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ABSTRACT: The detection of damage to structures has received much attention, especially in recent
years. In this research paper, a new method for detecting damage in concrete girders of bridge decks is
presented. Ease of use, high accuracy, and reduction of monitoring costs are the requirements for the new
method. In this research, signal processing tools and artificial intelligence were used to extract damage-
sensitive features so that the presence of damage, its intensity, and its location can be determined with
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very high accuracy based solely on the vibration signals received from a sensor. The accuracy is about
99%, and the error percentage is less than 1. Based on the proposed method, firstly, using the time-
frequency function, the response signals from the structure were processed. The neural network was
trained, using the processed data. To evaluate, validate and ensure the performance of the proposed
method, the numerical model of the concrete girder and the numerical model of the Shahid Madani
bridge in Tabriz under normal and disturbed conditions were used. The results show the high diagnostic
accuracy of this method and the lowest error rate in determining the condition of the structure and the
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location of the damaged element.
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1- Introduction

One of the most significant goals of existing bridges is to
determine the characteristics ofthe bridge and identify possible
damage [1, 2]. Nowadays, the repairing and maintenance of
bridges and especially their structural components are more
researched. However, many of the existing bridges designed
in the past cannot withstand seismic loads and need to be
evaluated and improved according to the new codes [3]. To
strengthen the bridge against earthquakes, it is necessary to
determine and identify the existing condition of the structure.
Based on the existing conditions, the necessary analyzes
are then performed, and needed solutions are presented [4].
Common and older methods of identifying damage, including
observation methods and local nondestructive testing, have
problems, risks, and shortcomings. For these cases, researchers
have proposed other methods for monitoring the condition of
structures, one of which is the basis for using vibration data.
In general, health assessment and damage diagnosis methods
include the two main processes of system identification and
pattern recognition. The purpose of monitoring the health
of bridges is to perform non-destructive field tests and
analyze the response of the structure or part of it to detect the
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presence of structural damage or deterioration, its location,
extent, and impact on the bridge performance before the
bridge becomes inefficient [5-7]. Since bridge responses are
nonstationary and their dynamic response to earthquakes is
usually characterized by nonlinear behavior, the use of square
time-frequency functions for signal processing and feature
extraction has been used in this research [8].

In this study, the condition monitoring and control of
bridges and their structural components are carried out in
the shortest time and without affecting the operation. To
identify damage in concrete girders of bridge decks, a new
methodology was proposed.

2- Materials and Methods

In the research, an intelligent system that uses vibration
data for damage detection is presented. In developing this
system, every effort has been made to detect damage at the
lowest cost and with the highest possible accuracy, as well as
to provide the convenient and practical implementation. The
proposed system consists of these three stages:

Data Collection: In this stage, vibration data are collected
in the healthy and damaged states of the structure.
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Data Processing: in this stage, time-frequency plans
are extracted and collected using the reduced interference
distribution method (RID). The equation of RID for analytical
signal x(t) is defined as follows [9]:

RID(t,w) = J h(D)R, (t,7)e"dt (1)
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where, t and t are time and time lag, respectively. In
addition, h(7) is time smoothing window and R (t,7) is the
kernel defined as below:
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in which, g(v) is the frequency smoothing window
and indicates the complex conjugate. In this research, the
Hanning window was used to estimate the spectrum in the
time-frequency functions.

Making Decision: In this phase, also known as the
classification phase, the neural network is trained, and the
state of the structure is identified.

