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Abstract: The study presents the finite element (FE) model update of the existing simple-spans steel-
concrete composite bridge structure using a particle swarm optimisation (PSO) and genetic algorithm
(GA) approaches. The Wireless Structural Testing System (STS-WiFi) of Bridge Diagnostic, Inc. from
the USA, implemented various types of sensors including: LVDT displacement sensors, intelligent
strain transducers, and accelerometers that the static and dynamic historical behaviors of the bridge
structure have been recorded in the field testing. One part of all field data sets has been used to calibrate
the cross-sectional stiffness properties of steel girders and material of steel beams and concrete deck in
the structural members including 16 master and slave variables, and that the PSO and GA optimisation
methods in the MATLAB software have been developed with the new innovative tools to interface
with the analytical results of the FE model in the ANSYS APDL software automatically. The vibration
analysis from the dynamic responses of the structure have been conducted to extract four natural
frequencies from experimental data that have been compared with the numerical natural frequencies in
the FE model of the bridge through the minimum objective function of percent error to be less than
10%. In order to identify the experimental mode shapes of the structure more accurately and reliably, the
discrete-time state-space model using the subspace method (N4SID) and fast Fourier transform (FFT)
in MATLAB software have been applied to determine the experimental natural frequencies in which
were compared with the computed natural frequencies. The main goal of the innovative approach is to
determine the representative FE model of the actual bridge in which it is applied to various truck load
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configurations according to bridge design codes and standards. The improved methods in this document
have been successfully applied to the Vietnamese steel-concrete composite bridge in which the load
rating factors (RF) of the AASHTO design standards have been calculated to predict load limits, so
the final updated FE model of the existing bridge is well rated with all RF values greater than 1.0.
The presented approaches show great performance and the potential to implement them in industrial
conditions.

Keywords: vibration analysis, accelerometer, FE model update, concrete bridge, particle swarm opti-
misation, genetic algorithm

1. Introduction

In recent years, the structural health monitoring system (SHM) has been shown to
play an essential role in tracking the health of aerospace, offshore oil platforms, rotating
machinery, bridges, buildings, and wind turbines [1-3]. SHM has the objective of providing
tools to track changes over time, such as structural members, the growth of concrete cracks,
load limits, and the effects of the environment on bridge structures [4,5]. A typical SHM
system encompasses the following components: Smart Sensors, Data Acquisition System
(DACQ), Signal Processing, FE Model Updating, Damage Detection Algorithms [6,7], and
constitutes an effective tool for online diagnosis of structure. The capabilities of modern
SHM equipment can be even further improved by applying optimisation algorithms together
with advanced signal processing techniques to predict many problems of steel and concrete
structures due to damage and overload through machine learning [8]. There are many data
sets collected from the SHM system installed on the bridge structures that depend on the
various types of sensors that will have different methods to their data signal processing, so
updating the FE model is one of the innovation ways to determine the representative model
of actual bridge using novel simulation technology.

Following the discussion of the updating FE model of bridge structures based on vi-
bration signals is an inverse problem in which uncertain parameters may be calibrated
by the stochastic subspace identification (SSI) algorithms. As an example, the wireless
vibration-based SHM system for the cable-stayed bridge that includes vertical and lateral
mode shapes was extracted by the SSI method [9-11]. In the other example, the exper-
imental modal analysis method (EMA), the operational modal analysis (OMA), and the
operational modal analysis with eXogenous input (OMAX) were applied to update the FE
model of the Z24 highway bridge [12]. In another example of the experimental mode shapes
of the arch footbridges were predicted from the vibration signals of three-axial MEMS and
then compared with the modes and eigenvalues calculated in the SOFiSTiK software [13].
A more detailed discussion of the particle swarm optimisation (PSO) method and subspace
algorithms (N4SID) was used in the FE model update of the cable-stayed footbridge [14].
The above methods including SSI, OMA, OMAX and N4SID algorithms have been pre-
sented that they are the simplest solutions in identification of eigen frequencies and mode
shapes of multidegrees-of-freedom (M-DOF) system by the mass, damping and stiffness
matrix. These can calculate the natural frequencies and damping ratio from data sets of
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field vibration signal sensors more accurately and reliably that can connect the numerical
natural frequencies of the bridge structure in the FE modeling.

