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Abstract

To perft〕rmefficientmaintenance and assessment for ａ vast number of bridges at one time, bridge

screening technology is required. A bridge which has damage with higher ratio should be given ａ

priority for an inspection by screening than others. This study scopes bridge health monitoring

(BHM) technologies only by using vehicle responses for damage identification.The bridge health

can be evaluated roughly but quickly during the vehicle travelling through the bridge. Sensors are

installed only on the vehicle. This dissertation callsthis kind of methods only-Vehicle-data-Oriented

ＢＨＭ(ＶＯ-ＢＨＭ)ｍｅthod.In thisstudy, damage identification method based on new three VO-BHM

methods are proposed and verifiednumerically and experimentally,｡

　　　　

The firstproposed method is curvature-based VO-BHM method. Wavelet coefficient of

vehicle acceleration response is ａ non-linear function of the bridge curvature which is sensitive to

local damage｡

　　　　

The second proposed method is indirect Mo de- Shape-based VO-BHM method. This method

insists in five steps: Estimation of input vibration of the vehicle, extracting of bridge response

components, canceling of moving observer effect,mode decomposition and damage identification.In

this method, the non-linear problem of vehicle-bridge interaction (VBI) system is handled by

interpolation function matrix. In this method, to estimate the bridge mode shape, bridge vibrations

are estimated, first.There are many uncertainties which affect the resultsin each step. However, the

required estimation accuracy is always higher than obtained, because the bridge mode shape changes

very slightlyeven afterserious damage occurs｡

　　　　

The last proposed method is direct Mode-Shape-based VO-BHM method. In this method,

interpolation is directly applied to vehicle acceleration responses. In this method, although the

estimation accuracy of mode shape is stilllow, the performance for damage detection is superior to

the other methods. To estimate mode shape, singular value decomposition is applied to preprocessed

signals.Only thismethod can detect bridge damage from data measured inａ fieldexperiment｡

　　　　

To verify these three proposed methods, numerical simulation and laboratory and field

experiments are performed. Numerical simulation uses rigid-spring model and one-dimensional

finite element beam as the vehicle and bridge, respectively. By numerical simulation, the factors

which affect estimation are cleared. The Curvature-based and direct Mode-Shape-based proposed

methods are verified in laboratory experiment, but the uncertainties such as bumps and road

unevenness decrease the damage identification accuracies asａ result.０ｎthe other hand, only direct

Mode-Shape-based VO-BHM method shows high feasibility for damage identification, even by

using experimental data measured on the vehicle passing over the actual truss bridge. In the

experiment, artificialdamage is introduced. As ａ result,the changes of estimated mode shape due to

bridge damage is larger than the variation of them caused by uncertainties｡

　　　　

For utilizationof this method for actual damage identification,although there are stillmany



other uncertainties to be examined, it is firsttime that the efficientdamage identification methods

verified by data of actual bridge testare proposed.
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Chapter l ．　Introduction

1｡1.Backg｢ound
1.1ﾌﾞ1.Vibration-based BH Ｍ

Recently, to settle the problem on how to maintain ａ vast number of aging bridges beyond their

lifetime, bridge health monitoring (BHM) based on vibration measurements has been intensively

studied. BHM system is structural health monitoring (SHM) specialized in bridge. The structural

state of mechanical and civil structures can be usually estimated by visual check【】],vibration,

therｍｏｇraph[2],tap-tone[3]and so on. Using vibration is eflficientto obtain objective indices for

structural health. Vibration-based SHM can be categorized into two methods[4]:using controlled

excitation and using random excitation｡

　　　　

The methods using controlled excitations are often applied to SHM for mechanical

structures such as industrial products[5]and members of civil structures[6].The advantages of this

method are the high accuracy and low difficultiesin estimation for 丘equency response function

(FRF). FRF involves all information of the structural characteristicsin the spatial and fi°equency

domain[71. The changes of FRF show the effects of structuraldamage or abnormality, accurately.･

However, the application of thismethod to civilstructures such as bridge is generally difficultdue to

their scales, even though there are some exceptions in which shakers are installed on short span

bridges[8]'[9]ortruss members[6]to estimate theirconditions｡

　　　　

SHM by using random excitation are applicable to general bridges. The random exciting

loads acting on bridges are mainly wind loads[101,[11]and trafficloads[12]･One of the demerits of

SHM based on random inputs liesin the difficultyto measure external force[4].If the rando ｍ inputs

have stationary white characteristics,the FRF of bridge can be estimated as the pseudo-FRF only by

using bridge vibration responses data[12]It is expected that wind load characteristicsis generally

stationary in proper short time[13], while trafficloads are not[14]ぷ51.1f the monitored bridge is

Sｕt!jectedto non-stationary loads more significantly than stationary loads, the丘equency domain

characteristicsof the bridge vibrations change temporally [16]At this case,it is necessary to consider

the applicability of analysis methods. For ａ short span bridge, ａ trafficload becomes ａ more

significant factor than for ａ longer span bridge[15]. For utilizationof vibration-based BHM, it is

important to examine the applicability of the methods using trafficload excitation. BHM based on

traffic vibration can be classified into three kinds mainly[4]:both vehicle and bridge responses

oriented, only bridge response oriented and only vehicle response oriented｡

　　　　

The method using both vehicle and bridge data once can be often called model updating

method[17]. In this method, the finiteelement models (FEM) of the bridge are optimized by bridge

and vehicle vibration responses, to estimate the probable neχural stifEhess.　Although the h塘ｈ
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accuracy of damage detection is reported in some previous studies based on ａ model updating

ｍｅthod[''＼there is stilla technical issue that difficultieslie in optimization of many parameters by

solving the equation of motion of vehicle-bridge interaction (VBI) system without divergence[19].

Moreover, during bridge system identificationwith both of the vehicle and bridge vibration data, the

illcondition problem[19]is also often occurred. Feasibilityof this method may be the highest in three

kinds of BHM, while there are stillmany difficultiesin measurement and algorithm･

　　　　

BHM method only by using bridge vibration is a kind of output-only system identification

[201-r25].This is only-bridge-data-oriented BHM (ＢＯ-ＢＨＭ)ｍｅthod which is the most general in

BHM methods based on trafficinduced vibrations and it has been intensively studied, recently. The

non-stationary characteristicsof the trafficinduced vibrations are often assumed as noise during an

analysis f1:)rthe bridge vibration data. Modal parameters can be estimated by taking bridge asａlinear

system in BO-BHM [25].

　　　　

The last method is BHM method only by using vehicle responses, which is called

only-vehicle-data-oriented BHM (ＶＯ-ＢＨＭ)1n this dissertation. It is ａ technology to evaluate

bridge's stateonly by using vehicle responses indirectly,which is the method originallyproposed by

Yang et al[26]'[27]InVO-BHM, because it is not necessary to installsensors on the bridge directly,

they a｢e able to be performed quickly and in low cost.In spite of its advantages in time and cost,

however, most of the available VO-BHM techniques must failto detect damage if they are applied to

existing bridges, mainly because of the low sensitivityof dynamic parameters to local damage [281，0f

the significant effects on vehicle responses from uncertainties such as road unevenness and of the

poor capability of the data-processing techniques to deal with non-stationary and non-linear

prｏｂｌｅｍs[16].

　　　　

Both BO-BHM and VO-BHM are not capable to estimate the bridge flexural stiffiiess

directly,while the model updating methods always focus on ｉt[17]'[19].When you use them. the

accuracy of bridge damage detection often depends on vibration indeχ.

　　　　

The ordinal vibration indices of BHM are modal parameters[29]. Nishimura et a1[29]

performs both numerical and experimental verificationsin which the staticand dynamic indices of

the bridge models a｢e observed before and after damage to evaluate damage sensitivitiesof those

indices. As ａ result, it is confirmed that the damage sensitivity depends on characteristics of

parameters･Deflection of the bridge model subjected toａ staticload shows high sensitivityto global

damage even if the damage is minimal･ while deflection shows lower sensitivityto local damage.

The measured deflection varies widely because deflection is generally too small to measure

accurately. Strain is sensitive staticindex to both global and local damages. However, it is necessary

to setup many strain gauges on the bridge･ because straintends to become larger only around damage

section. Thus, there is possibility to overlook the damage sign if sensors are installed on only far

丘ｏｍdamage section･On the other hand･ dynamic parameters, such as 丘equency･ mode shape and

damping, are moderately sensitive to structural defects, and because dynamic parameters can be

measured easier than staticparameters, itis thought to be efficientto apply them to BHM. However。
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the estimation accuracy of the eigen-frequency is not enough to detect bridge damage or abnormality

due to the low accuracy of sensors and the low sensitivity of the eigen-fi･equency itself to local

damage[16]. Because bridge damage is generally occurred locally, damage effects on time series

signals of bridge are too minimal to detect from a global index[31]

　　　　

Recently, the use of vibration measurements for BHM has been intensively studied to

eflflcientlydetect the changes due to damage. Existing studies show the feasibilityof detecting bridge

damages丘om changes of dynamic parameters such as eigen‘丘equency, damping and mode shape･

However, vibration-based BHM could not stillbe applicable to actual bridges due to the low

accuracy and reliability.Previous studies firstapply frequency domain analysis to bridge vibration

responses to evaluate bridge state roughly based on the estimated eigen-丘equencies even though

those frequencies are not sensitive to the local damage. Damping could be more sensitive to the

damage[25]. But, because its estimation accuracy of damping depends on the amplitude of response,

damping is too easy to be varied f1:)rreliable BHM. Mode shape is one of the spatialindices which

are directly associated with neχural stiffiiess[3o].Theaccuracy of estimation for mode shape depends

on the number of the sensors[32]

　　　　

There are many methods to estimate mode shapes by analysis of measurements on the

structure[12].Mode shapes are usually estimated by cross power spectra method. The cross power

spectrum often shows the bridge eigen一丘equencies relatively more accurately than single power

spectrum. Brinker et a1[7]proposed fi°equencydomain decomposition (ＦＤＤ)ｍｅthods for large

structures. For large structures, the effects of ambient loads are more significant in the vibration

responses than the effects of other live loads. At the time, the cross power spectrum matrix of

measured signals can be transformed to pseudo-FRP under assumption that the ambient loads are

white noises and their amplitudes are same regardless of locations. From existing studies, singular

vectors and singular value spectra of pseudo-FRF indicate the mode shapes and eigen-frequencies

accurately. Nagae et al[12]shows its detailed algorithm and the high accuracy of FDD verified in

皿merical simulations and laboratory experiments. While FDD uses singular value decomposition

(ＳＶＤ)tｏdecompose the cross-power spectra, SVD itselfcan be also used for mode shape estimation

only if the modal responses included in measurements are orthogonal like principle components [33].

SVD estimates the mixing matrix and principle components of the original signals as an orthogonal

mixing matrix and orthogonal signals, respectively. SVD is an extended method of eigen value

decomposition (EVD) and also one of principle component analysis (ＰＣＡ)ｍｅthods.They could be

taken as mode shape matrix and modal responses approximately, if the modal responses are close to

de-correlation.Independent component analysis (ICA) can also extract mode shapes in the same way

of PCA [34]　All these modal analyses are based on ｅχtended methods of orthogonal　signal

decomposition. Theory basis of orthogonal decomposition methods is constructed by assumption of

丘ｅｅvibration output, stationary outputs or outputs induced by random white noise[7]. Besides, the

constant characteristicsof the bridge system are also assumed at the same time. In vehicle-bridge

interaction (VBI) system, the interaction degrees are changed by position of ａ travelling load[35].
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Traffic-induced vibration of VBI system is,in other word, non-stationary vibration of ａ system of

which parameters are varied temporary. Orthogonal decomposition system is not devised to deal with

this kind problem. In BO-BHM and VO-BHM, itis thought that the non-stationary problem affect

the accuracy of the estimation results.

　　　　

Though spatialinformation is affected directlyby the changes of flexural stiffiiess[16],mode

shapes are not always sensitive to local damage because they are global parameters[3o]. Some studies

show that the mode shape curvature is more sensitiveto local damages[36]'[37].Mode shape curvature

shows peaks at the location of local damage such as cracks. However･ the estimation accuracy is still

10ｗ because the estimation of mode shape curvature is based on second order spatialdifferentiation

of mode shape. The estimation accuracy depends on the accuracy of numerical differentiation

method and sensor system･

　　　　

To overcome this trade-off between damage sensitivityand estimation accuracy for BHM

indices, recently,time一行equency domain analysis is applied to BHM. In ｅχistingstudies, empirical

mode decomposition (ＥＭＤ)[16],continuous wavelet transform (CWT)[31]and short time Fourier's

transform (STFT)[28]are applied to BHM. These time一frequency domain analyses succeed to provide

positive resultsin finding damage sensitive indices. By EMD method, the predominant frequencies

are calculated to spatiallocation･Rover i and Carcaterra[16]perform numerical verificationin which

acceleration responses of a simple beam Sｕt!jectedto travellingloads are decomposed by empirical

function and in which it is confirmed that the predominant frequency of ａ decomposed signal

changes due to damage. The merit of EMD method is the high probability of damage detection,

though its demerit lies in the difficultiesof describing the physical meanings of empirical

components. The existing study about EMD[38]for civilstructuresjust verifiesits feasibilityonly in

simple numerical simulations. Considered about an actual bridge, there could be many uncertainties

included in traffic-induced vibrations.It has not been cleared that EMD can extract damage changes

in the estimated fi‘equenciesin stable,when there are expectable uncertainties.For VO-BHM, Chang

et al[39]try to extract the bridge firsteigen-frequency from vehicle acceleration responses by EMD

methods in numerical and experimental verifications.Zhu et al[31]try to explain the physical

meanings of ＣへNT resultsby the numerical and experimental verifications.The wavelet coefficientof

displacement vibration response of the beam subjected to vehicular loads can be described as ａ

convolution between window function and bridge curvature. The wavelet coefficient for damage case

shows a larger peak at the time when the loads passing over the damage location than that for intact

case does. Though it does not examine the effect of uncertainties such as road unevenness, when the

vehicular model runs over the RC beam model, distinct peaks can be observed after ａ crack is

introduced to the beam model in the laboratory experiments. Nguen et al[4o]suggest application of