In this study, square time-frequency functions are used
together with a neural network to detect damage to concrete
girders of bridge decks. For this purpose, a concrete beam
is modeled, and its vibrations are recorded under the effect
of the applied load. Then the model is damaged, the load is
reapplied, and the response signals are recorded. It is worth
noting that in addition to the desired damage in one area of
the beam, the damage is also caused in different parts of the
numerical model, and the above steps are performed for them.
The response signals of the concrete beams are processed
before and after the damage with a reduced interference
distribution function, and the dynamic properties of the
beams are extracted. The obtained properties are used to train
the neural network. The neural network is trained to identify
the damage and determine its position by introducing a new
feature derived from processing the response signals of the
concrete beam. To validate the above method, the structural
results of Shahid Madani Bridge in Tabriz, which was studied
for noise-free and noise-affected responses, were used. The
capability, innovation, and possibilities of this method are
underlined by the fact that although it is easy to use, it can
only detect damage if the data from a sensor is used accurately
and with an error rate close to zero.
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3- Case Study and Dataset

Two numerical models were used to evaluate the
proposed damage detection method. First, a simple concrete
beam was studied. Then, to evaluate the proposed method
comprehensively, the numerical model of the Shahid Madani
Bridge in Tabriz was also used. The modeling of the Shahid
Madani Bridge was done based on the as-built details
prepared by the first author.

3- 1- Damage Scenarios

To study the damage detection method in the concrete deck
of the bridge deck and the Shahid Madani Bridge, a different
single damage scenario is considered for the failure of the
numerical model. These failures are considered by reducing
the stiffness of the elements in the numerical models. In this
study, the number of elements is considered as the location
of failure.

3- 2- Processing of The Response Signals

The response signals were recorded under the stimulus
load before and after the damage. For signal processing, the
reduced interference distribution was used as the desired
function. Using this function, the processed response signals
and time-frequency matrices are obtained. After processing
and calculating time-frequency plans, the dynamic
characteristics of the system were extracted.

3- 3- Determining The Severity and Location of The Damage
in The Structure

In this phase, the training of the neural network starts using
the time-frequency matrices. The search method was used to
select the appropriate network, and the neural networks that
minimize the error function were selected. Therefore, after
training 25 networks at each stage, the network that had the
least error was selected. Of all the neural networks created,
the results of the network whose numbers are closer to 1 in
the data control columns or closer to zero in the mean square
error columns are considered the best-trained networks. This
process is performed based on the number of neurons and the
number of repetitions.

4- Conclusions

In this research, a new method for identifying damage
in concrete beams of bridge decks was proposed. The
proposed method uses the dynamic response of the bridge
structure to detect damage. This method is based on using a
quadratic time-frequency distribution and a neural network.
Considering the existing experience in monitoring the
condition of structures and the superiority of output-only
methods, an approach that does not require measurement
of the input force was chosen. In other words: In this study,
based on the measured response of the bridge structure, its
dynamic characteristics were extracted, and the damage was
determined. Furthermore, since the approach used is based on
output signals, it is unnecessary to build a numerical model
of the bridge. In this study, a new method was proposed to
determine the extent and location of damage to structures by
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minimizing the number of sensors used. To reduce the cost
of monitoring, the responses of the structures were recorded
using only one sensor. As the number of sensors decreases,
the cost of software and hardware for condition monitoring is
significantly reduced. A numerical model of a concrete girder
and deck of the Shahid Madani Bridge in Tabriz was used to
evaluate the proposed method. The obtained results indicate
the optimal suitability of the proposed method and show its
accuracy in diagnosing the extent of the health condition and
localizing the damage. Due to its simplicity and performance,
as well as its practicality, the proposed method can be used for
measuring the condition of concrete girders of bridge decks.
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Fig. 1. An example of a perceptron neural network with a hidden layer
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Fig. 2. Concrete girder of a bridge deck

o gloslw Olasuin ) Jgus

Table 1. Structural characteristics of the beam
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Fig. 3. Number of elements and location of sensors
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Table 1. Structural characteristics of the beam
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Fig. 6. 2D time-frequency plane belonging to one of the nodes in the healthy state
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Fig. 7. 3D time-frequency plane belonging to one of the nodes in the healthy state
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Table 3. The best results of the healthy state

