Main Structure Evenness Spacing
M1-1
Side Beam
M1-2
Start
Fracture
M2-1
Anchorage Concrete
m2-2
Result
Accessory Structure
Aging Techinical Index
Rubber Sealing Tape A31
Techinical Scale

Figure 3. User interface of BECIA software.

3.2. Selection of Replacement Plan Using Hybrid Chaotic Whale Optimization Algorithm

The above-mentioned BECI technical condition assessment approach proves capable
of being utilized to determine the necessity of replacement. Specifically, if the technical
condition scale of overall BECI is defined as 4 or the inspection control index is satisfied,
BECI replacement will be carried out and the analytic hierarchy process method will be
employed to select the performance-based optimal replacement plan. In particular, the
hybrid chaotic whale optimization algorithm is introduced originally to modify and au-
tomate the standard AHP.

3.2.1. Analytic Hierarchy Process

Under the suggestions of experts selected from relevant research field via the Delphi
method [37], the hierarchy structure model of performance-based optimal replacement
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plan selection is constructed and illustrated in Figure 4, which takes 12 kinds of design,
construction, and management requirements into consideration.

In accordance with the 1-9 evaluation scale method [38], pairwise comparison matri-
ces will be determined via the Delphi method. To put it in practical terms, the comparison
matrix X is exhibited as an example:

(D J) A ) 4
X=(x,) =| B/ 1 1/ (5)
L/Yony 1

where Y, /Y, is the relative priority of criterion Y, with respect to criterion Y,, whose

specific value is determined by the results of the above-mentioned 1-9 evaluation scale
method, and the specific evaluation regulations are demonstrated in Table 12.

; X
‘ Performance-based Optimal Replacement Plan ‘

Criterion

Y1 Y2
‘ Design Requirements Construction Requirements

Ys
‘ Management Requirements

Zo
Inspection

Z7
Inte gnty ‘ Waterproofing & Drainage

Zs Zn

‘ Sh.tmess ‘ ‘ Construction Difficulty ‘
Zs Zn

Du.rab]llty Construction Period Replacement

Figure 4. Hierarchy structure model of the performance-based replacement method selection.

Temperam.re Change

Index

‘ Deﬂecnon Vananun

‘ Driving Permrmance

Table 12. Evaluation scale classification.

Evaluation Scale Comparison of the Priority

1 Y, and Y, areequally important

3 Y, isslightly important compared with ¥,
5 Y, is obviously important compared with ¥,
7 Y, is highly important compared with ¥,
9 Y, is extremely important compared with Y,

2,4,6,8 Intermediate values used to represent compromise

After the construction of comparison matrices, the asymptotic normalization coeffi-
cient method is utilized to realize the process of level simple sequence (LLS), where the
eigenvector of comparison matrix w;, is defined as the hierarchical weight vector and cal-

culated as follows [3]:

n m )
M, :Hxlj , W =M, ow=——— (i=1,2..n) ©)
i >

where M, isthe chain-multiplicationresultof x,,and » isthe order of comparison ma-
trix.
. . _ . . (Xw)
Simultaneously, the related maximum eigenvalue is 4, = Z—’ , where (Xxw).
=1 N i '

is the part i of Xw.
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In accordance with obtained A

max /

the consistency ratio (CR) and consistency index

(CI) are introduced to perform a consistency test, which demonstrates the rationality of
the constructed comparison matrix and can be calculated as follows:

CR :%
1 —n )
C] — max
n—1

where RI is the random consistency index that corresponds to the order of comparison
matrix and can be defined as Table 13 illustrates.

Table 13. Random consistency index.

N 1 2 3 4 5 6 7 8
RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41

If CR <0.10, the matrix consistency is acceptable. Otherwise, the matrix is incon-
sistent and is required to be modified. In particular, the matrix is defined as the complete
consistency matrix when CR is equal to 0.