ＣべNT to vehicle acceleration responses to detect multi-cracks of beam-like structure. The high

feasibilityof ＣべiVT-basedｖＯ'ＢＨＭ has been shown in numerical verification.But, their study has

ignored the effect of road unevenness. Xiang et al[28]apply STFT toａ vehicle response and find that

the correlation of STFT's spectra of the vehicle acceleration response changes just only around the
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damage location when their method is named Tap-scan method because the passing vehicle is taken

as not only observer but also exciter for the bridge system. This method is based on damage

detection by introducing excitation to the vehicle to generate stationary vibration in VBl system･

Xiang's verification has been performed only in numerical simulation without considering road

unevenness｡

　　　　

There are stillnew other approaches丘)r vibration-based BHM in this field.Kim et aI[41]

propose new damage index based on autoregressive (AR) parameters. AR model is one of the linear

system models[42]. In AR model, ａ time-series signal is described as summation of products of

coefficients and time-delay data. AR coefficients are exactly related to dynamic parameters of the

system including mass, damping and flexural stiffness[43].In the existing studies, AR coefficients

themselves show higher sensitivity performance than n°equency or damping. Though this method

sets same assumptions with FDD methods in which allsystem inputs are white noise, mode shapes

and eigen-丘equencies can be estimated in stable.However, Isemoto et al[44]obtain the same results

fi･om AR method and ＡＲχ method. ARX method can concern inputs like traffic-induced vibration

by using vehicle responses. It could mean that the non-stationary and non-linear problems caused by

inputs are negligible in BO-BHM, which also means the high feasibilityof BHM only by using

bridge vibration data｡

　　　　

There are some challenges to introduce ａcontrolled excitation to ａbridge for more accurate

BHM. Naito et al[8]suggests the damage detection method based on the bridge antiresonance

丘equencies. For the verification of this method, excitation machine was set up on short and middle

span bridges and acceleration responses ware ｎ!easured. As ａresult,antiresonance 丘equency of the

bridge can be detected for short span bridges[9]j45].But, because verified damage model has been

only global, it is unclear about the detection accuracy of local damage. Besides, the applicability

depends on the performance of the shaker. Furukawa et a1[6]developed ａnew investigation method

for truss bridges. Ａ micro excitation machine is applied to the focused member, and acceleration

responses of the truss nodes are measured to calculate mode shapes in this method. The tendency of

mode shapes changes around damage member when the damaged member is excited. One of the

advantages of theirmethods is easy to perform｡

　　　　

Existing studies also emphasize that the accuracy of vibration-based BHM depends on the

environmental conditions[46]. In other words, the changes in vibration properties resulted from

temperatures, winds and traffic‘loadcharacteristicscould be as significant as the changes caused by

damage･Sakakibara et al[47]propose ａ management standard based on AR coefficients with

considering temperature. It is noted that the environmental effects should be eχamined after

developing damage indices｡

　　　　

Some researchers study about system identification methods using finite element model

(FEM) updated by measurements both of vehicle and bridge[17],[19].This model updating method

shows the high sensitivity to the damage, while there are stillchallenges to improve the model

updating algorithm. Yun et a1[17]propose application of neural network method to the model
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updating method. Lu and Ｌｉｕ［19］examined the effect of vehicular model error on the estimation

results of damage. Both-vehicle-and-bridge-data-oriented BHM （ＶＢＯ-ＢＨＭ）sｕｃｈ as model

updating methods is based on direct concept to calculate bridge flexural stifBiess by using input and

output. Here, input is vehicle acceleration while output is bridge acceleration. Utilization of this idea

costs much in aspect of time and budget｡

　　　　　

On the other hand, the social issue which this dissertation attempts to resolve could lie in the

development of ａ low cost maintenance system for bridges in wide area. The inspection method

adopted in that system should be applicable for many bridges at one time, even if its accuracy is

decreased. Based on this idea, screening by VO-BHM can take very important roll to ensure and to

promote safety of bridges under the situation that there is no inspection o「reporting about many

bridges in local area.

1 .1｡2.Challenge for VO-BHM

Screening technology which is capable to　assess　ａvast number of bridges roughly for early

identification of their damages has been needed recently[48]'[49]The traditionalinvestigation which

is usually based on visual check has still been applied　for all bridges, which could be

time-consuming and laboring. Existing BO-BHM or ｖＢＯ'ＢＨＭ methods in the previous studies

also could not satisfythe above demand. In the screening technologies, first,the health of allbridges

is roughly but quickly evaluated. Next, detailed investigation such as ＢＯ‘BHM or ｖＢＯ“BHM is

applied to the bridges which are judged to be “suspicious bridge” in the firststage. One of the

screening technologies could be VO-BHM. It is the main motivation of this dissertation which

attempts to develop VO-BHM methods･

　　　　

The use of vibration measurements for BHM has been intensively studied to efficiently

detect the changes induced by the damage. Existing studies show the feasibilityof detecting bridge

damages fi‘omchanges of dynamic parameters such as eigen-frequency, damping and mode shape･

However, vibration-based BHM could stillbe also time-consuming and costly like visual check.

Instead of installingsensors on the bridge, Yang et a1[26]proposed ａnew concept of extracting bridge

frequencies丘om ａ passing vehicle. Its accuracy was not enough high to detect bridge damages,

while itis feasible for rough screening. Both the theoretic basis and experimental verifications[5o]of

this method are presented. Recently, Yang and Chang succeeded identifying higher natural

丘equencies of the bridge by applying empirical mode decomposition (ＥＭＤ)ｍｅthod for signal

processing[39]･

　　　　

ＶＯ'ＢＨＭisａ technology to estimate bridge's state only by using vehicle responses, which

is so-called indirectly approach. In spite of its advantages in time and cost, however, most of the

available VO-BHM tｅｃｈｎｉqｕｅs[28L[4o]mayfaildetection of local bridge damage in enough accuracy

when they are applied to existing bridges. The main reason is the poor capability to manage the

problem of non-linearity.In VO-BHM, because sensors are installed on the vehicle, the measuring
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points travel with the vehicle together[35]. Conventional vibration analyses R)r BHM could not be

applied because they generally presuppose the sensors fixed on the structure｡

　　　　

Theoretically, VO-BHM faces two main technical issues: The problem of the balance

between estimation accuracy and damage sensitivity,and the problem of non-linear system･ The

accuracy and sensitivityproblem is caused by the effect of non-stationary traffic-induced vibration

and by the low damage sensitivityof bridge vibration indices especially in 丘equency domain. Modal

parameters such as eigen-frequency are changed very slightlydue to probable local damage, because

they are global parameters. ０ｎthe other hand, conventional BHM analyses are generally based on

output-only system identification which supposes stationary vibration, though the traffic-induced

vibrationis expected to be non-stationary.It could decrease the accuracy under required｡

　　　　

First, the preliminary studies of ｖＯ-ＢＨＭ[261，[27],[391，[49]　which丘)CUS on bridge

eigen一丘"equency as an evaluation index are performed. Traditional Fourier spectrum analysis

decomposes ａ signal of the bridge or vehicle inａ summation of some components whose frequencies

are averaged over the whole time. When applying the Fourier analysis to the VBI system[49]to

analyze bridge responses, predominant frequencies do not change even though after ａ serious

damage, because ａ local damage affects only local responses of the bridge. The reason of the low

sensitivity could be in using of global parameters for detection of local damage. Recently, some

researchers have developed more sensitiveindices to bridge local damage. Xiang et al[28]proposes

the tap-scan damage detection method which is based on ａ time一丘equency domain analysis to

estimate the change of local impedance of beam structure[12]In this method, ａ tapping-force is

introduced to the passing vehicle and short time Fourier transform (STFT)is adapted to the vehicle

responses. STFT results show a high sensitivityto the local damage although the accuracy depends

on focused frequencies. For the detection of cracks of ａ beam-like structure, Nguen and Tran[4o]

applied CWT to compare wavelet coefficients between the cases of intact and damage. This

verification result based on numerical simulation clears that the wavelet coefficient of the vehicle

acceleration response in high scale is ａ sensitive indeχ to the crack. In VO-BHM, time domain

signals can be easily converted to spatial domain signals by referring vehicle position. The spatial

information included in time-frequency indices such as STFT spectrum and wavelet coefificientis

feasible to be used for damage detection of the bridge. The reason of the high sensitivity of spatial

information is that they are directlyrelated to the local impedance of the bridge [16]However, these

studies verify their methods only by numerical simulation without considering the effects of road

unevenness on the vehicle responses. It is true that there is probability to improve the sensitivity of

vibration indices by using spatial characteristics as damage indices calculated by time一丘equency

domain analyses, but they should be examined in aspect of the relationship between the sensitivityto

structuraldamages and robustness to probable uncertain effects｡

　　　　

Indeed, vibration response of ａ passing vehicle is affected more significantly by many

uncertainties especially road unevenness than the bridge vibration itselfor the microscopical damage

signal[15], which means that uncertainties are not negligible.　Besides, there are more other
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uncertainties such as the low accuracy of sensors, the model
errors, and the accidental impact to the

vehicle, etc. Although this study focuses on rough screening･
ＶＯ'ＢＨＭ must handle these

uncertainties to extract damage signals 丘ｏｍ the measured vehicle
responses. The key of this study

verification lies in consideration about uncertainty effects on the
VO-BHM results｡

　　　　

The other technical issues are the problems of non-stationary
signal and no n-linear system

[35] It is generally difficult to handle these problems by conventional method. The measured

responses for VO-BHM are limited during the vehicle passing on the
bridge. Because of that, it is

impossible, or at least very difficult, to measure the bridge 丘ｅｅor stationary
vibration. It means that

measurements in VO-BHM are always non-stationary vibrations.
Traditional estimation methods

based on mode theory generally assume that measured vibrations are 丘ee, stationary
or induced by

white noise input, or that both output and input of the system are measured at
the same time.

However, VO-BHM cannot satisfy these preconditions supposedly.　This
is the problem of

non-stationary signal in ｖＯ-ＢＨＭ｡

　　　　

Moreover, the measured responses cannot be described as linear system.
because the

locations of sensors installed on the vehicles are not fixed and the spatial infc:)rmation of the

measurements is converted to temporal data[35]Generally, bridge vibration data y(t)
e R"

measured at fixed positions on the bridge can be described as

y(t)＝A9(０ (□)

where ＡＥＲ”)(７”and fl(t) G R'" are spatialand temporal information of the system. Herein, n is

the size of vector ｙ(O equals the number of measuring points and ｍ is the size of modal

responses vector q(t) which indicates the considered maximum order of mode. In BO-BHM,

converting 9(O from time domain to frequency domain can be performed smoothly such as

　　　　　　　　　　　　　　　　　　　　

ｙ(ω)＝AQ(ω)

　　　　　　　　　　

(L2)

The spatialinformation in each sensor does not change because the sensor is fixed spatially.Herein,

the problem of Eq. (1.1) and Eq. (1.2) can be solved by conventional orthogonal decomposition such

as SVD or FDD if n ＞ｍ. But in VO-BHM, traditional frequency analysis should fail to extract

both會equency and spatial domain information of the system. because the spatial information Ａ

becomes temporal signal matrix A(t), the problem is given by Eq. (1.3).

y(０＝Ａ(09(０

And, Fourier's transform of Eq. (1.3) is given by Eq. (1.4).

y(ω) ＝Ａ(ω)⑧９(ω)

　　　　

８

(1.3)

(1.4)



where R indicatesconvolution.They cannot be solved by SVD.

　　　　　

These non-stationary and non-linear problems should be managed whenever analyzing

vehicleresponses forBHM.

1 .1 ,3. Scopes

This study focuses just on the development of new VO-BHM which is ａ technology to detect

changes in bridge structural system only by using vehicle responses. Because bridge damage is

generally local, the proposed methods are designed to react with local impedance changes of

beam-like structure. The efficiency of the adopted vibration indices are evaluated by the balance

between damage changes and variation due to noise. Robustness to uncertainties is the most

important performance of the method. This dissertationincludes the challenge to resolve the problem

of non-linear caused by moving observer's effect[35]｡

　　　　

One of the advantages of VO-BHM is the capability of performing easily in many times･

Thus, the methods are designed with considering about their extending for statisticalapproaches[41]

in future｡

　　　　

VO-BHM in this dissertationis expected to be used for rough screening to secure the least

enough safety of bridges. Although the feasibilityto detect damage location[48]'[51]and severity is

confirmed in numerical and experimental verification,the main target of this dissertationis damage

identificationof serious local damage on bridge｡

　　　　

The efficiency and applicability of the proposed methods are verified by numerical

simulation and experiment. Numerical simulation discusses the analytical basis of the proposed

methods. The non-stationary vibration of VBI system affects the applicabilityof SVD method which

presupposes stationary vibration. This applicabilitycannot be examined analytically because random

road unevenness is the main factor.The road profilein numerical verificationis based on actual data.

Laboratory experiment mainly demonstrates the uncertainties'ｅ伍ごctson the vehicle responses. Field

experiment on an actual steel truss bridge is also carried out in this dissertation. Based on the

experimental results,the feasibilityof the proposed method is discussed.

1 .2.The purpose of this study

The purpose of this study is to propose new VO-BHM method with considering the above technical

issues shown, and to verify it analytically,numerically and ｅχperimentally.In this study, proposed

ｖＯ｀ＢＨＭ methods mainly use vertical acceleration responses. But, one of them uses relative

displacement between the vehicle body and bridge surface and the vehicle position, which could be

９



easily measured by sensors on the vehicle｡

　　　　

The firsttechnicalissue which should be managed is the problem of non-linearity because it

affects the results of VO-BHM based on spatial information significantly.The proposed method

introduces interpolation to solve this problem. Thus, the numerical simulation is also performed to

confirm the efficiency of interpolation. Ａ laboratory experiment and a field experiment are also

carried out in aspect of the feasibilityverificationfor the proposed methods under probable condition.