Velr‘iz[ciﬁon RMSE? Train  DC Verification ~ DC! Train )l)l; 01‘: onFold R so)led
0.03867 0.028422 0.999957 0.999976 500 4 1
0.04262 0.035528 0.999947 0.999963 400 4 2
0.096226 0.077003 0.999719 0.999825 400 3 3
0.071144 0.056493 0.999853 0.999906 500 4 4
0.085837 0.069743 0.999789 0.999856 500 4 6
0.023979 0.017455 0.999982 0.999991 400 5 7
0.055343 0.043365 0.999907 0.999945 500 4 8
0.041479 0.032544 0.999947 0.999969 400 5 9

! Data Control

2 Root Mean Square Error (RMSE)

ol Jomo b5 o i F Joa

Table 4. The best results of the damage location

RMSE

RMSE Verification Train DC Verification  DC Train S olasi 099 S oyl S (5 0 )los
0.023507 0.017096 0.999941 0.999968 300 4 1
0.013032 0.010167 0.999982 0.999989 400 4 2
0.035951 0.021679 0.999859 0.999949 500 3 3
0.025733 0.021753 0.999928 0.999949 500 5 4
0.026983 0.023036 0.999922 0.999942 400 3 6
0.03042 0.024327 0.999897 0.999936 500 4 7
0.020157 0.01726 0.999956 0.999968 400 5 8
0.022701 0.01646 0.999941 0.999971 500 3 9
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Fig. 8. The regression diagram
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Best Training Performance is 0.12687 at epoch 388
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Fig. 9. The performance diagram
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Fig. 10. The diagrams of the train state
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Fig. 11. The non-coplanar intersection of Shahid Madani
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Fig. 12. Measuring the dimensions of the concrete girders
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Fig. 13. The mapping of underpass dimensions
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Fig. 14. The geometric characteristics of the concrete girders used in the bridge
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Fig. 15. The cross section of the underpass
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Table 5. The specifications of concretes used in different elements of the bridge
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Fig. 16. The finite element model of the deck of Shahid Madani bridge
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Fig. 17. Upper view of the finite element model of the deck of Shahid Madani Bridge
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Table 6. The damage scenarios of Shahid Madani Bridge

(1) 6w cadas /50 XV %) PYgIom
Voo )
q. \ Y
R \ Y
Y- Y f
. Y [N
. ¥ 4
\z I \4
. & A
v. % q

Ut b Bl (585l )3 b g ool Cowd & e 4S5 ) 5> J3e (59 &5 (odlgiiin hgy 3,8 5l ol Cowd 4 ol 4 asg b

VO gl jl a5 205 o dlinMe cadl e cuond > (RMSE) 14,5 ,S50) 48 3505 oanlie (g5 o 03 plosi] e e s (slojles
Jsho & bgye 3)Shes oy whd (Bigel (s 5853 Golome 1) wjlu omiscied > VL ol g skiailys ( Solo s > 43
ol 013 hjgal Voo 1SS olam b g)p B L o] (6o &S Bbioe s 3eel 3 Sles ayiae (okmd L A 5 Y gl il e
bgsye 3, Slas (it oS 3900 0anlio sl oo Ceand ) (pizzon A1l e ol oo 5 o line (ploli (ol

Obi9al Yoo S5 olawi bg g)95 0 b o (645 oS Wibioe ko &0 5 cin gy 51 45 Ve 9 A Jghn 3 od ) gl 4 avgi b

YYe£



FEVY B YYAY doio VF) Jlo & oyl OF 095 ¢pusS pool () po i 4yl

03lw Sl 0 Y Joia

Table 7. The degree of structural health
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Table 8. The damage location
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Table 9. The results of neural network training to diagnose health using the information of sensor number 1

DC validation /DC wwces

V099 ARYSTY Y 099 LRIy RIS
Epoch100 -0.00039 0.999991 0.135069 0.999999 0.999998
Epoch200 0.94417 0.14189 0.997331 0.208584 0.999995
Epoch300 0.37585 -0.27116 0.862759 0.990478 0.93368
Epoch400 0.858089 0.924427 -0.27725 0.900677 -0.31457
Epoch500 0.156864 0.958475 0.959026 0.566677 0.582495

DC training /DC i jg0]