3.2.2. Modification Strategy of Inconsistent Comparison Matrix

In terms of high-order matrices that were initiated under the circumstance of human
factors, it is difficult to fulfil the requirements of consistency test, thus motivating the
modification of inconsistent comparison matrix. In consideration of both the characteris-
tics of the matrix with complete consistency and the relationship between the initiated
matrix and the induced matrix, the mathematical model is established through the least
square method, which leads to a multi-objective optimization problem.

M :(m(/.)m and X :(x(/.) are introduced as the initiated matrix and the induced

matrix, respectively. If X issupposed to be a complete consistency matrix, Equation (8)
will be established as follows [9]:

Xy~ w,./ Wi (8)

Hence, the first least square mathematical model is proposed as follows, which aims
to improve the consistency:

minii(xg _Wi/W/’)z

i=1 j=1

s.t. ZWizl,wi>O, 9)
i=1
X, =1/x;
i,j=12,3..n.

However, not only does the consistency of comparison matrix need to be enhanced,
but also the suggestions of experts should be respected. Therefore, the second least square
mathematical model is constructed as follows, which aims to reserve the original infor-
mation of initiated matrix:

2

min ) (xl.j—m[.j)
i=1 j=1
st xy el (1=u)my (1+ u)m, | (10)
O<pu<l,

i,j=1,23..n
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Eventually, as Equation (11) illustrates, the above-mentioned mathematical models
are integrated through weighted method, which turns the modification of inconsistent
comparison matrix into a single-objective optimization problem with n(n+1)/2 varia-

bles due to the symmetry of comparison matrix.

min L = izn:[kl (x,.j —my )2 +k, (x[/. —W[./Wj )2}

i=l j=I

s.t. Zn:wizl,wi>0,

i=1

k+ky =1, k Lk, >0, (1)
x; =1/x;,

x; e[(l—,u)mij,(1+,u)mij],0<,u<1,

i,j=1,2,3.n

3.2.3. Hybrid Chaotic Whale Optimization Algorithm

In accordance with the established mathematical model, the hybrid chaotic whale
optimization algorithm is introduced to solve the objective function minZ, where both
the modified comparison matrix and hierarchical weights will be output automatically.

1. Standard whale optimization algorithm.

Derived from the bubble-net hunting behavior of humpback whales (Figure 5), the
standard whale optimization algorithm was proposed as a meta-heuristic algorithm to
handle optimization problems in 2016, which contains 3 principal operations as follows:

e  Encircling prey.

The humpback whales are capable of recognizing the location of prey, which indi-
cates the solution space in WOA, and encircle it. Additionally, the current best candidate
solution is assumed to be the target prey or close to the optimum, which motivates other
search agents to update their positions towards the best one. This behavior is simulated
by Equation (12) as follows:

*

D=|C-X"(1)-X(t)

(12)
)?(t+1)=);*(t)—2-5

where ¢ denotes the current iteration, and D and X are position vectors. In particu-

-

lar, X" isthe position vector of the best solution acquired so far which should be updated
- -

in each iteration if a better solution occurs. 4 and C are the coefficient vectors, which

can be calculated as follows:

A=2a-r-a
(13)

C=2-r
R
where a is decreased from 2 to 0 linearly over the course of iterations in both explora-
-
tion and exploitation phases, and r is a random vectorin [0,1].

e  Bubble-net attacking (exploitation phase).
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In order to model the bubble-net attacking behavior of humpback whales mathemat-
ically, the shrinking encircling mechanism and spiral updating position strategy are in-

troduced, where the mechanism is realized by setting random values for 4 in [-1, 1],

and the spiral updating position strategy is described, as Equation (15) demonstrates:

X(t+1)=D -&" -cos2xl) + X (¢)

, (14)
D =

)}*(t)-)?(t)

where D' indicates the distance of the whale to the prey, and b is a constant for defin-
ing the logarithmic spiral shapes, random number / e[-1,1].