The VO-BHM method applying wavelet transform is also proposed and examined because it is

intensively studied in recent few years.

1 .3. Composition of this thesis

In thisstudy, new three VO-BHM method are proposed and verified by analytically,numerically and

experimentally. For experimental verifications･laboratory and field experiments are performed‘ To

examine the feasibilityof the methods for damage identification,the changes of indices due to local

damage are compared with the variation caused by uncertainties｡

　　　　

In Chapter 2，three proposed VO-BHM methods a｢e proposed theoretically.Firstproposed

method is Curvature-based method in which the wavelet coefficient of the vehicle acceleration

response is used as ａ non-linear function of bridge curvature. Thus, when damage occurs･ wavelet

coefficient varies as the curvature changes. Herein, it is shown that the wavelet coefficient can be

described as the function of bridge curvature, first.Then, the second is indirect Mode-Shape-based

method, in which the bridge mode shape is indirectly estimated by the estimation of bridge vibration

responses. This method is high theoretical consistency for mode analysis.In this method, there are

five steps to estimate bridge vibrations 丘ｏｍvehicle data and to extract the bridge mode shapes.

Lastly, direct Mode- Shape-based method. This method is designed to overcome low robustness of

other two methods, instead of theoretical consistency. Herein, basic theory of this method is

explained｡

　　　　

In Chapter 3，the proposed methods are verified by numerical simulation. First,numerical

simulation algorithm and basic assumptions are shown in this chapter. Then, verification for each

method are performed. There are slightlychanges in assumptions of numerical simulations between

the methods. Thus, at the beginning of each section, the basic assumptions and properties of

numerical simulation for each proposed method is shown. Then, the feature of dynamic behaviors of

theｖＢ! system and verificationresults are shown. In the verification of Curvature-based method,

acceleration responses and Fourier's spectra are examined. Wavelet coefficients of the vehicle

responses are compared between intact and damage cases. In the verification of second method, each

factors of the proposed method such as ill condition, de-correlation assumption and curve fitting

performance are examined. For indirect Mode-Shape-based VO-BHM method. the de-correlation
of
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the decomposed bridge vibration components and error terms are calculated and discussed･

　　　　

In Chapter 4，the proposed methods are verified by laboratory experiment. Herein, two

proposed methods which are Curvature-based and Mode- Shape-based methods are verified in the

aspect of the uncertainty effects･

　　　　

In Chapter 5，the proposed methods are verified by field experiment. The two proposed

methods are verified by using data measured on the actual bridge and passing vehicle.In this chapter,

first, experimental settings are　explained. Then, the feature of bridge modal parameters are

confirmed by existing techniques[7]. The application results of the proposed methods are shown and

discussed about.

　　　　

In Chapter 6，the resultsare concluded.

　　　　

In this dissertation,appendixes about changes of correct modal parameters due to damage,

FDD method and examination of statisticsare shown in Appendix Ａ，Ｂ and Ｃ，respectively
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Chapter 2．　ProposedMethods

2.1.GeneralRemarks

This study proposes three different damage identification methods for only-vehicle-data-oriented

ＢＨＭ(ＶＯ-ＢＨＭ).ln the proposed methods, spatial characteristics such as bridge curvature and

mode shape are estimated only by using vehicle response and location as damage evaluation indices･

Three proposed methods are curvature-based method and indirect and direct mode shape estimation

methods｡

　　　　

VO-BHM method based on bridge curvature uses continuous wavelet transform (CWT)[11.

According to previous studies[2]'[3],wavelet coefficient calculated by applying CWT to the vehicle

response can be described asａ form of non-linear function of bridge curvature. Thus, changes of the

wavelet coefficient of vehicle response can be taken as changes of the bridge curvature due to

damage. In this study, first,the relation between wavelet coefficient of vehicle response and bridge

curvature is shown analytically,｡

　　　　

Next, two kinds of VO-BHM methods based on bridge mode shape are proposed in this

study: Indirect and direct mode shape estimation methods. Because position of each sensor installed

on the travelling vehicle is changed temporary, the bridge mode shape becomes ａ function of time

丘om that of space. Both indirect and direct methods use interpolation matrix to convert the mode

shape丘om ａform of time fiinctionto function of position｡

　　　　

The damage identificationbased on the indirect estimation of bridge mode shape [4]consists

in five steps: (1) Input estimation of vehicle vibration system. (2) extracting of bridge vibration

components, (3) canceling of moving observation effect,(4)ｍｏｄｅdecomposition by singular value

decomposition (SVD)[5], (5) damage identification based on mode shape, in which bridge mode

shape is indirectly estimated afterestimation of bridge vibrations. The merit of this method liesin the

theoretical consistency exactly based on mode theory. The inverse interpolation matrix is applied to

bridge vibration components estimated in Step (2). However, uncertain factors in each step may

affectthe result｡

　　　　

The last proposed method is the damage identification based on the direct estimation of

bridge mode shape. In the direct method, although the same interpolation matrix is used as the

indirect method, the interpolation matrix is applied not to estimated bridge vibrations but to the

measured vehicle responses directly.This method can be categorized into two methods which use

inverse and transpose matrix of the interpolation matrix, respectively. The mode shape estimation

both in these methods always include errors caused by road unevenness. However, if the other

conditions except bridge state are identical between before and after damage introduced, changes of

estimated bridge mode shape can be taken as changes due to damage.
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Herein, the vehicle-bridge interaction (VBI) system is modeled by using rigid-body spring

model as vehicle and one-dimension simple supported finiteelement (FE) beam as bridge. Fig. 2.1.1

shows the example of the VBI system models. Only in the indirect bridge mode shape estimation, a

trailersystem shown in Fig. 2. 1 ｡1 (a) is assumed, while a half-car model shown in Fig. 2.1.1 (b)is

assumed in the other proposed methods with considering practical use. The assumed condition of

inspection is thatａmonitoring vehicle runs at the legal speed on the objective bridge in several times

both before and afterdamage occurs. The bridge damage is local decreasing of flexural stiflfiiessand

mass｡

　　　　　

The curvature-based VO-BHM only uses vehicle acceleration response which is the merit

over the other methods. One sensor should be installed on the sprung-mass or unsprung-mass in this

method. ０ｎthe other hand, in both the indirect and direct mode-shape-based VO-BHM methods. not

only an acceleration response of each vehicle body but also ａ relative displacement between each

vehicle body and road surface should be measured. Besides, it is necessary to know the vehicle

positions to make basis functions of interpolation matrix. The advantages in using the indirect and

direct mode-shape-based VO-BHM liein theoreticalconsistency and robustness, respectively･

2.2.Curvature-based VO-BHM

2.2.1.PreliminaryAnalysis

Zhu and Ｌａｗ[2]show relationship between bridge curvature and wavelet coefficient of bridge

displacement. Bridge curvature is sensitiveindex to local damage because itis associated directly

with flexural stiffnessof the bridge. ０ｎthe other hand, according to the previous study[3], wavelet

coefficient of vehicle acceleration can be also used 丘)rdamage detection of beam-like structure.

However, analyticalbasis of application to vehicle responses is not shown｡

　　　　

Herein, for damage identification,itis shown that wavelet coeflficientof vehicle response is

ａ non-linear function of bridge curvature. First, the relationship between bridge curvature and

wavelet coefficient of displacement response of the bridge subjected to travellingloads is described
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according to the method of Zhu and Ｌａｗ[2].Then, this relationship isｅχtended to acceleration

response of the monitoring vehicle･

　　　　　

The equation of motion of the vehicle-bridge interaction (VBI) system which is modeled as

continuous beam Sｕt!iectto ｎ moving loads Pi(t) (iニ1,…ぶ) can be described as Eq. (2･1).

ρボｘ）

∂2ｙ(ｘ,0

-
∂t2

十C{x)
∂y{x, t)

- ＋

∂2

-
∂χ2

∂'yix, t)

∂χ２
)＝£几(０雖づ向) (2.1)

where ｙ(ｘ．t)is bridge displacement at the location of X and time of t and pA(x), C(x)，　El(χ)

are the mass per unit length, the damping and flexural stiffiiessof the bridge.　几(O　is the　i-thload

and X/(t) is the location of 乃ａt the time of t. n is the number of loads. S(x) is the Dirac delta

function. The bridge displacement ｙ(ズ,０ can be given by using たth order mode shape function

(pk(x) and modal response 仇(O in the form of

　　　　　　　　　　　　　　　　

ｙ(ｘ，)＝Σ仇(ズ)仇(０.　　　　　　　　　(2.2)

　　　　　　　　　　　　　　　　　　　　　

た＝1

By substituting Eq. (2.2) to Eq. (2.1), multiplying by 0,(x) and integrating with respect to ズ

between ｏ and £with considering the orthogonality conditions, Eq. (2.53) is described as follows:

仇(０＋2乱叫収(０十べ恥(０＝
走Σ恥)（t）ふ加)

(2.3)

where Mfe，Ｇ and ωだare the だth order modal mass, damping ratioand undamped eigen angular

丘equency,respectively.Ｍたis

Ｍｋ＝
ｔ

pＡ娠(ズ)dx. (2.4)

On the other hand, impulse response fiinction(IRF) of the system expressed by Eq. (2.3) can be

given asａsolutionof 収(Ｏ when Pi(t)ニO，as f0110ｗs:

酸(０
-

-

e一行叫if

一
叫

sin(ωμ)
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司＝叫jTに万 (2.6)

wheｒe h．(O is IRF of k-th mode of the bridge system. ａｎｄωkiSだ-th order eigen angular

frequency.By usingIRF, the solutionof Eq. (2.3)is

収(t)＝≒(０⑧
(辻Ｐｉ哨娠(ズぷ)))

Thus, the bridge displacement response y（ｘ．t)can be expressed by

y(x, t)ニ

8
　
[
X
I
Ｉ

厘
ﾄ

(t)⑧
(宍恥)（1）ふμ)))|｣

Observing ｙ(ｘ．t)ａta fixedlocation Xm, Eq. (2.8) can be described as follows:

y(Xm' 0ニ

り
に
ヒ

ぶ
２
　
　
I
I

恰卜(０⑧(宍恥)φみぷ)))|｣

(2.7)

(2.8)

(2.9)

The second derivationof the displacement with りwhich is positionof the one vehicularload 弓

can be describedas follows:

些牡)＝汁谷ト・ぼ Pi(t)聯万円 (2.10)

where∂2φﾊﾞり）/∂り2 is the second order derivation of the fc-thmode which is a component of the

bridge curvature･

　　　

CWT of an integrable function μｘ）is defined as

Wf(x,s)≡ﾀﾞ(ｘ)⑧θバｘ)＝|:μｘ)θ＊(守)dｕ (2.11)

where Ｏｓ(x) is so-called mother wavelet which is the dilation of window functionθ（χ）by the

scale ｓ.ｕ is the translation indicating the locality.（　)' denotes the complex conjugate. 14/ is
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∂ｘ2

　

召
(2.13)＝み7r‾1(ｘ2－1)ｅ‾統

Wy(x^,s) for one fixed scale is called wavelet coefficient･The wavelet coefficient calculated by Ｅq･

(2.12) is proportional to the second derivative of y(xm>t) smoothed by the Gaussian window. Thus,

The wavelet coefficient of bridge displacement response can be regarded as the curvature that can be

obtained directly differentiationof displacement. The contact force of the vehicular load PiiO can

be associated with xt(t). R(t) can be converted to the function ;Ci.Then, Eq. (2.14)is obtained as

-

-
s）Ｗｙ(＾ｖｎ.１

守宍戸)叫や')(ｴ

(χ八(匹(才)))j2;聯))|

几(０

∂2θ（ｘ）

　

2

　

_!

where ｓ is the scale of mother wavelet Ｑｓ-If the Gaussian function is applied as θ's,the second

order derivative of Gaussian function∂２０ｓ(几)/∂χi2is well known as the Mexican Hat wavelet

thathas the following explicitexpression:

(2.12)

ｆ
ｖ
ｔ

侑
4）ふＡｔ))

(2.14)
酸(０⑧

Because Pi(t) could be strongly associated with vehicle acceleration responses, the dynamic

response effect should be considered. From the results of verificationby Zhu and Ｌａｗ['^＼instead of

this dynamic effect problem, wavelet coefficient of the displacement of the beam-like structure

shows peaks at the time when the vehicular loads are located immediately above the crack. It means

the damage detection feasibilityin application of CWT.
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Zhu and Ｌａｗ[2]applyCWT to Eq. (2.9) to derive Eq. (2.12)0㎡y when ｎ ＝1
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For acceleration responses of the bridge, letting us assume that the run speed of i-th

travelling load is constant (= Vj), the wavelet coefficient of bridge acceleration response can be

described as Eq. (2.15) in the same form of Eq. (2.13).

Ｗ夕(χｍ,ｓ)ニ

∂２ｙ(χｍ．ｔ)

∂り(02
o工(緋恥)か

∂2ｙ(χｍ,t)

-
∂り(02 o(巾如剛 (2.15)

whereθ'sM is the second differentiationof θｓ(ｘ)inrespect of ｘ. Although the window function

is changed, wavelet coefficient of acceleration response W夕(Xm.s) is stillalso proportional to the

second derivative of y(Ｘ≫ｎ，ｔ)which indicates bridge curvature.