For a few examples of applications in vibration analysis from field dynamic testing,
the methods have been successfully applied to bridge structures. The parameters of the
identification system based on vibration modes from the measurement of the deflections and
accelerations of the stress ribbon bridge, compared to the natural frequencies of other tested
footbridges [15]. Some similar examples of structural health monitoring systems were based
on modal analysis to predict natural frequencies of bridges and other strain sensors [16—18].
For these applications in the references, this makes it possible to continuously improve the
accuracy of the model by updating its parameters, which, in turn, opens up a variety
of additional possibilities and applications, starting from calibration of uncertainties and
ending with damage monitoring and identification [19, 20]. There are some limitations in
these papers, in which questions have been raised regarding the final goals of the calibration
of representative structural model that can be applied to the current design standards or not,
so updating the full-scale FE model of the existing bridge is the most important approach
for the rating of the load capacity of the structure based on the repair requirement and
maintenance management. In order to develop the FE model update of the structure more
accurately and reliably, communicating between finite element analysis (FEA) software
and powerful opimisation tools has been an excellent solution.

In addition, powerful finite element analysis tools have been used for the FE model of
structures such as: ANSYS, ABAQUS, SAP2000, MIDAS and SOFISTIK software that
are connected to interface with other programming languages including MATLAB and
PYTHON software, in which the excellent optimisation methods can be implemented into
the FE modeling automatically. For a more detailed explanation of the modal identification
of the historical timber bridge, the SSI method and Bayesian parameter estimation for the
FE model were extracted in the SAP2000 software [21]. The Bayesian FE model update was
performed on the twin cable-stayed bridge FE model using the MATLAB toolbox [22].
Genetic algorithm was applied for the tied-arch bridge using MATLAB software and
OPENSEES [23]. The Kriging model and the particle swarm optimisation algorithm were
applied to calibrate six updating parameters of the existing bridge model developed in
the ANSYS software [24]. The sensitivity-based FE model updating by the MATLAB,
ABAQUS and HYDRO/WADAM software was applied to the existing bridge [25] and also
was treated to the long span suspension bridge [26]. Although the efforts of these papers
have been focused on the full-scale FE model of bridge structures, however, a lot of sensors
have been used to record the dynamic behaviors of the structure to increase the cost of
field testing, the lack of final updated FE model assessment and evaluation according to
the bridge design codes.

Details of the other experiment can be found in the updated FE modeling parameters
for a truss bridge and a tied-arch bridge using the Kriging model based on the GA and
Latin hypercube sampling method established in the ANSYS and MATLAB software [27].
Vibration based-SHM and FE model updating established by MIDAS Civil 3D were per-
formed for the three-span steel-arch-steel-girder bridge [28]. Sensitivity-based FE model
updating of the existing steel bridge was performed by implementing it in the PYTHON
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and ABAQUS software [29]. Other interesting studies on the methodology of genetic al-
gorithms, generative design optimisation and the DYNAMO FEM package methods were
applied automatically to update the design processes of arch bridges [30]. These studies
showed that the GA optimisation methods have great potential applications in the struc-
tural design and field experimental investigations to update the FE modeling of the bridge
structures using powerful improved tools of FEA software that connect with the PYTHON
or MATLAB. There are many goals for the structural optimisation approaches that the FE
model updating of the existing structure based on the experimental data sets has been the
most one of innovative solutions to deal with the actual behaviors of structural life-cycle
assessment.

The presented case study concerns updating the FE model with PSO and GA optimi-
sation methods, which can be used to connect with the numerical results of the FE method
to calibrate the actual behavior of the representative model for the diagnostic load testing
of existing bridge structures. The natural frequencies of the field structural testing are ex-
tracted through the WinGRF software provided by the Bridge Diagnostics Inc. (BDI) in the
USA, also determined through the Fast Fourier Transform (FFT), N4SID and MODALSD
algorithms in the MATLAB software. These proposed methods are tested for the full-scale
model of the simple-span steel-concrete composite Ruri bridge connecting the PhuYen and
DakLac provinces in Vietnam. The attempts in this paper will cover the main issues includ-
ing: estimating the experimental natural frequencies of structure by the N4SID algorithm
in the MATLAB software and then calibrating the FE model by PSO and GA optimisation
procedures implemented in the MATLAB software to automated interface with the FE
model in the ANSYS software.