It is assumed that there is a probability of 50% to switch between either the encir-
cling prey mode or the spiral model to update the position of whales, which can be math-
ematically expressed as follows:

X+ =X ()= A4-D if p<0.5 15)

X(t+)=D -e" -cosQrl)+X (t) if p=0.5

where random number p €[0,1].

e  Search for prey (exploration phase).

The humpback whales search randomly according to the position of each other,

which is simulated through the similar approach based on the variation of A . The explo-
ration phase and the exploitation phase differ in that the position of search agent is up-
dated by a randomly chosen search agent rather than by the best search agent at present.

To put it in practical terms, the whales will swim randomly outside the shrinking encir-
-

cling area when | 4 |>1, which emphasizes the global search of WOA and can be de-

scribed as follows:

D = C 'Xrand(l) 'X (l)

(16)
X(t"rl) :Xrand(t)' A D

where X, (t) is a random position vector of a search agent chosen from the current
population.
2. Tent chaotic mapping strategy.

The random-based optimization algorithm using chaotic variables instead of random
variables are defined as the chaotic optimization algorithm, which is capable of carrying
out global searches at both higher speed and accuracy than stochastic searches that de-
pend on probabilities due to the non-repetition and ergodicity of chaos. Additionally,
compared with other chaotic maps, Tent chaotic map proves efficient to enhance the per-
formance of standard WOA when the process of population initialization is conducted.
Hence, the Tent chaotic mapping strategy is introduced and expressed as follows [39]:

Kt
0.7

Xest,a =
%(l—xkd) Xy 20.7

Xy, <0.7
(17)



Appl. Sci. 2021, 11, 6222

15 of 27

where K denotes the search agent k, d indicates the dimension ¢ and x, €[0,1].

Specifically, a random vector is generated as the position vector of the first search
agent in the solution space of optimization problem. Then, other position vectors of the
rest search agents are calculated by Equation (17), where the chaotic set is formed. Ulti-
mately, the obtained position vectors are mapped to the solution space, which can be re-
alized by Equation (18).

Via =lb; + X '(”bd 'lbd) (18)

where /b, and ub, are the lower boundary and upper boundary of the optimization
problem, and y indicates the mapped position of the search agent.

3. Lévy flight strategy.

Confronted with high-dimensional and multi-modal optimization problems, the per-
formance of standard WOA remains insufficient due to the dependence on randomness,
which results in the risk of local optimum. Originally, the Lévy flight strategy was intro-
duced to develop the cuckoo search (CS) algorithm, which proves efficient with both the
high speed and accuracy of global convergence. Therefore, in order to prevent the optimi-
zation algorithm from trapping in the local optimum and enhance the global search per-
formance, the Lévy flight strategy is conducted to be hybridized with the chaotic WOA,
which is utilized to update the position of whales again at the later stage of each iteration
and can be demonstrated as follows [40]:

X(t+1) =X (t)- - sign [mnd -1/ 2] @ Lévy(s) (19)

where sign[rand —1/2] takes only 3 values: -1, 0, or 1, the product @ denotes the entry

wise multiplication, and « is the step size related to the scales of optimization problems,
which can be described as follows:

=001 {)?d (t) )?(r)} (20)

The Lévy flight strategy proves a non-Gaussian random process, where the step
lengths follow the Lévy distribution and can be expressed as follows:

Lew(s)~|s |, 0<p=<2 1)

where f is anindex, s indicates the random step length of Lévy flight, which can be
obtained by Mantegna’s algorithm [41]:

U
S:|v|1/ﬁ (22)

where S issettobel.5, x4 and v obey the normal distribution and can be acquired as
follows:

,u~N<0,0'ﬂ2) , v~N(0,0'V2)

[ rasp sin(p/2) | o (23)
Cr[a+p)/ 2]p2vEf 0 T

where I' is the standard Gamma function.