2.2.2. Curvature Estimation based on Vehicle Acceleration Response

　　　　　

On the other hand, Nguen and Tran[3]also apply CWT to vehicle acceleration response to

detect multi-cracks on beam-like structure. Although Eq. (2.14) is just only applicable for BHM,

their method is capable to be applied to VO-BHM, in which the scale is set in high which

corresponds to low frequency. However, because road profile has dominant component in low

丘equency, CWT should be applied with low scale, for deduction of road profile.The high 丘equency

component is also expected to be relativelysensitiveto the bridge local damage｡

　　　　　

Now, the forced displacement input of i-th axle (ｏrvehicle) u(xi(t)) can be described as

follows:

u(り(０) = y(xi(t),t)十ﾍﾞｽﾞtit)) (2.16)

where ｙ(χ･Ｏ and r(x) are bridge displacement and road unevenness, respectively. Letting the

output of i-th axle (ｏrvehicle) Ziit), the equation of motion of vehicle vibration system is given by

IRF％(Ｏ in the form of

Zi(t) = んｖi(0⑧ｕ(ｘぷ))．

It is easy to extend Eq. (2.17)tｏ multiple dimension.

z(t) ＝hｖ(0⑧ｕ(ｘ(0)

Then, acceleration response of 1･thaxle (ｏrvehicle) can be described as follows:

為(０ニ酸i(０⑧(ｙ(ｘぷ)ｊ)十べｘ,(０))
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The wavelet coefficient of 為(Ｏ can be obtained as

　　　　　　　　　　　

∂2θ

ｗろ(ｘｊ・ｓ)＝ろ(t)⑧ぺ
(恥))

り(02
＝pl(t)十Ｄ２(t)十馬(０

where

硲(０

(2.20)

＝即)呟|ヅト)く

1=1

尚尚))卜ら(や))||

　

(2.21)

馬(0＝

Ds(t)

即)ｏχﾚ宍よﾀ)ﾄ心(太々)姐才))卜言(t)) (2.22)

J巾/)⑧゛2;ｿJﾂﾞ))
(2.23)

D1(t)，D2(t)ａｎｄＤ３(Ｏ are vehicle acceleration response induced by bridge displacement mode

shape, bridge curvature mode shape and road profile, respectively. Herein, Di(t) and DzCt)

change as bridge curvature and mode shape change after damage occurs. Dsit) is proportional to

road unevenness｡

　　　　　

Eq. (2.20) means that wavelet coefficient of vehicle acceleration response can be expressed

in a form of non-linear function of bridge curvature. According to previous studies[2]'[6]'[ﾌ],bridge

curvature is ａ sensitive index which changes distinctively when bridge damage occurs. Damage

identificationin curvature-based VO-BHM method can be performed by focusing on changes of

wavelet coefficientof vehicle acceleration responses between before and afterdamage.

2｡3.

2.3.1.

IndirectMode-Shape-based VO-BHM

PreliminaryAssumptions

In this method, several monitoring vehicles (Ｏr axles) and, if necessary for excitation, excitation

vehicles are assumed. Bridge is also assumed to be one-dimensional beam with a length of Ｌ．

Vehicle acceleration response, relative displacement between the vehicle body and road surface and

vehicle location should be measured in each monitoring vehicle (ｏraxle). In estimation of bridge

mode shape, it is necessary to obtain bridge vibration components estimated only by vehicle
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Step

Table 2.3.1 Main flow ofVRA's bridge mode shape estimation

１

２

３

Input estimation of the vehicle system

Deduction of road unevenness

(Extracting bridge vibration component)

Moving observation eJGFectcanceling

4

　

Mode shapeestimation

５

Damage detection

Remarks

Inverse System Estimation

Frequency Response Function

Spatial Synchronization

Lagrange function

Cardinal sine function

Trigonometrical function

SingularValue Decomposition

Mode Accuracy Criteria

responses, which is input estimation of the vehicle vibration system. The measuring points of bridge

vibration change as the vehicle travels. Thus, it is necessary to consider about input estimation

problem and moving effect canceling. In this study, the proposed method based on mode shape

insistsin 5 steps shown ・ Table 2.3.1｡

　　　　

In description of the proposed indirect VO-BHM based on bridge mode shape, monitoring

vehicles are assumed as several simple spring-mass models at regular intervals shown in Fig. 2.1 ｡1

(a). It is necessary to use more than three monitoring vehicles, at least, 1n this method, because of

deduction of road unevenness｡

　　　　

Herein, the damage identification flow of this method is shown, first.In the flow, there are

five steps which affect the damage identification accuracy. In this study, mode decomposition is

performed by ＳＶＤ[5]under assumption that amplitudes of mode shapes included in each applied

signal are constant, while the amplitudes of mode shapes measured by each sensor are changed

temporary due to vehicle run. Thus, this method includes a step converting mode shape measured in

moving observation from ａ form of time function to ａ function of position by interpolation. The

mode shape in a form of time function can be approximated by interpolation as the summation of the

products of coefficientsand basis functions. These coefficientscorrespond to discrete mode shape.

2.3.2.

　

Damage IdentificationFlow

In VO-BHM based on bridge mode shape estimation,the signalsmeasured on the vehicleshould be
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transformed to bridge vibration components. In this study, the proposed method insists in 5 steps

shown in Table 2.3.1｡

　　　　

The bridge vibration components are contained ｉ the forced displacement of the vehicle.In

firststep of the proposed method, the forced displacement of the vehicle is estimated as input of the

system. Herein, inverse system estimation (ISE)[8]'[9]ａｎｄ丘equency response function (FRF) are

applied to vehicle vibration data for the input estimation. The difference between these two methods

liesin measurements. Both vehicle acceleration response and relative displacement between vehicle

and road are used in ISE, while only acceleration is used in FRF. The forced displacement of the

vehicle contains not only the bridge vibration response components but also the road unevenness. In

the next step, to extract only the bridge responses components, deduction of road unevenness from

the forced displacement should be performed. Simple idea to extract the bridge components 丘om the

estimated f1:)rceddisplacement is to calculate difference between the signals measured on the

different vehicles (ｏrａχles)after spatially synchronized. Then, the obtained bridge response

components in second step are signals measured at moving positions, not at fixed positions. In

traditionalmethod[1o]'[Ｈ]'[12]toestimate bridge mode shapes, sensors are assumed to be fixed on the

bridge. The signals of VO-BHM cannot be used for mode shape estimation due to this moving

measuring point effect.In the third step,by interpolation function to appropriate the mode shape by

known basis function, the moving effect can be canceled. It also means that the moving effect

canceling is one solution for the non-linearity of VBI system and that the estimated signals could be

taken as measurements at the assumed fixed points. Mainly adopted interpolation is Lagrange's basis

function[13] The objective bridge responses which can be decomposed bySVD are obtained through

three

　

steps.

　

For

　

forth

　

step, SVD　are　applied　to　estimated　bridge　responses　like

only-bridge-data-oriented BHM (ＢＯ-ＢＨＭ).SVD assumes the de-correlation between the modal

responses. This assumptions are always satisfiedby signals of丘ee vibration, stationary vibration and

output vibration of the system subjected to random white noise input. But, here, the objective

vibrationis output due to trafficnon-stationary input. Thus, theirde-correlation should be examined.

STEP １:Input estimation of vehicle system

In VO-BHM, measured signal is only output of the vehicle vibration system. but the signal to be

obtained is the bridge vibration. The bridge vibration component is contained in the input of the

vehicle system. To estimate input of the system. generally, 丘equency response function (FRF) is used

in丘equency domain. But, the accuracy of this method is often decreased due to the impropemess of

the Fourier trａｎsfbrｍロ4].　Thus,the estimation results in this step should be affected by this

impropemess when using FRF. Inverse system estimation (ISE)閻'[9]based on the state space

equation of the vehicle system is also applied to the vehicle responses. Ａ demerit of ISE method is

that not only vehicle acceleration but also relative displacement between vehicle body and road

surface must be measured, while itis necessary to measure only vehicle acceleration in FRF. On the
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Fig. 2.3.1 Input and output of vehicle system model

contrary.FRF which is ａ parameter of the vehicle vibration system must be calibratedbefore

inspection.In ISE method, itis not necessary to perform calibrationof the vehicle.

(a) Frequency Response Function

One of the merits of FRF is the capability of being easily obtained. The relation between the forced

displacements vector for each axles び(ω)EC71゛l　and the vehicle responses vector Ｚ(ω)EC71＋1

in frequency domain can be described as Eq.｢2」) by FRF H(ω)ＥＣ(゛１)叫９１)．

　　　　　　　　　　　　　　　　　

Ｚ(ω)＝Ｈ(ω)び(ω)

　　　　　　　　　　　　　　　　　　

(2.24)

where it is assumed that (n + 1) vehicles (or axles) are applied to measure their own vibrations. To

estimate Ｈ(ω), it is necessary to input controlled displacement vibrations to the vehicle before

actualinspection｡

　　　　　

However, for example, letting us assume that the vehicle system isａ simple spring mass

model shown in Fig. 2.3.1, FRF ofthe vehicle vibration system is

仇(ω)二

　　　

押Ｃt十孔

－ω2几十畑ら十/ら
(2.25)

where ｍ６ らａｎｄだi are mass. damping and stiffness of the i-th vehicle･ / indicates imaginary

unit.The input to be obtained is given by Eq. (2.24) as follows:

吹ω)＝Ｈ(ω)-ＩＺ(ω) (2.26)

Let us 乙(ω)ａｎｄ哨(ω)be the i-th elements of Ｚ(ω) andぴ(ω), respectively. Then, because the

order ｏ白he FRF is less than zero. estimation of output ろ(ω) can be calculated accurately using

24

　　　　　　　　　　　

‾‾χ)

　　　　

zAi)

　　　　　　　　　　　

Jj

　　　

Vehicle 1

ご２

　

＝ニ〉z:(l)

　　　　　　　　　

侑(/)

　　　　　　　　　　　　　　　　　　

Road Foｕyhlkヽ

　　　　　　　　　　　

｜/

　

゛/"｡-/゛ごご/‾/ﾒ

　　　　　　　　　　　

ｰ

　　

-

　

-

　　　　　

ｐr;ｊfTjゝ１１r，tiｎ１･、･｡1ハ



吻ｕtび,(ω)ａｎｄ坊(ω) based on Eq. (2.24), which is a proper problem. ０ｎ the other hand, for

inverse estimation for input 仇(ω), because the inverse of FRF (＝Ｈ(ω)－1)has larger order than

zero, the problem becomes improper and input びi(ω)ｃａ皿otbe calculated 丘om Ｚｆ(ω)frequently.

(b)lnｖｅrＳｅSystem Estimation

To overcome the improper problem of input estimation, the inverse system estimation method is

sometimes proposed in existing studies[8]However, the substance of this method is twice numerical

integration. Thus, indeed, the estimation accuracy depends on the sensor performance｡

　　　　

To apply ISE to the firststep of this method, both the vehicle acceleration responses and the

relative displacement between the vehicle body and the road surface must be measured. The

equations of state and observation for the vehicle system can be described as Eq. (2.25) and (2.26),

respectively･
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(2.26)

where z(t) G R"十1，ｕ(0ER714'1， ＭＶＥＲ(714'1))((71＋1)，ＣＶＥＲ(714'1)｀(71＋1)，ａｎｄＫＶＥＲ(71゛l)x(n+l)

are the response, input, mass matrix, damping matrix and spring stiffiiess matriχ of the vehicle

system, respectively. Relative displacement between the vehicle and the road surface equals the

relative displacement Ｚ(0－ｕ(０.(　)ａｎｄ(　) denote first and second order derivation in time

domain. Then, the inverse system equation of this state space system can be solved by using changes

ofａ time-series signal x(t) which can be described as

i(t十∠ａ)＝
x(t十∠It) - x(t)

∠It

By substitution of Eq. (2.27), the inverse system can be rewritten as

Ｚ
・
Ｚ

ｔ
(t十ｊt)

(t十∠ぱ)

ｕ(む十∠lt)

血(も十jt)

Ｏ
Ｏ

Ｌ
－０
０

ぐ
ぐ
Ｚ
・
Ｚ

ｔｌｔ
ｌ

ｌ
ｏ

Ｌ―

づ
ＬＩ０

０
ぐ
ぐ
ｚ
・
ｚ

ｔｌ

z(t)- u(t)t

瞭)

几。ら気JF
(む十∠It)- u(t十ぷ;)

　　

i(t十∠1０

(2.27)

(2.28)

(2.29)

The system parameters Mv, Cy, and Kv are difficultto be measured. However, even if these

parameters are unknown, at least,Ｕ(Ｏ can be estimated by based on Eq. (2.28) and Eq. (2.29)

while血(t) cannot. If the system parameters can be obtained, 1£(Ｏ can be estimated to improve the

25



estimation accuracy of u(t). When the initialvalues of the state variables
{:3j

is set,by

substitutionof the statevariables
{j9}ａｎｄ

the observed variables
F(tt言7(0)tｏ

Eq. (2.28),

the statevariablesfor the next step time
{:(t + M)＼

be estimated.As the resultsバheinput

values
fM(t + 191

are calculatedby Eq. (2.29).

STEP ２:Deduction of road unevenness (Extracting bridge vibration component)

The estimated input ｕ(0ER714'1 in time domain, or び(ω)EC71＋1 in丘equency domain contains

both the bridge response ｙｖ(０ＥＲ７１゛１measured at moving points and the road unevenness rit).

　　　　　　　　　　　　　　　　　　　

ｕ(０＝ｙｖ(０十ｒ(０

　　　　　　　　　　　　　　　　　

(2.30)

where ｒ(t)ER71＋1 is the road unevenness directly under the measuring

axles). In the second step of the proposed ｍｅthodバhe road unevenness should be deducted to

estimate the bridge modal parameters･

　　　　

When (八＋1)ｖehicles(ｏr ａχles)are assumed to measure their own vibrations, the

maximum order of the bridge mode to be considered in this method is ｎ.

　　　　

Now, by following the superposition principle of vibration theory, bridge vibration can be

given by using bridge mode shapes of ｋ-th order φだ(ｘ)ａｎｄmodal responses 収(O in the form.