The main reason and key application for producing a calibrated full-scale model are to
have one realistic model to compute load rating procedures and predict load limits using the
design specifications of the American Association of State Highway and Transportation
Officials (AASHTO [31]) design specifications, which can be performed for any load
configuration. The final field calibrated model can be used to evaluate the capacities of
the structural member through the analytical results of the bending moments and shear
forces of the structural members at the midspan of the bridge model under live-load and
dead-load to compute the rating factor and then predict the load limit according to design
standards.

2. Methodology
The general equation of motion of the structural system [32]:
(2.1) [M] {ii} + [C]{u} + [K{u} = {F}
where: [M] is the structural mass matrix; [C] is the structural damping matrix; [ K] is the

structural stiffness matrix; {ii} is the nodal acceleration vector; {u} is the nodal velocity
vector; {ut} is the nodal displacement vector; { F'} is the applied load vector.
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The equation of motion of an undamped multidegree-of-freedom (MDOF) system is
given by:

2.2) [M] {ii} + [K]{u} = {0}

This equation is transformed into the modal domain: mode shape vectors and natural
frequencies can be rewritten as follows:

(2.3) (-’ [M]+[K])$n = {0}

where: w is the undamped natural frequencies; ¢ is the mode shapes of the system.
The error function of the vector of natural frequencies is as follows:

N e 2
(2.4) E, = (a)[ -\ /—")

The natural frequencies of the existing Ruri bridge structure depend on the stiffness
properties of materials such as Young’s modulus and densities of seven steel girders and
concrete deck; cross-sectional steel girders and even thickness of slab.

The proposed methodology for updating bridge models is based on the interaction
between the ANSYS software and the MATLAB functions used for optimisation of the
parameters of the model following the flowchart presented in Fig. 1. The process includes
performing modal analysis using field experimental data in the MATLAB software, struc-
tural FE modeling and analysis in the ANSYS software, data comparison in the objective
function in the MATLAB software, and calibration of the FE model after every step in the
ANSYS software. The final calibrated FE model is used to apply load cases according to
bridge design standards.

The objective function obtained from the error between the measured natural frequency
fm and the natural frequency f, calculated from FE modeling, where N represents the
number of frequencies from field measurements or dataset collected by the FFT analysis.

N
2.5) f:Z(fmf_fc
i=1 m

2
) < tolerance = 10%

The Gaussian density distribution called the normal probability distribution func-
tion [33], with a single variable x, can be written as:

1 _ew?

(2.6) N(x]| uo-z) = 3¢

2r0?)

where y is the mean, o is the standard deviation.

Optimisation algorithms are applied to implement in the MATLAB software for the
full-scale FE model updating of bridge structure such as the PSO and GA methods. The
lower bound (/b) and the upper bound (ub) of the FE model update are the most important
variables in optimisation procedures based on the cross-sectional properties and mechanical
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Fig. 1. Optimisation approach flow diagram for interaction between the MATLAB and ANSYS
software

elastic materials of steel and concrete. The optimisation options of the PSO and GA methods
can be set for hybrid functions. A set of variables is defined as follows:

2.7 Ib<x<ub

where {x} is the list of stiffness parameters such as: Young’s modulus and density of steel
for beams, Young’s modulus and density of concrete for deck, section height, section width,
web thickness, flange thickness, flange width, etc.

The application of the SSI and N4SID functions is based on data from the time-domain
and the frequency-domain of vibration signals that can determine the modal identification
of the n-DOF system. In the study, the N4SID, IDDATA, MODALFIT, MODALSD and
MODALFRF functions in the MATLAB software can be applied to estimate the stiffness
and mass matrix of the system, which can calculate eigenvalues and eigenvectors, and then
predict natural frequencies vector and damping ratios.