In summary, the optimization flowchart of the hybrid chaotic whale optimization
algorithm is established in the light of above theories, which is exhibited in Figure 6. Ad-
ditionally, both the modified comparison matrix and hierarchical weights will be output
automatically when the optimal solution of objective function minZ is satisfied or the
max iteration is achieved.

"
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Figure 5. Bubble-net hunting behavior of humpback whales.

Population initialization via
Tent chaotic mapping strategy

I

Initialize the parameters
a A Clandp

Iteration = Max iteration

No
¥

Calculate the fitness of each search agent,
evaluate X* 2. A, C land p

Mo o Yes
No’ ¢ =]
| | |
Update the position via Update the position via Update the position via
Bubble-net atiacking Search for prey Encircling prey

l

Update the position via
Lévy flight strategy

i

(Check if any search agent goes beyond
the search space and amend it

i

Update X7 if there is a better solution

i

Iteration = Iteration + 1

Figure 6. Optimization flowchart of hybrid chaotic whale optimization algorithm.

3.2.4. Performance Coefficient Determination
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In accordance with the obtained hierarchical weights, a mathematical model is estab-
lished to determine the performance coefficient of each replacement plan, where the per-
formance-based optimal replacement plan with the highest performance coefficient will
be selected as follows:

6 9 12
P=(Y,- D Z A, +Y,- Y Z -1, +Y,-> Z,-1)/100 (24)
i=1 i=7 i=10
where P denotes the performance coefficient of the replacement plan, Y and Z are
the hierarchical weights of criteria and indices in AHP, i representsindex i,and / in-
dicates the performance coefficients of the indices, which are obtained under the sugges-
tion of experts via the Delphi method and range from 1 to 100.

4. Case Study
4.1. Research Background

In this article, the BECI O and M project of Guo Bridge is introduced as a case study,
which is located in Taihe County, Fuyang City, Anhui Province, China and belongs to the
provincial highway 5254.

Guo bridge is in service with a total length of 20.6 m and a width of 8.6 m, where the
MA modular type BECI is applied with an expansion amount of 60 mm. Under the cir-
cumstances of heavy-load vehicles and long-term environmental impact, the performance
of BECI in Guo Bridge has become unfavorable, thus motivating the technical condition
assessment process. In October 2018, an on-site inspection was conducted on Guo bridge,
where the image data were acquired and demonstrated in Figure 7.

(b) Elevation difference in side beam
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(c) Fractur
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Figure 7. BECI of Guo Bridge.

4.2. Technical Condition Assessment

Above all, the BECI of Guo Bridge is hierarchically classified into three layers and
numbered in accordance with Table 1. In addition, combined with the results of on-site
inspection and the regulations proposed in Table 2, the inspection index evaluation can
be carried out.

4.2.1. Inspection Index Evaluation

The elevation differences of 25 mm occur in both the left and right side beams, where
the index evaluation scales can be defined as 3; the spacing of 51 mm between side beams
proves slightly narrow, which is more than 50 mm but less than the design value (60 mm)
and indicates the inspection index evaluation scale is 2. Referring to Table 7, the deduct
points can be obtained:

=50, DP_ =DP_ =25

1 1-2-2

DPHJ = DPer—

More than five serious fractures occurred in both the left and right anchorage con-
crete areas, and the damaged areas both exceed 20% of total area, where the index evalu-
ation scales should be determined as 4. Referring to Table 7, the deduct points are exhib-
ited as follows:

Dp =DP_ =100

There are three fractures that occurred in the rubber sealing tape, where the damaged
area exceeds 20% of total area but less than 50%. The inspection index evaluation scale of
aging should be defined as 3. Similarly, the deduct point is acquired:

DP =50

4.2.2. Calculation of Progressive Assessment

The calculation of progressive assessment can be performed according to the deduct
points gained above.