　　　　　　　　　　　　　　

ｙ(ｘ洵＝Σφバズ)収(0

　　　　　　　　　　

(2.31)

　　　　　　　　　　　　　　　　　　　

た＝１

where x and t denote position and time. respectively.Here, bridge is modeled as one-dimensional

beam. The bridge length is £･

　　　　

Then, letting us assume the difference of two displacements at different positions

corresponding to two vehicles.The difference can be expressed as

　　　　　

夕μ)≡ｙ(私０－ｙ(ね1,t十ｓ△０＝Σぬ(馬){仇(t)一収{t十△0}

　　

(2.32)

k=l

where X; denotes the positionof the moving vehicle or axle i. In thiscaseバhe positionsof the
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Fig. 2.2.2 Spatial synchronization for deduction of road profile by ａtrailersystem

vehicles must satisfythe following condition:

私ト1(t十蚕)＝剣(０ (2.33)

where∠It is time difference determined by the vehicle speed and intervals. To satisfy this

assumption, the vehicles must run over the exactly same pathway with equal intervals in this method･

When the measuring vehicle is assumed to be ａ trailersystem such as shown in Fig. 2.2.2バhe

assumption could be easier to be satisfied.Eq. (2.32) can be rewritten as

沁） ＝φ(０４(０

<I>(t){q(t) - q(t十△０}
(2.34)

where

　

y(t) E R"‰q(t) G R"　and　S(t) 6 R"　are　bridge　response　component　vector,modal

response vector and modal response component vector,respectively.The (ﾍｿﾞ) element of φ(O is

the t-thorder mode shape at thelocationof 心(０･

　　　　　

Now, lettingUiit) be t-thelement of vector u(t)バhe bridge response component y(t)

can be also obtained by subtraction片(０丘ｏｍ叫＋1(17十∠^t)asfollows:

亀(０≡馬(０ －Ui +dt十∠ａ)

　　　

＝{y隔(０,０十ｒ削(０)}－{y(ｘ０.1(む十ｊｏｊ十∠ｎy)十r{xi+dt十山))}

　　　

＝{ﾀ(几(０,０十ｒ隔(０)}－{y(ろ(Ｏｊ十∠10十ｒ隔(０)}

　　　

＝{ｙ凪(０,０－ｙ(ｘ,(Ｏｊ十∠ｋ)}十{ｒ(祁(０)－ｒ隔(0)}

　　　

＝y隔(Ｏｊ)－y(ｘぷ-),t十At) =夕心)

where夕,(Ｏ and r{xi(t)) are i-thelements of y(Ｏ and r(t),respectively.

　　

For example. when ｎ ニ3，φ(O is described as

27

(2.35)



φみぷ))

φぷぷ))

φ1(iぷ))

φみぷ))

φみぷ))

φμぷ))

STEP ３:Moving observation effectcanceling

φ戸ぷ))

φみぷ))

φみ誰))

(2.36)

The estimated bridge response components y(Ｏ contain the information of bridge mode shape. The

form of the information is different 丘om the measurements at the nχed points on the bridge. Here,

the bridge response components measured at the fixed points on the bridge 夕(t) G R", which is the

difference of the bridge displacement responses between at the time of t and t十△らcan be

described as

　　　　　　　　　　　　　　　　　　

夕(０＝A4(0

　　　　　　　　　　　　

(2.37)

where ＡＥＲ７１)(7lis the discrete mode shape matrix. The (i,/) element of ＡＥＲ７１)(7lis the i-th

mode shape amplitude at theｿﾞｰthmeasuring point. The number of the assumed measuring points are

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　

－
ｎ.Then, mode shape function (1）峡）ｃ)ｃａｎbe approximated by ｎ basis functions Ⅳ(χ)ER71.

ぬ(ｘ)

　

－
= N(x)Au (2.38)

where /1だGR^ is the k-th column of the discrete mode shape matriχＡ. The summation of basis

　　　　　　　　　

一
functions matrix N(x) should always be 1.

｛
２
　
　
ハ

Nj(x) = 1 (2.39)

　　　　　　　　　　　　　　　　　　　　　　　　　　　

－

　　　　　　

－where Ｎｉ(x) is the y-th element of the basis function vectoｒ　Ｎ(x).And, N(x) must also satisfy

below

原石） -

-

i...a = /)

O…(1≠ﾉ)
(2.40)

where Xi means the l-th n‘leasuringpoints. We can find many basis functions satisfying these

conditions. For example, Lagrange interpolation exactly satisfy Eq. (2.39) and Eq. (2.40). On the

other hand, while Cardinal sine function satisfy Eq. (2.39) but does not satisfy Eq. (2.40), its

interpolation gives good resultsin stable.If these conditions are not satisfied,the assumed Ａ is not

same with the mode shape matrix.

　　　　

Ｔｈｅ(り)element of the interpolation matrix Ｎ(O is defined as
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(2.41)

where x, is the function of time which indicates the position of the i-th measuring points. By using

theinterpolation matrix N(t), the mode shape information matrix φ(Ｏ can be rewritten as

φ(０ -

- Ｎ(ＯＡ (2.42)

By applying thisapproximate expression to the estimated signals,the measurements at the moving

pointscan be transformed to the measurements at the fixed points.The estimated bridge response

components at the moving points y(Ｏ can be describedas

沁） ＝φ(０４(０ ＝Ｎ(ＯＡ４(０ (2.43)

The bridge response components at the assumed fixed points 夕(Ｏ can be calculated by the follows

夕(０＝Ｎ(０-ｌｙ(０ニAq(t) (2.44)

wherｅＤ‾l

　

indicates inverse matrix. This relational expression can be calculated only during the

vehicles passing inside between the firstand last assumed measuring points. In other wordsバhe

objective time range is 丘ｏｍthe time when the last vehicle or axle enters the firstfixed point 到tｏ

the time when the 丘rstvehicle or axle reaches the last fixed points 乱，sｕｃｈas shown in Fig. 2.2.4.

(a) Lag｢ange interpolation

Then, Lagrange interpolation[川ｃａｎbe described as
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(2.45)

where Ｈ（　) means the multiplication of allelements. For example,
m=iaたニα1×α2×…ｘａｎ･

And, Xi is the assumed fixed points and should be set at equal interval on the bridge.

(b) Cardinal sine interpolation

For interpolation, you can use any basis function. Although Cardinal sine function[15]cannot satisfy

the condition of Eq. (2.39), it is stable and easy to be installed. The basis function based on the

Cardinal sine function can be described as

N，(ｘ)

　　　　

●

　　

X ― X,　　sinl
―!£1ﾆ2E!)｡)

＝sｌｎｃ(Tj＝血
ドレ

(2.46)

(c) Trigonometrical functions interpolation

Because mode shapes are generally almost same even after serious damage, basis function can be

assumed mode shape itselfsuch as Trigonometrical functions. Eq. (2.47) can be applied for the basis

function of interpolation.

Nj(ｘ)＝

　

’
ｍ

　

０
５

　

Ｓ

　
　
　

Ｃ

ｔ

⑦

⑦

／＝２ｍ＋1

．
／ ＝2ｍ

(2.47)

where ｍ isａcounting number. When Eq. (3.26) is applied to this method, estimated A is not ｍｏｄｅ

shape matrix any more. However, it could be ａ damage index because it has stillthe information of

the mode shape.

STEP ４:Mode shape estimation

To estimatebridge mode shape in VRA, the availablesignalsarejust only bridge system outputs.

Because of that,an output-only identificationmethod must be applied. One of the methods is

SingularValue Decomposition (ＳＶＤ)ｍｅthod.

　　　　

SVD itselfis one of the orthogonal decomposition methods. Optional matriχy Ｅ/?nxm

can be decomposed such as

ｙ＝ＵΣＶ７
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where ＵＥ/?nxn and ｖＥ/?nxm are orthogonal matrices,ａｎｄΣ∈7?nxnisａ diagonal matrix.ｎ

and ｍ are the number of measurements and data number, respectively.When
y is the bridge

response component data matrix estimated by step 3，Ｕ and ΣVT are estimated mode shape matrix

and modal response components as normalization of the ｍａχimum of each column of Ｕ. SVD

assumes that the modal response components are de-correlationwith each other.In brief,the

followingcondition equationis assumed to be satisfied.

y(０夕(０７＝Ａ{4(t)4{07}ＡＩ

where q(t)S(t)T is assumed to be a diagonal matrix･

STEP ５:Damage identificationbased on mode shape

(2.49)

Finally, damage is identified on a basis of estimated mode shape of the bridge. Herein, mode

accuracy criteria(ＭＡＣ)[16]value is applied to evaluate the change of estimated mode shape. MAC

value denotes the cross correlation between two mode shape matrices. MAC can be described as

MAC/ｄニ

　

(ΣjAo脳{A1}μ)2

(ΣﾊﾞＡ,爪)(ΣﾊﾞＡ吊)
(2.50)

where An and Ai is basis and estimated mode shape matrices.When An and Ai are similarin

shape, MAC value is close to 1. If MAC value decreases,it indicatesthe changes of mode shapes

which may be occurred by bridge damage.

2.4.DirectMode-Shape-based VO-BHM

2.4.1.　ConceptBasis

In thisstudy, direct mode-shape-based VO-BHM method is also proposed in which the interpolation

matrix directlyis applied to the vehicle acceleration responses to estimate the bridge mode shape｡

　　　　

The accuracy of VO-BHM based on bridge mode shape depends on the characteristicsof

non-stationary signals and non-linear interaction between vehicle and bridge. In the previous study

about vibration-based ＢＨＭ[17]'[18]'[19],improvement of estimation accuracy is intensively studied.

０ｎthe other hand, there is limitation in the estimation accuracy of bridge mode shape by VO-BHM

method. Because bridge mode shape changes very slightly due to local damage, it has been difficult
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to reach the required accuracy enough to identify the bridge damage･ generally. The main factor

decreasing the accuracy is the non-linearity due to the moving observation eifect. However･ this

effect can be managed by the interpolation shown in the former section. While the indirect

mode-shape-based VO-BHM method applies the interpolation approximation to the estimated bridge

vibration, the same interpolation matrix is applied directly to measured vehicle acceleration

responses in the direct mode-shape-based ｖＯ“BHM ｍｅthod｡

　　　　

This direct approach can be categorized into two methods mainly: the method using inverse

interpolation matrix to solve the equation of motion of vehicle system and the method using

transposed interpolation matrix to extract bridge mode shape based on the equation of motion of

bridge mode system｡

　　　　

In both of the direct mode-shape-based VO-BHM methods, itis not necessary to know the

road uneve皿ess. Just applying interpolation matrix to vehicle response directly,bridge mode shape

can be estimated. In this method, damage identificationis performed by comparing the estimated

mode shapes before and afterdamage introduced.

2.4.2.

　

Inverse InterpolationMethod

The equation of motion of the vehicle can be described as

MＶれt)十Cvz(t)十Ｋｖｚ(０＝Cμ(t)十KpM(t) (2.51)

where ＭＶＥＲ７１)(71，CVER71｀７１and ＫＶＥＲ７１｀7lare mass. damping and spring stiffness matrices of

the vehicles, and Cp ER71｀71 and KPER71｀7l are damping and spring stiffness of the vehicle for

external force, respectively. When the assumed vehicle model is ａ simple mass-spring model, Cv

and Kv are same as Cp and Kp ， respectively. Then, Ｚ(t)ＥＲ７ｌ and u(t) G R" are vehicle

responses and forced displacement. For a half-car ｍｏｄｅいhese parameters are shown ・ Table 2.4.1｡

　　　　　

The input of the vehicle system u(t) can be described as

u(t) = φ(09(t) (2.52)

where 4>(t) and q(t) are thebridge mode shape matrix and modal response vector.(i, /) element

ofφ(Ｏ

　

can be describedas

φり(0＝ ち隔(0) (2.53)

whereφﾊﾞx) is y-th mode shape and Xi(t) is the position of the vehicle axle which corresponds to

Zi(t).

　　　　　

Letting us assume that the unsprung physical characteristicsof the 丘ont and rear axles are
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Table 2.4.1 Parameters of a half-car model
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(2.56)

Here, ^u, Cu and j(ｕare unsprung-mass, damping and stiffiiess.

　　　　　

by applying the Ｎ(O to the <i>(t) for approximation, the directly estimation equation for

VBI can be obtained as follows:

where the error term is

卜(縦掛 A衣0－ε(0
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ε(０＝ N-1(Oi(t) (2.58)

In this method, ait) and £(t) denote bridge mode response components and ｅ汀or term,

respectively.If <j(t) and Ｅ(O are de-correlationsignals, A can be estimated by SVD of

－･(辻川 .In this study, damage changes of A is examined in aspect of the de-correlation of

cr(t).

2.4.3. Transposed InterpolationMethod

　　　

In the finite element method (FEM) model whose degree of freedom (DOF) is d for bridge,

the equation of motion of the bridge is given by the displacement vector ｙ(０ＥＲｄ， the mass matrix

ＭＢＥＲｄ｀ｄ，tｈｅdamping matrix Cb ＥＲｄ｀ｄ and the stiffness ｍａtrｉＸＫＢＥＲｄ)(ｄin the form as.

　　　　　　　　　　　

MBy(t)十C8夕(０十KoVCO = L(t)P(t)　　　　　　　　　　　　(2.59)

where P(t) G R" is the contact force vector andL(０ＥＰ｀7l is the equivalent load matrix･ (')

and ( ) mean the firstand second order temporal derivative, respectively. The each element of

ｙ(Ｏ corresponds to the displacement of each node｡

　　　　

On the other hand, the displacement ｙ(Ｏ of the bridge can be described as the summation

of the products of spatialfunctions and temporary functions as follows:

　　　　　　　　　　　　　　　　　

ｙ(0＝X9(t)

　　　　　　　　　　　　　　　　　　　　

(2.60)

where χgndxm and Of G R'" are mode shape matriχand modal response vector, respectively. The

だ-thcolumn of the mode shape matriχ χ corresponds to the 友一thmode shape. Then, Eq. (2.59) can

be rewritten by substitutionof Eq. (2.60) and by multiplied ｘ7 fi‘omthe leftside as follows:

Mxq(t)十CX4(０十Ｋχq(t) = XTL(t)P(t) (2.61)

where

　

ＭＸニＸＴＭＢＸ，ＣＸニX^CnX and　ＫＸニX'^KbX　are　modal　mass, damping, stif&iess

matrices. Then, bridge damping is generally very small and negligible. Herein, ＸＴＬ(Ｏ can be

approximated as ＡＴＮＴ(Ｏof which size may be smaller. The contact force can be described as Eq.