Master variables such as material properties and cross-sectional main girders are up-
dated, while slave variables are selected to reduce the number of parameters in the FE
model. The main reason for selecting many master and slave variables in the paper is the
structural member of the existing bridge built by two materials including: steel girders
and reinforced concrete deck. The neutral axis of the cross-sectional steel girders could be
different and change at various positions due to the existing steel-concrete composite bridge
in which the anchor bolted steel connections and welded joints could not work correctly in
some girders and cracks observed in reinforced concrete.
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The Rating Factors (RF) are computed using the equation in the AASHTO manual for
the evaluation of bridge structures under load configurations [31,34]:

—AD
(2.8) Rp=_C-AD
AL(1+1M)

where: RF is member rating factor; C is steel or concrete member capacity (ultimate or
allowable, nominal moment M,, and nominal shear force V,,); D is dead-load (self-weight)
effect; L is live-load effect; A;is dead-load factor with 1.0 for the Allowable Stress Design
(ASD) method and 1.3 for Load Factor Design (LFD) method; A, is live-load factor with
1.0 for ASD and 2.17 for LFD inventory and 1.3 for LFD operating; IM is live-load impact
or dynamic factor (AASHTO or measured).

The AASHTO rating and posting load configurations are used to model the various
truck load cases according to the design standards and compute the ultimate capacity of
steel girders, as shown in Fig. 2. M,, and V,, are the nominal bending moment capacity and
the shear force capacity of the structural members, respectively. H is the section height of
I-shaped girders, ¢, is web thickness, I.is the moment of inertia about the z-axis, S is the
modulus of section, z. is the neutral axis (N/A) at the center (c) of the cross-section of the
I-shaped steel beam. For this Ruri bridge, fy is the yield stress limit state of the steel beams
(assuming 33 ksi or 227.52 MPa), A; is 1.3, A, is 2.17 and the impact is 33% according to
the bridge design standard. The RF is greater than 1.0, indicating that vehicles may cross
the bridge without restriction. When the RF is below 1.0, vehicles should not cross, and
the load limit is multiplied by the weight of the truck.

35 kN 145 kN 145 kN q=93kN/m
3 m 43m-+9m
o3 LV bane
] Load

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, @ e
4 16 16

HS-20 )i 4.27 m 14.27 m+9.14m| |
(36 tons
@@ 7777777777777777777 @/ ’/; 1.83m 2.13m_( e y

8 8.5 8.5 -t H W

Type 3 | 4.57 m [1.22] Swill 7
(25 tons) ! ) Axle

__________ @@ Lo 2
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Type 352 3.35m |1.22 6.71m 1i22)" " /5 _ L N
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Fig. 2. Application of load rating procedures using AASHTO load configurations
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3. The case of study: ruri bridge in vietnam

3.1. Description of the structure

The Vietnamese Ruri Bridge is located on the main road that connects the provinces
of PhuYen and DakLac. The simple-supported span is 18 m long and has a skew angle
of 60 degrees. The bridge structure consists of seven steel beams (rolled profiles 1760)
on which a reinforced concrete slab of the deck is placed with a thickness of 15 cm. The
beams are connected by five steel crossbars and supported on abutments by steel bearings.
Fig. 3 shows the diagnostic load testing of the existing Ruri bridge and some images in
the field. The structural testing procedures in the field including: a) static load testing with
two trucks; b) dynamic testing with one truck; c) assessment and evaluation for concrete
and steel quality by other devices; d) scaffoldings for mounting sensors (strain transducers,
displacement sensors and accelerometers).