1. Technical condition assessment of BECI members.
e  Members of side beam.

According to Equation (1), the technical condition indices (keep two decimal place)
of the left and right side beam are calculated as follows:
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N=DP =50
v, = PP 1005 N )=—2 _(100- ¥ N )=8.84
27 100x e = 100x2 =R

2
MMCI,, =100 N,=100—(50+8.84) = 41.16

e=1

MMCI,, = MMCI,, = 41.16

e Members of anchorage concrete.
In the same way, the technical condition indices of the left and right anchorage con-
crete are obtained:

N,=DP_=DP_ =100

1
MMCI, ,=MMCI, , =100- > N,=100—(100) =0
e=1
e Members of rubber sealing tape.

There is only one member of rubber sealing tape in MA modular type BECI. There-
fore, the technical condition index is calculated as follows:

N,=DP =50

1
AMCI,, =100~ N,=100—(50) =50

e=1
2. Technical condition assessment of BECI components.

) Side beam.

According to Table 8, the quantity of members of the side beam is two, which indi-
cates the correction coefficient ¢ is defined as 10. Under the guidance of Equation (2), the
technical condition index of side beam can be calculated:

MMCI, = (MMCI, ,+MMCI, ,)/2 = 41.16
MCCI, = MMCI, — (100~ MMCI, ., ) /¢ = 41.16 - (100—41.16) /10 = 35.28

1, min

e  Anchorage concrete.

In the same way, the technical condition index of anchorage concrete is acquired:
MMCI, = (MMCI, ,+MMCI,,)/2=0
MCCI, = MMCL - (100-MMCI, . )/t=0-(100-0)/10=-10<0
MCCI, =0

2, min

e  Rubber sealing tape.

Next comes the technical condition index of anchorage concrete:

AMCI; = AMCI, /1= 50

ACCI, = AMCL —(100— AMCI, , . )/ = 50— (100 —50) / 00 = 50

3, min

3. Technical condition assessment of BECI main structure and accessory structure.

In accordance with Table 9, the calculation weights of side beam, anchorage concrete,
and rubber sealing tape are gained, which are 0.75, 0.25, and 1, respectively. The technical
condition indices of the main structure and accessory structure are calculated by Equation
(3) as follows:
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MSCI = é MCCI, x W,=35.28x0.75+0x0.25=26.46

ASCI = X ACCI, x W,=50x1=50

4. Technical condition assessment of overall BECL
Referring to Table 10 and the technical indices gained above, the technical condition
index of overall BECl is acquired by Equation (4):

S, =SMCIx W, +SACIx W ;=26.46x0.8+50x0.2=31.17

4.2.3. Operation of BECIA Software

Simultaneously, the BECIA software is conducted on technical condition assessment
of the BECI of Guo Bridge, where only the inspection index scales are required to be input,
and the technical condition index and scale of overall BECI will be acquired automatically,
as Figure 8 illustrates.

4] BECIA - m} x

Type Selection
MA modular type

Reset
Component Member Inspection Index
Main Structure Evenness Spacing
M1-1 3 P
Side Beam
M1-2 3 2
Start
Fracture
M2-1 4
Anchorage Concrete
M2-2 4
Result
Accessory Structure
Aging Techinical Index =~ 31.1664
Rubber Sealing Tape A31 3

Techinical Scale 4

Figure 8. Operation interface of BECIA software.

Consequently, the results gained through BECIA are completely consistent with that
of traditional manual calculation, which indicates that on-site inspectors are capable of
participating in decision making independently via BECIA.

In conclusion, the technical condition scale of overall BECI of Guo Bridge is defined
as 4 according to Table 11, which implies that the BECI are seriously damaged, and the
replacement should be carried out immediately, thus leading to the selection of a replace-
ment plan.