(2.62).

P(t)= MJg-れt)) (2.62)

where ＭＰＥＲ７１゛7lis the mass matriχ of the vehicles for calculation of the contact forces, and !1
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and z{t) are vectors of gravity acceleration and acceleration responses of the vehicle, respectively.

Mp is shown in Table 2.4.1 forａ half-car model. By substitution of Eq. (2.62) to Eq. (2.61) and

lettingus assume that ｘTL(Ｏ can be approximated as ＡＴＮ(0，the equation of motion of the bridge

becomes

A(ＭＸ４(0十CX4(0十ＫＸ９(t))＝

Dividedby ｍ。Eq.(2.63)becomes

　　　　　　　　　　　　　　

心)撫
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Based on Eq. (2.64), A can be estimated by SVD of Ｎ７(ｏtk飛ｊ

(2.63)

(2.64)

(2.65)

(2.66)

The uncertain factors which

affectthe estimation accuracy can be evaluated by the correlationdegree of T(t) and e(t). If

de-correlationboth of T(Ｏ and e(t) can be assumed, SVD method gives A as bridge mode shape

matriχ.When the observer isａ halfｃａrけheorthogonal matrix of SVD ｏｆＮ７(0

which indicates the intact bridge mode shape.

2.5.Summary of thischapter

１
１

ＬＩ
一
２

　

一
１

－μ
り j

1

］

In thischapter, the three methods R)r bridge damage identificationbased on ｖＯ'ＢＨＭ are proposed｡

　　　　

The firstmethod is based on wavelet coefficient of the vehicle acceleration response which

is non-linear function of the bridge curvature. The curvature-based ｖＯ'ＢＨＭ method uses CWT to

calculate wavelet coefficient of the vehicle acceleration response. This wavelet coefficient can be

given in ａ form of non-linear function of the bridge curvature. Thus, as the bridge curvature changes

due to damage, the wavelet coefficientis varied at the damage position･ However, the equation of the

proposed method includes ａ term of road profile eflfect.It means that the accuracy of damage

identification may depend on road profile.
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Next, the second proposed method isｖＯ'ＢＨＭ in which bridge mode shapes are indirectly

estimated by way of estimation of bridge vibration. The second method consists in five steps to

estimate the bridge response exactly based on the mode theory. To cancel the effect of moving

observation, interpolation is applied to the estimated bridge responses, indirectly. The second

proposed method which is damage identificationby indirect mode-shape-based VO-BHM consistsin

five steps: Input estimation, road unevenness deduction. canceling of moving observation effect by

interpolation, mode decomposition and damage identificationbased on estimated mode shapes. Thus,

there are many uncertainties which affect the resultsin five steps｡

　　　　

On the other hand, the third method applies interpolation directlyto the vehicle acceleration

responses. Third method can be categorized in two methods, mainly: Methods using inverse and

transposed interpolation. Both the second and third proposed methods are damage identification

based on bridge mode shapes･
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Chapter 3. Numerical Verification

3.1.GeneralRemarks

This study presents ａnumerical simulation. The aim of the numerical simulation is verification about

the proposed only-vehicle-data-oriented BHM (ＶＯ-ＢＨＭ)ｍｅthods. The each proposed method

assumes that road profile must be managed. In the first method based on bridge curvature,

uncertainty caused by road profile is decreased by focusing on the high frequency domain. ０ｎ the

other hand, the second and third methods based on mode shape assume de-correlation of signals. By

comparison in changes of the vibration indices due to damage and uncertain factors numerically, the

mechanism of the influential factors in the VO-BHM can be ｅχamined. Several vehicles travel over

the bridge under ideal measuring condition in the numerical simulation｡

　　　　

Herein, in the numerical simulation, rigid-body spring systems[1]are used for passing

vehicles, while the one-dimensional beam[2]is modeled by finite element method (FEM) as the

bridge. To calculate the dynamic behavior of the vehicle-bridge interaction (VBI) system.

Newmark-βｍｅthod[3]is adopted. In this chapter, first,the way of the numerical simulation based on

modal analysis and Newmark-βmethod isｅχplained.Then, the verification results are presented for

each methods.

3.2. Numerical Simulation

3.2.1.

　

Modal analysisbased on FEM

In thisstudy, modal analysis is used to calculate the bridge eigen-frequencies and mode shapes･

　　　　　

Bridge is modeled as continuous beam in the mode analysis theory. The equation of motion

can be written as

Ｍ
∂2 y(ｘ

-
∂t2

０ ∂y(x, t)

- ＋

∂2

-
∂χ2

y(ｘ

-
∂χ2

9）
＝０ (3.1)

where pA and Ｃ are mass and damping per unit length and El(x) is flexural stiffness of

EuIer-BemouUi beam。 and yix, t) is the displacement which is a function of the position X and

time t. By applying FEM model with the degree of freedom (ＤＯＦ)of d, the displacement, mass,

damping and fieχural stiffness can be expressed by the displacement vector ｙ(0ERd， the mass

matrix ＭＢＥＲｄ)(ｄ，the damping matrix ＣＢＥＲｄ)(ｄ and the total stiffness ｍａtriｘＫＢＥＲｄ｀ｄ，
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respectively. The each component of ｙ(Ｏ corresponds to the displacement of each node. Eq. (3.1)

can be rewritten by these vectors and matrices as

　　　　　　　　　　　　　

Ｍ８夕(0十C8夕(0十K8ｙ(０＝o

　　　　　　　　　　　　　　

(3.2)

where ( ) and (ﾄ) denote the firstand second order temporal derivative,respectively.FEM

model of bridgeis shown in Fig. 3.2.1･

　　　　

On the other hand. the displacement y(ｘ，ｆ)of the bridge can be expressed by the

summation of theproducts of spatialfunctionsand temporary functionssuch as

　　　　　　　　　　　　

y(.x,t)=Σ仇(ｘ)仇(0＝φ1｀(ｘ)9(t)　　　　　　　(3.3)

　　　　　　　　　　　　　　　　

た＝1

where the spatial function φk(x) is友一th mode shape which is ａ component of mode shape vector

φ７(ｘ)＝{φi(.x),φ2(ｘ)，…，φｍ－１(ｘ),ら(ｘ)ド，ａｎｄthe temporary function 仇(O is the た-th

modal displacement responses which is ａ component of modal response vector q(t)ニ{91(t)，

92(0，…－Qm-1(t),‰(t)耳This equation can be also expressed by using the mode shape matrix

ｘＥＲｄ)(″ｌand modal response vector 9 ER”1 as

y(t) = Xfl(t) (3.4)

where the 友一thcolumn of the mode shape matriχ χ corresponds to the ｋ-tｈmode shape φｋ(χ).

The maximum of the modal order considered is ｍ. Then, the equation of motion of FEM model of

the bridge[2]can be given by substitutionof Eq. (3.4) and by multiplied ｘ７丘ｏｍ the left side in the

form of
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Mxq(t)十Cx<?(t)十ＫＸ９(0＝O

　　　　　　　　　　　　　　　

(3.5)

where

　

ＭχニＸＴＭＢＸ，CXニX^CgX

　

and

　

ＫＸニX^KqX

　

are

　

modal

　

mass, damping, stif&iess

matrices. Because bridge damping is generally very small, the second term in Eq. (3.5) can be

negligible.Free vibration qit) = a exp(;ωO is one of the solutions, and because mode shape ｘ is

orthogonal matriχ,Eq. (3.5) becomes

　　　　　　　　　　

(－Ｘ７Ｍ８ｘdiag(ω2)十X'^KRX)a ｅｘp(jωtT｀）＝O　　　　　　　　　　　(3.6)

In order to have ａ solution of Eq. (3.5) over q(t), the following equation is given by Eq. (3.6) in the

form of

Mii1K8＝ｘ diag(ω2)Ｘ７ (3.7)

whereωeR^ is modal angular frequency vectorand diagC　) means a diagonal matrix of which

elements correspond to input vector.ｘ and ωcan be calculatedby singularvalue decomposition

（ＳＶＤ）ofMiilK8･

3.2.2. The equation ｏｆmotion of VBI system

The equation of motion 藪)rbridge subjecting to several loads can be expressed as

　

∂2y(ｘ，t)

　

∂yix,t)
Ｍ

　

∂172

　　

十Ｃ

　

∂t
＋

∂2

-
∂χ2

y(x,

-
∂χ2

ぶ
ｙ
治

Pi(t)S(x一利) (3.8)

where Xi is the position of the i-thloads 巧(O and n is the number of the loads. 5(x) is the

Dirac delta function.In the same way, the equation of motion of VBI system can be given by

substitutionof ｘ and q(t) to Eq. (3.8)in the form of

Mxqf(t)十CX々(£)十Ｋｘq(t)＝XI'L(t)Ｐ(t) (3.9)

where p(t) e w is the contact force vector and L(０ＥＲ”1)(“is the equivalent load matriχ.This

equivalent load matriχ L(Ｏ transforms ａ concentric load 几(O at Xi to two loads and two

moments applying to nodes under the same deflections and slope-deflections of the nodes.

　　　　　

On the other hand, the equation of motion of“がvehicles can be expressed as

MＶれ０十CVれt)十Ｋｖｚ(０＝C疎(0十KpM(t)
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where z(t) G R" and u(t) G R" are vehicle responses and forced displacement, and Mv ＥＲ”)(71，

CVER71)(”ａｎｄ ＫＶＥＰ)(7l are the mass, damping and spring stiffnessmatrices of the vehicles, and

CPER71)(7l and KPER71゛l are damping and spring stiffness of the vehicle for external force,

respectively. Mv, Cv and Kv are shown in Table 3.2.1. The equation of motion for vehicle is

differentdepending on the vehicle model. When the assumed vehicle model isａ simple mass-spring

model, Cy and Kv are the same as Cp and Kp, respectively｡

　　　　

The contact force vector Ｐ(Ｏ can be given by vehicle response れＯ in the form of

P(０＝Ｍr(ｇ－れ０) (3.11)

where Mp G R"'^" is the mass matriχof the vehicles for calculation of the contact forces which is

also shown in Table 3.2.1, and !7　isａconstant vector of gravity acceleration.

　　　　　

For example, when the vehicles are modeled as simple mass-spring model shown in Fig･

3.2.2 (a), the equation of motion ofthe i-th vehicle is

ｍ高(０十ｃ漓(０十kjZj(Ｏ ニら亀十り馬 (3.12)

where m,-, ら, ki. 2/　and 馬　are the mass, damping, spring stiffness, response and forced

displacement of the vehicle, respectively. The forced displacement is the summation of the bridge

responses component y(到ぽ) and the road unevenness r{x).

ｕ,(０ ＝y(乱０十べ到(０) (3.13)

The contact force is the weight of each vehicle axles.When the vehiclesare modeled as
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Mass

Damping

Stiffiiess

Table 3.2.1 Vehicle properties for each model

(a) Simple mass springmodel
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simple mass-spring model shown in Fig. 3.2.2 (a),the element of the vector Ｐ(O is Pi(t) and it

can be describedas

Pi(t)= mAg一石(0) (3.14)

where ｍ６ ｇ ａｎｄ為(O are the mass　of the f-th vehicle, gravitational acceleration and the

acceleration responses of the i-th vehicle, respectively.When ａ vehicle is modeled as the quarter‘car

model shown in Fig. 3.2.2 (bUhe equation of motion of the vehicle can be ｅχpressedby

m-Ｚｓ(０十らち(0十心４(0＝ら礼(t)十心気(t)

ｍＪｕ(t)十らλ(０十臨ん(t)

‾ＣＳ(な(０一礼(0)十恥(４(0－乙(t))十ら訴(0十kuuit)

(3.15)

(3.16)

The equation of motion for quarter-car model can be given by Eq. (3.15) and Eq. (3.16) in the form

of

陪こ]言 よＬ卜

　　

‾ＣＳ
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ぐ
ぐ
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―㈹
㈹

畷
気

Ｈ
Ｈ

Ｏ
舵

(3.17)

where the subscript ｓ and ｕ denote sprung and unsprung. In Eq. (3.15), it can be confirmed that

[ ]v and [ ]p are different.The length of U(O is the same as the DOF of the vehicle. Letting us

assuming that Us(t)ニUu(t), the forced displacement of the sprung mass 畷(O is always

multiplied by zero in order to describe the vehicle system comprehensively.