‘ Static load testing

Y S

TUY-HOA (East)
e dih

Mountingdisplacement sensors

Fig. 3. Overview of the Vietnamese Ruri Bridge

The location and description of sensors attached to cross-sectional girders at the
midspan are presented in Fig. 4. LVDT displacement sensors were installed at the bot-
tom of the girders at the midspan and the reusable strain transducers were mounted at
the bottom and top of the girders at the midspan where the measured data were collected
according to three static load cases. The accelerometers were located at the middle of the
span to record the dynamic behavior of the bridge while the test truck crossed the bridge
at high speed. Intelligent sensors of the SHM system for the structural testing of the bridge
in which the connector interfaces contain the sensor identification (ID) name and calibra-
tion factor within a memory chip inside the sensor connectors. For example, the strain
transducer (B3934, B3924, .. .) with “B” means strain sensor; the accelerometer (A2267,
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A2270,...) with “A” means acceleration sensors; the LVDT sensor (LV9804,L.V9648, . . .)
with “LV” means displacement sensor. The ID name of sensors that can easily recognize
the various types of sensors and can also be used for the database management of sensors
by the software automatically.

'|b 190 , 120 190
=] Y@%{ ]
I [ T

75 350 350 75 25L
™

Location of the sensors
on the bridge
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(oem) et

)
L-J “ Al A 4]

—><] Strain Tronsducer of

. Deck (SD)
sleel beom B3921, B3933,...
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~
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B3934, B3924,.. § V9804, LV9648, ...

1 t
l
U
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42
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-

L 62 k 6x96=576 k 62 !

Fig. 4. Cross-sectional steel girders (in centimeters) and field instrumentation plan

3.2. Experimental vibration and static-load testing

The test setup and the instruments used in the experimental study consist of the Wireless
Structural Testing System (Model: STS-WiFi version 2015) with 32 channels manufactured
and provided by Bridge Diagnostics Inc. of the USA [35]. The system uses the Mobile Base
Station to connect with 8 four-channel nodes, which can implement a wide variety of sen-
sors including: 24 strain transducers (ST350, 350 Q, +4,000 pe), 7 LVDT displacements
(£3 in/£75 mm), 9 accelerometers (+£5 g) and AutoClicker mounted on the test vehicle,
as seen in Fig. 5. Experimental equipment and instruments. Each four-channel STS-WiFi
node uses a broadband wireless network to connect with the Mobile Base Station, which
in turn communicates wirelessly with the user’s laptop. The WinSTS software is used to
record the field data in real time through the interface to the STS-WiFi system.

Three accelerometers were installed on the bridge to record vibration signals in three
directions when the truck passed the bridge with a speed of approximately 100 km/hour
centered. Fig. 6 presents the results of FFT for vertical, horizontal, and longitudinal vi-
bration from selected data files. Natural frequencies were identified and predicted on peak
amplitude methods that were extracted from dynamic load test data files through the FFT,
N4SID, MODALFIT and MODALSD were also used to generate the diagram using the
least-squares complex exponential (LSCE) algorithm for estimating the natural frequen-
cies and damping ratios that the four natural frequencies were observed detailed as shown
in Fig. 6.
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Fig. 5. Experimental equipment and instruments

Diagram | O Stable in frequency
300] 15— TR Stable in frequency and damping
000 € 4 O 4+ - O -+ Notstabeinfrequency
_ 200 o o4 Averaged response function
% s oy ] o5 o - 0
E 100 5 1 410 o ot .
H 8600 gror 1 — IS : $
3 s | o B o s ¢ ¢
g 9 H 3 |\ S N G S g
3 £400) B N . . ¢ g
S .100] 2 gl X o . .
H o I P I .
200} 200| ‘k . N \
a0 A M . -
0 00 200 30 400 50 0 5 10 15 20 5 10 15 20 25 0 35 40"
Time [sec) Frequency [Hz] Frequency (Hz)
‘Stable in frequency
Diagram |+ Stablein frequency and damping
o = Not stable in frequency
. Averaged response function
G 40 ) ! 3 TP
€ &
Exfy N 5 : .
< 230) 2, o0 8
L
H 4 E g
g 20} B2 ] g
£ 1
£ 10)
N ‘ MNJ
0 100 200 300 400 500 () 5 10 15 20 5 10 15 20 25 30 35 40"
Time [sec] Frequency [Hz] Frequency (Hz)
O Stable in requency
lization DIagram | Stable in frequency
w 15 + + Notstable in frequency
e 4 T (T = i Averaged response function
£ e S | . 8r .
r 83| S10 .o . 8
< "~ 2 S N . C .. < 2
- S 3 \ K o 5
g £, 3 s . 5 P
< g Le E g |
H P B ; 1o
520 ¥ 2
§ 1 2
w A s :
15