V099 ARYSTY ANREITY LR SL S RIS
Epoch100 0.004237 0.999998 0.13713 0.999999 1
Epoch200 0.964043 0.143813 0.999205 0.200411 1
Epoch300 0.969389 -0.26358 0.897849 0.999982 0.978484
Epoch400 0.884351 0.956038 -0.26256 0.944898 -0.31088
Epoch500 0.193762 0.990841 0.994788 0.600127 0.631335

RMSE validation /RMSE  uwcoxs

V099 ARYSTY ANRLITY LR SL S PIRLITY
Epoch100 10.70787 0.031506 9.956573 0.012516 0.014544
Epoch200 2.529613 9.917233 0.553036 9.524045 0.024769
Epoch300 2.674626 12.07033 3.966071 1.044678 2.757034
Epoch400 4.032985 2.943076 12.09923 3.373996 12.27468
EpochS500 9.830323 2.181593 2.167078 7.047331 6.917513

RMSE training /RMSE s jg0f

Y 099 ABRYSTY ANRLITY LR SL S PIRLITY
Epoch100 10.62154 0.013265 9.887399 0.008066 0.007277
Epoch200 2.018361 9.849034 0.300034 9.517935 0.007297
Epoch300 1.862284 11.96494 3.401969 0.044635 1.561296
Epoch400 3.619769 2.231763 11.9601 2.498579 12.18682
EpochS500 9.557428 1.018683 0.768437 6.730856 6.462866

el
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Table 10. The results of neural network training to detect the location of damage using the information of
sensor number 1

DC validation /DC wwces

LIRE ST ARRYSL Y 099 F oo IRYITY
Epoch100 0.996836 0.998915 0.999013 0.999099 0.998824
Epoch200 0.956107 0.989708 0.997689 0.999444 0.998993
Epoch300 0.342531 0.564875 0.587179 0.99991 0.999951
Epoch400 0.965126 0.999791 0.454379 0.716487 0.999846
Epoch500 0.713482 0.970999 0.998116 0.444536 0.999591

DC training /DC i jg0]

Y 09 Y 09,9 Y 099 F oo IRYITY
Epoch100 0.997192 0.99916 0.999241 0.99931 0.99911
Epoch200 0.964691 0.991957 0.998124 0.999606 0.999246
Epoch300 0.389609 0.599936 0.620497 0.999951 0.999971
Epoch400 0.977682 0.999849 0.498623 0.741047 0.999911
Epoch500 0.758403 0.993878 0.99916 0.492375 0.999738

RMSE validation RMSE  wces

Y 099 ARRYSL Y 099 F o9se IRYITY
Epoch100 0.136313 0.7983 0.076151 0.072757 0.083113
Epoch200 0.507728 0.245862 0.116513 0.057138 0.076904
Epoch300 1.965045 1.598607 1.557097 0.022931 0.016981
Epoch400 0.452572 0.03504 1.790113 1.29039 0.030089
Epoch500 1.297213 0.412706 0.105195 1.806188 0.048992

RMSE training /RMSE ;401

V099 AT STY ANRIITY Foese PIRLITY
Epoch100 0.128231 0.070126 0.066681 0.063577 0.072197
Epoch200 0.454737 0.217034 0.104814 0.048023 0.066456
Epoch300 1.890691 1.530669 1.490816 0.016977 0.012944
Epoch400 0.361533 0.029715 1.713559 1.231479 0.022818
Epoch500 1.189495 0.189344 0.070151 1.724201 0.039206

Yy
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Table 11. The damage scenarios of Shahid Madani Bridge considering the noise
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Table 12. The degree of structural health
RMSE Verification RMSE Train DC Verification  DC Train 1SS olasy 099 & oyl > (5 0yl
0.035646 0.011228 0.999993 0.999999 500 1 1
&.«.ﬁ.w‘ Joo Y Jg.\e
Table 13. The damage location
RMSE Verification RMSE Train DC Verification = DC Train 1SS olass 099 & oyl )f.mo & oyl

0.017241 0.014143 0.999953 0.999969 400 3 1
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