　　　　

For the quarter-car model, the contact fiﾆ)rcebecomes

０
０

ぐ
ぐ

尺
几

ｔ

パ肥∩言） (3.18)

The matrices of the vehicleproperty depending on the model type are shown in Table 3.2.1.The

forced displacement vectorｕ(Ｏ can be given by using mode shape matrix ｘ and the equivalent

loading matrix L(O in theform of

u(0 ＝L7(OX9(０十ｒ(0 (2.19)

By using Eq. (3.9)･Eq. (3.10)･Eq. (3.11) and Eq. (3.19), the equation of motion of'VBl syste㎡' can

be described as

44



陪雪門開士よｏぺ

3.2.3. Dynamic simulation algorithm
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(3.20)

　　　　

In this study. the Newmark-βｍｅthod[3]is adopted to VBI system f(:)rcalculation of the

responses of the vehicles and bridge. Eq.(3.20) can be rewritten as

M(t)x(t)十C(t)x(t)十K(t)x(t) = bit) (3.21)

where ｘ(£)＝{97(t)　ｚ７(t)}７ and b(t) = {XTL(t)M,？ｇ　Cpr(t)十Kpr(t)r are　output and

input of VBI system, and Ｍ ＥＲ(”l＋71)｀(”1゛71)，ＣＥＲ(″1"hn)x(7n゛71)ａｎｄＫＥＲ(”1゛n)x(rn゛71)ａrｅVBI

system mass, damping and stif&iess, respectively. Now, the velocity and displacement of VBI output

can be described as

べ(い1)△t) = xik:△t)+ At(yx((い1)△0＋(トy)班△０)

x((だ＋1)△t)= xikM) + At xikAt) + Aくβｉ((だ＋1)△t)＋(トβ)ｉ(心))

(3.22)

(3.23)

whereだis the step number and At is the discrete time rate. βand y are the coefficient of the

Newmark-βmethod, which is usually set in β＝1/6 and y = 1/2. Then, when t＝(だ+ l)At, a

linear relationalexpression between た△t and (k + 1)△t can be given by substitution of Eq. (3.22)

and Eq. (3.23) to Eq. (3.21) in the 丘)ｒｍof

(m((/c+ 1)△0＋jtyc((い1)△o＋m2萍((い1)△t))ｉ((だ＋1)△0

　　　　　

= bUk + l)At)- C((/c+ 1)△o{排△り十皿(トy)抑△0)}

- K((k + l)At) x(kAt)十∠ａｉ(だ趾)十∠lt2 ⑤小(－))}

(3.24)

Because the alloutput of the た-thstep, external forceｌ}((だ＋1)△O and the propertiesof the

(だ＋1)-th stepare known, Eq. (3.24)can be solved easily.The solutionof Eq. (3.24)is

財(だ＋1)△o＝Ａ-1((だ＋1)△07(だ△Ｏ
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whereＡ and７ are

　　　

八((い1)△o＝Ｍ((い1)△t) + AtYC(ik+ 1)△O＋△ｔ叩Ｋ((い1)趾)

　　　

心△０＝b((い1)△0

　　　　　　　

－c((い1)△o{郎△o＋Ｊ((トy)八△ｏ)}

K((/c+l)△0 ｘ(た△０十∠1は(だ趾)十∠It2 汗水刈｝

(3.26)

(3.27)

　　　　

In thisstudy, for numerical simulations of VBI system. Eq. (3.25) is adopted to calculate the

responses of the vehicles and bridge.

3.3.Verificationof Curvature-based VO-BHM

3.3.1.　PropertiesofNumericalSimulations

The previous studies show feasibilityofVO-BHM methods directlyapplying time-frequency domain

analyses such as short-time Fourier s transform［4］andＣＷＴ圖to vehicle acceleration response. The

wavelet coefficient of the vehicle responses has ａ peak around local damage. However, those

previous studies have ignored the effect of road profile.In this study, applicability of CWT to

VO-BHM method is confirmed evenばroad profile is not negligible. From Eq. (2.20), wavelet

coefficientisａnon-linear function of bridge curvature which is a sensitive damage indeχ. However,

road profile effect D3 in Eq. (2.20) should make the detection of damage changes of wavelet

coefficientdifficult.Since road profile has low frequencies in predominant components, in this study,

small scales of wavelet coefficient which correspond to high frequency components are focused ｏｎ｡

　　　　　

The numerical simulation models of ゛ehicle丿］and bridge are shown in Fig. 3.3.1 . Herein,

introduced damage is modeled as local decreasing of neχural stiffnessand mass. The properties of

numerical models are shown in Table 3.3.1. The profiles of road unevenness generated by Monte

Carlo simulation based on ISO standards［6L［71are shown in Table 3.3.1 (c). Spatial frequency

Fig. 3.3.1 Vehicle and bridge model
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1∃3ble3.3.1 Model setup of the numerical simulation for curvature estimation verification

(a) Vehicle properties
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(b) Bridge properties
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function of road unevenness is given by

Ｓ＝

ａ

nぐ十び‘

30 40

　　　　　

In thisstudy. complex Gaussian is adopted for mother wavelet because time一斤equency

spectrogram by complex mother wavelet becomes much smoother than thatby the others,and itis

ensured thatdamage recognitionbecomes easier.The complex Gaussian mother wavelet ψ(O can

be describedas Eq. (3.28)

ゆ(０＝
d４

-
dt^

r p-e-ぱ

where C4 is a coefficient which is decided to satisfyφ(０ダ(０＝1.1n this verification,scale and

time

　

shift

　

correspond

　

to

　

frequency

　

and

　

vehicle

　

position, respectively. The　scale　ｓ　can　be

transformed to the pseudo frequency / by center frequency F^ of mother wavelet ip and sampling

rａtｅ凡

　

in the form of

/’ -

-

尽
一
爪

The complex wavelet coefficientZ{t,f) can be describedas

z(リ)＝れ０⑧少(丿万0
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Fig. 3.3.3 Vehicleaccelerationresponses(Damage width: 20 (cm), Damage location:μ2，

　　　　　

Road profile:Standard)

The power spectrogram P{t,f) of the vehicleaccelerationresponseれO is described as

(3.32)

Fig. 3.3.3 shows comparison between the vehicle responses for intact and damage cases. Blue line

denotes the vehicle acceleration response in the intact case. and other colored lines denote those in

the damage cases.　Fig. 3.3.3 (a) and Fig. 3.3.3 (b) show sprung-mass and unsprung-mass

acceleration responses at the frontａχle,and Fig. 3.3.3 (c) and Fig. 3.3.3 (d) show those at the rear

axle.The horizontal lines denote the position of the corresponding axle. The edges of the bridge are

located in ｘ = 0 (m) and x = 30 (m). Herein, the bridge damage is introduced in the center of the

span. The width of the damage is 20 (cm) which is ム/1501t is very difficultto detect different

between them in time domain, especially in aspect of sprune-mass acceleration responses.
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Fig. 3.3.4 Fourier's spectra of the vehicle acceleration responses (Damage width: 20 (ｃｍ)

　　　　　　

Damage location: ム/2, Road profile:Standard)

　　　　

Fig. 3.3.4 shows power spectra of vehicle responses in the same cases. In the same way as

Fig. 3.3.3, blue and other colored lines denote the power spectra in intact and damage cases,

respectively. It is also very difficultto recognize difference between them in frequency domain.

Because bridge damage occurs in localバhe damage effect on the vibration signals of travelling

vehicle is also limited in local. However, Fourier's transform decomposes a signal of the vehicle in a

summation of several components whose frequencies are averaged over the whole time. In this

process, the local changes of vehicle vibration inａdamage case are also averaged｡

　　　　

To overcome thisproblem about sensitivityin frequency, the previous studies[ﾌ]ボ]focus on

wavelet coefficient in time一行equency domain. According to those studies. wavelet coefficient of

vehicle acceleration response is very sensitive.Ｂｕtバhose studies ignore road profile.In this study,

on the other hand, the effect of road unevenness is considered. Fig. 3.3.5 shows the spectrogram of

the wavelet coefficient of vehicle acceleration response measured in the unsprung-mass at the rear

axle based on Eq. (3.31). The horizonta目ine denotes the position of the rear ａχleof the travelling
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Fig. 3.3.5 Power spectrogram of the wavelet coefficient(Unsprung-mass at the rear axle)

vehicle. Fig. 3.3.5 (a) and Fig. 3.3.5 (b)shoｗ those in intact and damage cases, respectively･In the

damage case, local decreasing of the bridge neχural stiffness and mass is introduced. The damage

width is 20 (cm) and the damage location is the center of span. From comparison in the powers of

wavelet coefficients between intact and damage cases, it is revealed that the power amplitude tends

tolarger only around the damage location｡

　　　　

The time historiesof powers at specific frequencies are shown in Fig. 3.3.6 in the same

cases as Fig. 3.3.5. The horizonta日ine denotes the position of the vehicle, in the same way. The blue

and other colored lines denote the power of wavelet coefficient of the unsprung-mass acceleration

responses at the rear axle in the intact and damage cases, respectively. Fig. 3.3.6 (a-1) and Fi9･

3.3.6 (a-2) show the wavelet coefficient powers of sprung-mass acceleration at the scale of 100 and

5, which correspond to 5 (Hz) and 100 (Hz), respectively. From Fig. 3.3.6 (a-1), based on low

f1‘equencycomponent of sprung-mass response, it is stilldiificultto detect difference between the

intact and damage cases, even for the severest damage. ０ｎthe other hand. 丘om Fig. 3.3.6 (a-2).

peaks can be observed at the location of local damage. The height of damage peak tends to increase

according to damage severity.However, the heights of the damage peaks are not distinctive丘ｏｍthe

other peaks due to uncertainties such as road profile.Fig. 3.3.5 (b-1)and Fig. 3.3.5 (b-2)alsｏ show

the wavelet coefficient power of the unsprung-mass acceleration based on Eq. (3.31). In both Fig.

3.3.5 (b-1) and Fig. 3.3.5 (b-2), peaks can be observed at the location of local damage, especially in

Fig. 3.3.5 (b-2).lt means high feasibilityＲ)r VO-BHM including identification of bridge local

damage based on the wavelet coefficient of unsprung-mass in high frequency domain. Fig. 3.3.7

shows wavelet coefficient power of the unsprung acceleration at the scale of ｙ which corresponds to

100(Ｈｚ)ｊｎthe different damage cases. Fig. 3.3.7 (a) and Fig. 3.3.7 (b) show the powers in the

cases of local damage introduced in Lﾉ２ and ム/10. From these figures. it is confirmed that the

power of the wavelet coefficient of unsprung-mass acceleration in high frequency domain increases

steeply only at the damage location. It also means that the wavelet transform may provide a sensitive

index by which the damage location can be identified.
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3.4.Verificationof IndirectVO-BHM based on

　　　

Bridge Mode Shapes

3.4よPropertiesofNumericalSimulation

Vehicle and bridge models adopted 藪)rthis numerical verification are shown in Fig. 3.4.1. The

properties of the numerical simulation are also shown ・ Table. 3.4.1. Fig. 3.4.2 shows Road

uneve皿ess generated by Monte Carlo simulation based on ISO standard[6]'[7].Herein, the proposed

method based on indirect mode-shape-based VO-BHM is verified numerically in aspect of uncertain

factorsin STEP 1，STEP 3 and STEP 4. To verify uncertain factorsin the indirect method, two kinds

of dynamic simulation are performed. First one demonstrates the coupled vibration between vehicle

and bridge with road roughness. The second simulation is ａ stationary vibration in which bridge

modal responses have de-correlation without interaction between vehicle and bridge. but the bridge

vibrationsare measured by travelling vehicles｡

　　　　

In STEP 1，estimation accuracy of vehicle input may affect the estimation accuracy of mode

shape. To verify this step, estimation accuracies of forced displacements which input into the

vehicles are evaluated by making ａ comparison between inverse system estimation (ISE)and

li‘equencyresponse function (FRF) methods｡

　　　　

In STEP ３，there are the problems associated with using interpolation matrix. One of the

problems is ill condition problem which occurs in a process of making inverse matrix of the

interpolation.This problem is strongly related with the number and interval distance of monitoring

vehicles.Other problem also liesin fittingcurve of the bridge mode shapes. The bridge mode shapes

in intact case can be approximated precisely with Lagrange's and other basis functions. However,

because the mode shapes in damage cases have spatiallylocal changes. curve fittingperformance

may decrease in the damage case｡

　　　　

In STEP 4，the assumption of SVD that the modal responses have de-correlation should

affectthe estimation accuracy of mode shape.

HeavyVehicle Monitoring Vehicles HeavyVehicle

Fig. 3.4.1 Vehicle and bridge model
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Table 3.4.1 Properties for numerical simulation ofVBI

　　　　　　　　　　

(a) Vehicle properties

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　

一

Heavy vehicle

　

(kg)

(kg/s)

(kg/s2)

nis

Ｃｓl, Ｃｓ2

’＾Ｓ＼i
kｓ２

/

（ｍ）

　

Li，　L２

Measuring vehicles

(kg)

(kg/s)

(kg/s2)

(Ｈｚ)

(ｍ)

ｎ＋１

rui

Ｑ

だi

ル＝ｊﾌ瓦/2tt

ぐV= ICiyfmJii

d

10000

74000

760000

90000

　

3.0
-

　　

4
０

　

０

０

　

″
｀
Ｊ

１

Common

Mass

Damping

Spring Stiffoess

Inertia

Length

Number

Mass

Damping

Spring Stiffiiess

NaturalFrequency

Damping Coefficient

IntervalDistance

Run Speed

Distance

ｒ

　

ｎ
″

3950

1.00

0.30

0.50

-
10.0

　

2.5

(b) Bridge properties

Eigen-frequency for the intact case

Length

(ｍ)
-

--
30.0

　　

Physical parameters

Mass per length　Flexural Stififtiess

　　

（kg/ｍ）

　　　　

（Ｎｍ）

　　　

pA　　　　　　　　　　　　El

　　　

3000

　　　　　　　　

1.56×1010

,s.

(Ｈｚ)

一
八

--

3.96

(c) Road profile

/^nd

　　　　

3『d

(Ｈｚ)

　

(Ｈｚ)

　

ｈ　　　　ｈ

15.75

　　

34.98

4'h

(Ｈｚ)

一
几

--
61.15

5*

(Ｈｚ)

一
几

-
93.64

Name
-
Standard

Rough

Name

ISO standard

EχtraGood

　　

Good

　

α
-
0.001

0.0098

(d) Bridge state
-

　　　

Damage Location

--
0.05

0.08

ぐ
-ー
2.00

1.92

Damage Width

　　

Intact

Damage -20％

Damage -40％

Damage -60%

Damage -80％

Decreasing Ratio of

Flexural Stiffness El

　　　　

O％

　　　　

20％

　　　　

40％

　　　　

60％

　　　　

80％
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30

　　　　

The estimation accuracy of mode shape based on the proposed VO-BHM method is thought

to be afa?cted by these effective factors.Those effects are evaluated by MAC between the co汀ect and

estimated mode shapes｡

　　　　

Stochastic verification in which white noise is introduced to the measurements on the

vehicle is performed to ｅχamine the feasibilityof damage identification of this method based on

MAC between basis and estimated mode shapes.

3.4.2.