4.3. Selection of Replacement Plan

To begin with, in order to provide scientific guidance on the replacement plan selec-
tion, 16 experts selected from the expert database of Anhui Provincial Highway Institute
were invited anonymously to solicit their opinions on research issues and phenomena via
the Delphi method, where the candidate replacement plans are proposed in consideration
of the allowable expansion amount of original BECI (60 mm) and the transportation in-
dustry standard of the People’s Republic of China [1].

e Plan A: MA modular type with the allowable expansion amount from 20 mm to 80
mm.
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X =

e  Plan B: SC comb plate type with the allowable expansion amount from 60 mm to 240
mm.

4.3.1. Construction of Comparison Matrix

Under the suggestions of the expert group, the priority of each index, criterion, and
subject of AHP hierarchical model was distinguished through the 1-9 evaluation scale
method, and the comparison matrices are constructed as follows:

1 6 6 4 4 3

/6 1 1 1/5 1/5 1/3
11 2 / /Ss Y 113 2 112 1
/6 1 1 1/5 1/5 1/3
11 2|, %= LY, =03 1 4|, r=[2 1 2
12 12 1 Vs s b1y 12 1/4 1 112 1
/4 55 1 1 14
13 33 4 4 1

In accordance with Equation (6), the eigenvectors and maximum eigenvalues of com-
parison matrices are obtained:

wy = (0.40,0.40,0.20)" Ay =315
Wy, =(0.42,0.04,0.04,0.13,0.13,024)" A, =6.66
w, =(0.24,0.63,0.14)" Armaxy, =306
w, =(0.25,0.50,0.25)" Aoy, =3:00

Next comes the result of the consistency test:

CI, =0 RI, =058 CR,=0<0.10
CI =013 RI =124 CR =0.11>0.10

n

CI =003 RI =058 CR =0.05<0.10

n

ClI =0 RI =0.58 CR =0<0.10

Bl

Unfortunately, as a high-order matrix, ¥, proves incapable of meeting the require-
ments of consistency test, which indicates that the acquired hierarchical weight w, isnot

acceptable and modification should be performed via the hybrid chaotic whale optimiza-
tion algorithm.

4.3.2. Modification of Inconsistent Comparison Matrix

In the light of above-mentioned strategies, the modification of inconsistent compari-
son matrix Y, is initiated. In order to achieve better consistency on the premise of reserv-

ing initial information, the parameters in Equation (11) are defined as follows, where the
15 elements in the upper right half above the trace of matrix and six hierarchical weights
are integrated to turn the modification into a 21-dimentional optimization problem.

minL = ii[OB(xij —qu,j)z +0.7(x,.j —w,/w, )2:|

i=1 j=I

s.t. iw,.=1,w,.>0,

i=1

x; =1/x;,
x; €|:0.7 Yy 13 yl‘ij],
i,j=1,2,3..n
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Simultaneously, the proposed hybrid chaotic whale optimization algorithm is con-
ducted to handle this optimization problem with MATLAB R2016a, where the modified
comparison matrix and corresponding hierarchical weights are output automatically. It is
worth mentioning that the function value gained after 1000 iterations will be output as the
optimal fitness value due to its uncertainty in advance. Additionally, the modified com-
parison matrix is exhibited as follows:

1 6.1514 6.1457 3.8134 39181 2.7247
0.1626 1 0.9832 0.2600 0.2600 0.3507
0.1627 1.0170 1 0.2600 0.2600 0.4333
0.2622 3.8462 3.8462 1 1.0591 0.3250
0.2552 3.8462 3.8462 0.9442 1 0.3250
0.3670 2.8514 2.3079 3.0769 3.0769 1

CI =0.082 RI =124 CR =0.066<0.10

Consequently, all the hierarchical weights prove acceptable and are collected as fol-
lows:

w, = (0.40,0.40,0.20)"
Wy = (0.45,0.07,0.07,0.12,0.12,0.17)"
Wy, = (0.24,0.62,0.14)"
wy, = (0.25,0.50,0.25)"

4.3.3. Performance Coefficient Determination

Referring to Equation (24) and gained hierarchical weights, the performance coeffi-
cient of each replacement plan can be determined and illustrated, as Table 14 shows.