0 00 200 30 400 50 0 5 10 20 5 10 15 20 25 30 35 40
Time [sec] Frequency [Hz] Frequency (Hz)

Fig. 6. FFT results for accelerometers

The field structural testing was performed with the number of test cycles with many data
files. Fig. 7a and 7b present the results of deflections at the mid-span under static vehicle
loads (two trucks with 63.83 tons) where the deflections of the girders were shown the
labels: Beam 1, Beam 2, etc. The maximum measured deflection was 11.26 mm, which is
less than the AASHTO requirements of L/800 (21.75 mm) serviceability limit deflection.
Fig. 7c and 7d show the results of the strain response history at the top and bottom of the
cross-section of the girders at the mid-span. The maximum measured strain was 254.47 pe.
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The strains were recorded at the top of steel girders with the labels: Beam 1 (TOP), Beam 2
(TOP), etc., while the strain values at the bottom of the girders were labeled Beam 1
(BOTTOM), Beam 2 (BOTTOM), etc.
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Fig. 7. Experimental results of displacements and strains at the mid-span cross-section of steel beams

3.3. Finite element modeling

The bridge structure was simulated in ANSYS in the form of seven longitudinal beams
and five transverse beams that were modeled using the BEAM188 element. The elastic
beam element has two nodes with twelve degrees of freedom, including axial, torsional, and
bending displacements. A concrete deck slab was modeled using the SHELL181 element,
which has four nodes with six degrees of freedom at each node including: displacements
along the x, y and z directions, as well as rotations about the x, y and z axes. The BEAM 188
element is applied to implement the different I-shaped section-cross types in 3-D geometry
describing width of flange, flange thickness, web thickness and depth. The FE model of
the Ruri Bridge was developed in ANSYS with 3293 nodes and 3964 elements, assuming
linear elasticity and ignoring damping effects, with doubly pinned boundary conditions at
the ends of the I-shaped steel girders. The results of modal analysis and natural frequencies
of the FE model for the bridge are presented in Fig. 8. The graph also displays the two-
dimensional group of point load cases defined by the FE model, where loads are applied
similar to actual load testing and the standard AASHTO rating vehicles. The main purpose
of the programming solution with codes and commands written by MAPDL in ANSYS, is
to create an own application which can write and read data files after every loop iteration,
update, and access to database information of the numerical results. The MATLAB will
support user-friendly interfaces with advanced optimisation modules for management of
results, parameter files of the FE modeling.
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Initial FE modeling

Fig. 8. The natural vibration modal shapes of the Ruri Bridge

3.4. Results of the FE model updating

Table 1 shows member cross-sections and material properties to be defined for indi-
vidual members. Deck elements are defined as concrete material with initial values for
material modulus, steel-reinforced concrete and Poisson’s ratio. Longitudinal beams are
given the same member group having the same I-shaped cross-sections and mechanical
properties of structural steel, which are also created to assign for transverse beam elements
with the same area of rectangle. The stiffness properties in the initial FE modeling are
assigned to the different groups, so they can be changed during the optimisation procedure.
Variables for various types of beams are set in lower and upper bounds based on steel and
concrete standards. Poisson ratios are constant: 0.2 and 0.3 for concrete and steel materials,
respectively. Safety barriers and asphalt pavement layers on the concrete bridge deck are
not considered in the FE modeling. Dead load includes the self-weight of the structure
plus 22.5 kN/m? to account for 5 cm of asphalt and railings not defined by the FE model
applied during load rating only.

Table 1. Parameter definition of updating FE model for mechanical and section properties

Initial Lower Upper PSO GA

values limit limit method | method Ref.