Table 14. Performance coefficients determination of replacement plans.

Layer Item Hierarchical Weight
L 4 Y, Y,
Criterion
w 0.40 0.40 0.20
Index Z Z, Z, Z, Z, Z Zy Z, Z Z, Z, %4, Z,
w 0.45 0.07 0.07 0.12 0.12 0.17 0.24 0.62 0.14 0.25 0.50 0.25
I 8 8 80 90 90 85 80 8 80 90 90 90
Plan A
P 0.854
I 90 90 8 8 8 8 90 80 75 80 80 80
Plan B
P 0.835

Ultimately, plan A with the higher performance coefficient of 0.854 will be adopted
to guide the BECI replacement, which implies that the MA modular type BECI will be
selected instead of the SC comb plate type.

5. Comparative Experimental Analysis

A set of comparative experiments were designed and performed to verify the accu-
racy and effectiveness of the proposed hybrid chaotic whale optimization algorithm for
solving the minL in the case study. The basic particle swarm optimization (PSO) algo-
rithm and standard whale optimization algorithm (WOA) are introduced as the competi-
tive algorithms, where the former is a classical representative meta-heuristic algorithm
and the latter is an emerging prevailing one. The evolution curves of the fitness value for
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Fitness value

3.0p

2.5¢

2.0t

1.5¢

1.0t

0.5

min L are illustrated in Figure 9, where the superiority of HCWOA with both considerable
convergence speed and excellent convergence accuracy for solving minZ is demon-
strated.

In the phase of population initialization, the Tent chaotic mapping strategy is intro-
duced to HCWOA, which achieved the least fitness value at the first iteration compared
with other rivals and led to a fast convergence. Significantly, in the period of iteration 200
to 300, the HCWOA hybridized with the Lévy flight strategy never failed to keep the mo-
mentum in perusing further convergence, while the standard WOA was convergent,
which demonstrates that the Lévy flight strategy is capable of preventing WOA from trap-
ping in local optimum and improving the convergence accuracy substantially.

Corresponding to the optimal fitness value of each optimization algorithm, the mod-
ified comparison matrices are generated automatically, and the results of consistency tests
are gained as follows:

HCWOA
— WOA
—PSO

\\R

100 200 300 400 500 600 700 800 900 1000
Iteration

Figure 9. Evolution curves of the fitness value formin L .
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1 6.1514 6.1457 3.8134 3.9181 2.7247
0.1626 1 0.9832 0.2600 0.2600 0.3507
v 101627 1.0170 1 0.2600 0.2600 0.4333
LHOWOA T 02622 3.8462  3.8462 1 1.0591 0.3250
0.2552 3.8462 3.8462 09442 1  0.3250
0.3670 2.8514 23079 3.0769 3.0769 1

CI =0.082 RI =124 CR =0.066<0.10

¥, HCWOA ¥}, HCWOA ¥, HCWOA

1 6.1156 6.1009 4.1316 3.7958 2.8451
0.1635 1 1.1734 0.2056 0.2030 0.3003
0.1639 0.8522 1 0.2047 0.2355 0.3941
LWOA T 02420 4.8638  4.8852 1 0.9961 0.3250
0.2634 4.9261 4.2463 1.0039 1 0.2854
0.3515 3.3300 2.5374 3.0769 3.5039 1

Ccl =0.105 RI =124 CR =0.085<0.10

Y, WOA ¥, WOA Y, WOA

1 6.1623 6.1083 3.7820 2.8000 2.4107
0.1623 1 09884 0.2450 0.2087 0.3278
0.1637 1.0117 1 0.1982 0.2361 0.3471
PO T 02644 4.0816 50454 1 0.9020 0.2431
03571 4.7916 4.2355 1.1086 1 0.2459
0.4148 3.0506 2.8810 4.1135 4.0667 1