Parameters

Elastic modulus of
the concrete deck, 25 21 40 33.16 32.20 [31,36]
Econcrete, [GPa]

Density of concrete,
Pconcrete [Kg/ m3]

2500 2300 2600 2502.60 | 2378.20 [31,36]

Continued on next page
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Table 1 — Continued from previous page

Initial Lower Upper PSO GA
Parameters o s Ref.
values limit limit method | method
Thickness of concrete
deck slab, 150 100 300 133.14 151.91 [31]
Tthickness deck» [Mm]
Elastic modulus of
steel girders:
EBeam1 220.35, | 178.74,
EBeam? 220.50, | 179.07,
EBeam3 220.50, | 179.44,
210 178.5 220.5
EBeamda 195.68, | 184.39, | [31,37,38]
EBeams 182.26, | 191.73,
EBeam6 178.50, | 218.90,
EBeam7 178.50, | 202.37,
E ranverse beams [GPal 203.55 216.45
Density of steel, 7850 | 7750 | 8050 | 7750 | 7989.2
Psteel [kg/m™]
Section dimensions of longitudinal I-shaped steel beams
Section height, 760 532 912 | 53472 | 540.88
H [mm]
Flange thickness, 30 15 60 60 3761
tf [mm]
«a ratio 0.35 0.25 0.7 0.25 0.42
B ratio 0.66 0.5 1.0 0.92 0.57
; [31,39,40]
Flange width, 270 o H 13391 | 232
B [mm)]
Web thickness, 20 Bty 5547 | 2159
ty [mm]
Section dimensions of transverse rectangular steel plate beams
Height 380 HJ2 26736 | 270.44
h [mm]
Thickness, 20 f 5547 | 21.59
t [mm)]

Fig. 9 shows the results of the normal probability distribution of uncertain parameters
for updating the FE model obtained from the PSO and GA optimisation methods. The graphs
are an effective way to verify the calibrated parameters corresponding to an approximation
of the Gaussian distribution, which can be used to monitor tracking stiffness parameters of
the FE model updating every step running in the optimisation procedure. Sensitivity-based
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analysis is implemented in the form of 16 vectors of uncertainty parameters of the real bridge
structure in the PSO and GA approach after 10000 generated samples. Furthermore, the
concrete deck increased from 25 GPato 33.16 GPain the PSO method and 32.20 GPa in the
GA method, indicating that the reinforced concrete structure behaves normally throughout
the entire structure of the interface between the slab and the beams. By modifying the
master and slave variables in the model, the calibrated height of the longitudinal I-shaped
steel beam decreased from 760 mm of the initial FE modeling calculated from the PSO
and GA method to 534.72 mm and 540.88 mm, respectively.
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Fig. 9. Results of the probability Gaussian distribution of 16 parameters

The main goal of using the Gaussian distribution only is the simplest way that can
report the evidence of variables and tracking of their limits in the two methods and more
detailed explanations of all these terms; note that it is not used to seek the final updated
variables.

Table 2 contains the initial design and final values of the natural frequencies of the
PSO and GA method, and the results of the experimental frequencies. The final analytical
frequencies are obtained from calibrated FE modeling based on PSO and GA techniques
with 8.12% and 8.18% of the highest errors within 10000 steps, respectively. From the
table, one can observe that for the results of updated modal frequencies after 1000 steps,
the percent errors are below the level of 10%.
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Table 2. Natural frequencies (Hz)

First Second Third Fourth

Methods mode mode mode mode Ref.
Measured Frequencies FFT and
(Hz) 2.66 4.29 9.38 12.19 WinGRE-BDI
Natural Frequencies 2.705 4.363 9.275 11.920
(Hz) (-1.69%) | (<1.70%) | (1.11%) | (2.21%) | N4SID, MODALFIT
Damping (%) 27 1.6 2.7 0.2 and MODALSD
1000 PSO 2.545 4.251 10.191 11.154

method | (4.31%) | (0.90%) | (-8.64%) | (8.50%)

GA 2.526 4.409 10.161 | 11.336
method | (5.01%) | (=2.78%) | (=8.32%) | (7.00%) ANSYS APDL