CI . =0112 RI__ =124 CR__ =0090<0.10

. PSO 1. PSO

In conclusion, the results of comparative experimental analysis are summarized and
expressed in Table 15, where the superiority and effectiveness of the proposed HCWOA
for solving min L and modifying inconsistent comparison matrix are verified by com-
paring with the standard WOA and the basic PSO. The HCWOA optimization algorithm
with the best optimal fitness value proves efficient to reduce the consistency ratio of initial
matrix to 60%, which is capable of assisting the initial matrix to pass the consistency test
automatically and efficiently. Compared with the standard WOA, the HCWOA proposed
in this research under the assistance of the Tent chaotic mapping strategy and the Lévy
flight strategy proves capable of being equipped with excellent convergence accuracy,
speed, and stability, even to handle a large-scale global optimization problem. Further-
more, the parameters ¢ and k& in Equation (11) can be adjusted appropriately when the

better consistency of the comparison matrix is required or more initial information of the
matrix is necessary to be reserved.

Table 15. Result of comparative experimental analysis.

Optimization Algorithm

It Initial Matri
em nitial Matrix HCWOA WOA PSO
Optimal fitness / 0.6131 0.8166 1.1767
value

Consistency ratio 0.110 0.066 0.085 0.090
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6. Summary and Conclusions

In this research, a BECI technical condition assessment approach, which contains spe-
cific on-site inspection regulations with both qualitative and quantitative descriptions, is
proposed, and an improved BECI replacement plan decision system is constructed under
the assistance of the HCWOA. In the first stage of the decision process, on-site inspection
was conducted on the target BECI, which were hierarchically classified according to var-
ious installation types, and the inspection index evaluation was performed to provide the
basis of progressive assessment calculation. A BECI technical condition assessment soft-
ware was developed based on the MATLAB platform by utilizing the proposed assess-
ment approach and algorithm, where the automation of assessment could be realized and
“whether or not to replace” was also determined. In the second stage, 12 kinds of design,
construction, and management requirements were introduced as the criteria, where the
hierarchy model for selecting the performance-based optimal replacement plan was con-
structed via AHP. The HCWOA was designed and employed to modify and handle the
established mathematical model, where the optimal plan can be selected precisely. The
case study demonstrates that the BECI replacement decision system improved by this re-
search proves reasonable and feasible. Simultaneously, the comparative experiments ver-
ify the superiority and effectiveness of the developed HCWOA for modifying and solving
the proposed mathematical problem, where the consistency ratio of initial matrix is capa-
ble of being reduced to 60% and pass the consistency test effectively. The improved deci-
sion system proves to be a reliable DM tool in the field of bridge O and M.

Based on the findings and compared with a traditional decision system, the im-
proved BECI replacement decision system established in this article cannot only achieve
the standardization of BECI on-site inspection but also attain the automations of both the
technical condition assessment and the replacement plan selection. Accordingly, both the
project managers and on-site inspectors are entitled to participate in the decision-making
process directly, which reduces the O and M cost effectively and proves the most signifi-
cant improvement. In conclusion, this research not only improves and automates the pro-
cesses of DM system, but also emphasizes the centrality of people themselves. The effi-
ciency improvement and resource conservation of DM are pursued for those who are the
decision makers themselves; hence, every member in the system has the opportunity to
be empowered and motivated to make decisions.

Notably, only the performances of BECI are considered in the process of replacement
plan selection, while the economic cost during the operation period is excluded. Conse-
quently, in order to enhance the integrity of improved system, further research should be
conducted on the selection of economic-based optimal replacement plan of BECI. In addi-
tion, the forecasting of traffic and the environmental elements such as weather and tem-
perature, which could be variable in the near future, should also be taken into considera-
tion as crucial indices in the DM model, where the sensors arranged inside the construc-
tion could help in data monitoring and collection. Furthermore, the developed HCWOA
is only performed to handle the mathematical model in this research, which could also be
extended to higher-dimensional or multi-objective optimization problems.
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