PSO 2.547 4.339 10.142 11.331
10000 method | (4.23%) | (-1.14%) | (-8.12%) | (7.04%)

steps GA 2.547 4361 | 10.148 | 11.340
method | (4.22%) | (~1.66%) | (-8.18%) | (6.97%)

steps

Fig. 10 presents the graphs of the total percent error with the number of iterations,
the natural frequencies of the updated FE modeling, and the results of the moment and
shear forces RF for steel structural members under various live-load cases and dead-
load using the updated FE model. The values of the PSO method fluctuated significantly,
while the variables of the GA method remained stable after 4000 steps. The plots show
in tracking important changes of the entire optimisation processing taking place step by
step, where it could monitor structural health using key RF information to predict load
limits. In the RF equation above, dead-load and live load effects were computed from
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Fig. 10. Total percent errors and numerical results of calibrated FE model
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the updated FE modeling at the cross-sections with maximum bending moment and shear
force diagram corresponding structural members. From the final updated FE model, the
maximum numerical deflections below 63.83 tons of two trucks were 27.48 mm and
25.65 mm from the PSO and GA methods, respectively. The minimum RF of moment in
the PSO method was 1.11 for the HL93 load case and the RF in the GA method was 1.27 for
the HL93 load case, while the RFs of other load cases were greater than 1.0. The structural
members of this bridge have the RFs for shear force much greater than 1.0.

4. Conclusions

In the study, the GA and PSO optimisation methods based on the full-scale FE model
update of the existing bridge through the field measured natural frequencies compared and
modified with the numerical natural frequencies of the analytical FE model that were suc-
cessfully implemented in the MATLAB software to communicate with the ANSYS APDL
software. The general conclusions from the field-updated FE model with two techniques
are as follows:

— The GA optimisation approach was more computationally efficient than PSO for the
number of samples, choosing parameters in 1000 steps. The stiffness parameters of
the PSO method were updated after each step to climb near the lower and upper
limits, whereas the GA method had better strategies for choosing variables.

— The numerical results of the final updated stiffness parameters have shown that the
natural frequencies of the final updated FE model decrease significantly in the initial
FE modeling, which depends on the stiffness properties of steel beams, especially the
largest changes in heights of I-shaped beams. Therefore, the numerical results of the
final modified FE model for this existing bridge from the optimization procedures
indicated that the adjustment of the variables of the stiffness properties of the main
steel girders has been effectively performed to have the best representative FE model
of the actual bridge structure.

— All RF values of the moment and shear force of the structural members were greater
than 1.0 and this bridge was well rated. The RF values of the member bending
moments were received with more attention than the RF values of the shear forces.
This means that the evaluation of this existing bridge has focused on the effects of
the bending moment more important than the shear force. Because the RF values of
the shear forces in the steel girders were significantly higher than 1.0.

— The final updated FE model can realistically and accurately represent actual bridge
conditions, and this final model has been efficiently applied to various truck load
configurations according to bridge design codes to determine the load limits of the
existing bridge.

The results have clearly demonstrated that the proposed method is suitable and shows
the potential of industrial applications in the testing of diagnostic loads and SHM of bridge
structures. For future research effort, the FE model update of the bridge structure can be
extended to calibrate the numerical strains and displacements in the FE model compared
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to the field responses measured in the SHM system, because these are limitations of the
FEM model updating based on the vibration analysis of the full-scale bridge model with
a few accelerometers in this paper that can improve the numerical results of the dynamic
and static structural responses by combining field data sets of LVDT displacement sensors,
strain transducers and acceleration sensors. The results of overloaded vehicles, deflections
and critical damage values of bridge structures can be predicted through the final updated FE
model that implementing in field sensors of the long-term SHM system may be conducted
in future studies. Furthermore, the final updated FE model can be used to understand the
concrete fatigue stress to implement in the real-time field data monitoring application of
the alert system built on the 3D BIM-based structural management platform as ‘remote
eyes’ through emails, SMS texts or online telegrams to make evaluation decisions and
recommendations on troubled structures as soon as possible. Data sets from the simulation
of the updated FE model could be used to conduct damage scenarios that deep learning
algorithms could be utilized to evaluate structural health and unhealthy states for the
current and future SHM project of the civil engineering structure. The updated FE model
may provide key and important new insights on the numerical behaviors of the current
actual structure, so that it will be the new innovative solution to combine data sets in the
field and realistic simulation to monitoring aspects of life cycles for civil infrastructure.
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