　

Results of Mode Shape Estimation

Fig. 3.4.3 shows examples of estimated and correct bridge mode shapes in STEP 4 of the indirect

mode-shape-based VO-BHM. From these figuresバhe estimation accuracy depends on the vehicle

ｎｕｍｂｅr(＝ｎ＋1).For n =3,4 and 5, interval distance of monitoring vehicles is set to 0.5 (m), 2.0

(ｍ)and 2.5(m), respectively.The bridge damage is modeled as local decrease of flexural stiffnessby

60% in the position of ム12. The width of damage section is 20 (ｃｍ)(＝ム/150). Solid and dot lines

indicate estimated and correct mode shapes. From Fig. 3.4.3うt is confirmed that the proposed

method can estimate bridge mode shape, especially in ｎ ニ3｡

　　　　

Next, Fig. 3.4.4 shows the estimation accuracy based on MAC between correct and

estimated mode shapes. The number of monitoring vehicles is four. Thusけhe order of mode shape is

three.The ratios of flexural stiffnessdecreasing are 20%, 40%, 60‰and 80%. The horizontal axis in

thisfigure denotes the ratio of the decreased flexural stiffnessto intact. Fig. 3.4.4 (a-1) and Fi9･

3.4.4 (a-2) show MAC of the cases in which local damage is located in ム/4 and L/2, respectively.

Herein, the width of damage IS 20 (cm). Adopted road profileis“Standard" shown in Table. 3.4.1

(c). From both them, the estimation accuracies are stillvery high when the width of local damage is

limited, even if the damage severity is very large such as 80‰･ Fig. 3.4.4 (b-i)and Fi9･ 3.4.4 (b-2)

show MAC of the cases in which relative larger damage is located in 乙/4 and L/２,　ｒｅspectively･
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Hereinバhe width of damage is 1 (ｍ).Ａt these cases, on the other handバhe estimation accuracies

decrease as the damage increase. It means that the proposed method cannot estimate bridge mode

shape under the constant accuracy. Fig. 3.4.4 (Ｃ)shoｗs MAC of ａlocal damage case in which road

profileis“Rough” shown in Table. 3.4.1 (Ｃ)ｊｎthe same way. From comparison between the results

of“Standard" and“Rough" road profileバhe estimation accuracy depends on the road profile. Fig･

3.4.4 (d) also shows MAC of global damage case in the same way. Hereinバhe width of the global
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damage is 5(ｍ).Ｔｈｅestimation accuracy in this case decreases as the global damage increases.

　　　　

From Fig. 3.4.4バhe estimation accuracy depends on the damage width and severity and

road profile.This means thatlarger changes are caused in the estimated mode shapes due to damage
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Fig. 3.4.5 Input estimation by ISE and FRP

than changes of the correct mode shapes themselves･

　　　　　

The factors which affect the estimation accuracy are examined in more depth below.

3.4.3. Accuracy of the input estimation

Fig. 3.4.5 shows the input of the vehicle and the estimation by ISE and FRF methods. Blue, green

and red lines denote correct input and the estimations by ISE and FRF methods. respectively. Fig.

3.4.5 (a) and Fig. 3.4.5 (b) show the input estimation results without and with white noise,

respectively.The blue and green lines are perfect match for each other in Fig. 3.4.5 (a), while there

are slight changes between them in Fig. 3.4.5（b）.lt means that high precision can be obtained by

ISE method. ０ｎthe other hand, another method using FRF of which estimations are indicated by red

lines does not show the same accuracy, especiallyin low frequency｡

　　　　　

From these figures,the errors of estimations by method using ISE increase due to the noise,

while the errors for FRF do not change. The reason of the low robustness of ISE method must liein

using two measurements to estimate one input signal at one time. However, using ISE is stillsuperior

to using FRF in aspect of accuracy because using ISE can avoid inverse problem of vehicle system

identification.

3.4.4.

　

Effect of ill-conditionproblem in inverse interpolation process

　　　　

As the number of monitoring vehicles increases and/or the vehicular interval distance

decreases, From Ｅqバ2.41)バhe(し/') element of the interpolation matrix Nり(０＝/＼//(到(0)

approaches the (t + 1, /■)element for each other. At that case, ill-condition problem occurs in a

process of inverse interpolation in STEP 3｡

　　　　

The degree of ill condition can be evaluated using condition number[lo]. Herein, a liner

function associated with the condition number of inverse interpolation is given by Eq. (2.37) and Eq･
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Fig. 3.4.6 Ill-condition of Lagrange's interpolation

ｙ(０＝Ｎ(０夕(０ (3.33)

where y(Ｏ ａｎｄ夕(Ｏ　are estimated bridge vibrations measured at moving and fixed points.

respectively.y(Ｏ can be obtained in STEP 2. The condition number is one of the indices for the

rateof changes of the solution 夕(Ｏ to the known term y(t). Letting e(t) be the errorin y(t), the

ratioof relativeerror Ｋ(Ｏ　inthe solution 夕(Ｏ to the error Ｅ(Ｏ can be expressed by

g(０
-

-

-

-

-

|IN(０-1ε(011/|12y(０11

　　

||ε(０‖/|ly(011

11N(０-1ε(011/|IN(0-ly(０11

= l|N(t)

μ(011/|ly(011

1‖･|IN(０11 (3.34)

where ‖　|ｌdenotes 2-norm. When Ｋ(O is large number, small error in the known term 夕(0

causes large error in the solution 夕[０. Thus］nverse number of Ｋ(Ｏ indicates the accuracy of

interpolation｡

　　　　　

Fig. 3.4.6 shows the inverse number of condition number of the Lagrange's interpolation･

Because the interpolation matriχisａ time function, the condition number is also given in the form of

a time function. Fig. 3.4.6 (a) shows the inverse number of condition number of Ｎ(O in three

cases which have different matriχ size ｎ and interval distance of monitoring vehicles d. The

horizontal axis denotes the position of the first monitoring vehicle.　Fig. 3.4.6 (b) shows the

minimum of the inverse number of condition number during the monitoring trailersystem passing

through the bridge. From Fig. 3.4.6 (b), it is cleared that the most significant factor is the size of

interpolation function matriχ.As the number of monitoring vehicles decreases and/or the inten'al
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Fig. 3.4.7 Relation between estimation accuracy and road profile

distance increases, the accuracy of converting bridge vibrations measured at moving points into those

at fixed points.

3.4.5.

　

Effect of the de-correlation of modal responses

Herein, to confirm the effect of road unevenness on the estimation accuracy, numerical simulations

of VBI system are performed by applying eight kinds of road unevenness which have the same

spatial frequency characteristicsas Standard road profile.Four monitoring vehicles travel over the

bridge. Their properties are shown in Table 3.4.1. The bridge damage is modeled as local decrease

of flexuralstiffnessby 60% in the position of ム/lO. The width of damage section is £/150｡

　　　　　

The estimation accuracy of mode shapes by the proposed method varies even in the same

bridge state.Fig. 3.4.7 shows MAC between correct and estimated mode shapes in both intact and

dam昭ｅ cases. Solid and dot lines denote MAC in the intact and damage cases, respectively. Blue,

green and red lines denote first,second and third mode shapes. After damage is introducedバhe

estimation accuracy of mode shapes slightlychanges｡

　　　　　

From Eq. (2.49), The reason of the change in estimation accuracy of mode shape may be the

change

　

of de-correlation　of the　bridge　modal　response　components　4(０ .　SVD　assumes

orthogonality of not only mode shapes but also modal responses･ Howeverうｎ stationary vibration,

modal responses are not always orthogonal.　The orthogonality of time function 4(O can be

translated to the de-correlation of qf(t), and it also means that the matrix q(.tmt)ハs diagonal.

Thｕsバｏ evaluate the de-correlation quantitatively,diagonalization degree of covariance matriχof

bridge modal response components 4(Ｏ can be used｡

　　　　　

Diagonalization degree ofａ matrix Ｍ can be described as

f(M) =Σ log mn － logldet Ｍ I
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Fig. 3.4.8 Relationship between de-correlation and estimation accuracy

岫el‘e″lりis(り) element of Ｍ. F(M) becomes zero when Ｍ isａ diagonal matrix.To evaluate

the de-correlationof bridge modal response components flCt),M should be covariance of them

describedas

Ｍ ＝E[qitmty] (3.36)

where E[ 1 indicates an expected value. As F(M) increases, the de-correlation of ４（Ｏ decreases｡

　　　　

Fig. 3.4.8 shows relations between de-correlation of 4（Ｏ and estimation accuracy of

mode shape based on the indirect VO-BHM. The horizontal axis denotes the correlation. The

estimation accuracies by the proposed method are evaluated by MAC between correct and estimated

mode shape matrix. The verticalaxis denotes the average between the MAC values of firstand third

mode shapes. Blue and red dots indicate the results in intact and damage cases. Numbers ranging

丘om ｌ to 8 in Fig. 3.4.8 indicate the road profile number. In the same figure. regression lines are

also plotted for intact and damage cases.　From Fig. 3.4.8, MAC increases as the correlation

decreases. It is also confirmed that MAC values of damage cases tend to be below those of intact

cases. However, MAC value of an intact case is not always below that of theｄａｍ昭ｅcase ｋ）rsame

road profile｡

　　　　

The results about de-correlation mean that the performance of SVD itselfstronely depends

on the degree of de-correlation of decomposed signals.０ｎthe other hand. changes of estimation

accuracy between intact and damage cases under the same road profile do not have same tendency･

For example, MAC of road profile“1” increases due to damage･ while that of road profile“5”

decreases.
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Fig. 3.4.9 Fittingaccuracy of interpolation

3.4.6.

　

Effect of the fittingperformance of interpolation

　　　　　

Curve fittingin STEP 3 may also affect the accuracy of mode shape estimation. To confirm

fitting

　

performances

　

of the　interpolation　matrices　based　on　Lagrange's, Cardinal　sine and

trigonometric flinctions,the stationary vibration simulation is performed. Herein, the monitoring

vehicles are the same with those in the 化)rmer coupled vibration simulation. The number of

monitoring vehicles travellingover the bridge is four which means the maximum order of estimated

mode shape is three. In this numerical simulation, stationary responses are generated to the bridge

regardless of vehicle contact forces. The monitoring vehicles observe only identical bridge response

components 4(Ｏ which are de-correlativein any case even between intact and damage cases. Thus,

damage changes only mode shapes of the bridge. Although discrete mode shape may not change well

afterdamage introduced. fittingerror by interpolation for mode shape function has been accumulated

during passing ofthe vehicles｡

　　　　　

Fig.

　

3.4.9 shows the fitting accuracies of Lagrange, Cardinal sine and trigonometric

interpolations for the firstorder mode shapes. In this verification,bridge local damage is modeled as

decrease ｏ八he flexural stiffnessin the position of 乙/4 and Ill shown in Fig. 3.4.9 (a) and Fig.

3.4.9 (b), respectively. Damage width is l(ｍ).Ｔｈｅ horizontal lines indicate decrease ratio of

flexural stiffnessin the damage section･ In these figures. mode shapes are varied by introducing

damage of local flexural stiffness decreasing. Blue, green and red lines indicate the estimation

accuracy of Lagrange, Cardinal sine and trigonometric interpolations,respectively. From Fig. 3.4.9,

the fittingaccuracy with Lagrange's basis functions tends to be increased slightlyfirstand decreased

precipitously afterby the ratioof 80‰. Cardinal sine function is very sensitive to small damage. The

estimation accuracies both of Cardinal sine and trigonometric functions are always below those of

Lagrange's functions.
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3.4.7. Damage IdentificationAccuracy

Finally,the applicabilityof this method to damage detection is examined by stochastic verification.

Ａ１１measurements include white noise which affects every step. The amplitude of noise is l % of the

maximum amplitude in each measurement. In other wordsけhe white noise is introduced to both of

accelerationresponse and relative displacements measured on the monitoring vehicles passing over

the bridge. The assumed number of measuring points ｎ equals three. The damage is modeled as

decrease of flexural stiffnessin the position of L/2. The width of damage is L/30. Road profile is

“Standard"｡

　　　　

Fig. 3.4.10 shows probability distribution of MAC value between estimated and "intact"

mode shapes. For actual inspection to detect damage, because the correct damaged mode shape may

be unknown, MAC values should be calculated by using basis mode shapes. If the intact mode shape

is unknown, you can set any basis mode shape. such as sine curve｡

　　　　

It is expected that MAC of the proposed method tends to be decreased or increased as the

damage increased. However, the probability distributions of MAC change very slightly.From this

result,itis cleared that the structuralchanges due to local damage are too small to be detected by the

indirect mode-shape-based VO-BHM method. The robustness of this method against white noise is

very low. The reason of the low robustness lies in the eiTor accumulation. because the interpolation

and SVD themselves in STEP ３ and ４ can demonstrate high perfonnance to convert signals in this

method. On the other hand. errors included in measurements are accumulated in each step。

　　　　

Thus, in this study, the third method. direct mode-shape-based VO-BHM method in which

the same interpolation is applied directly to vehicle acceleration］s proposed to overcome this

problem about robustness and to identify bridge damage.
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3.5. Verificationof Direct VO-BHM based on

　　　

Bridge Mode Shapes
3.5.1 .　BasicAssumption

　　　　

The last method verified in this chapter is direct VO-BHM based on bridge mode shape.

This method applies interpolation directly to vehicle acceleration responses･ Bridge mode shape

itself does not change well, but estimation accuracy may be affected significantly by damage. It

means that the estimation results of mode shape are also feasible for damage identification.This

method can be categorized into two kinds: Firstone uses inverse inteqDolation matrix which is same

with the indirect method above-mentioned. In the verification of this method, the de-correlation of

bridge response components a(t) and the error term Ｅ(Ｏ in Eq. (2.54) must be confirmed because

of the applicabilityofSVD. The second method uses transpose matrix of interpolation,instead of the

inverse matrix. In the same ｗａyうｎthe verification of the second methodバhe de-correlation of

bridge response components T(t) and the error term Ｅ(O in Eq. (2.64) must be examined. To

examine the effect of error terms, road profile and mas of the vehicle are varied. Monitoring vehicle

is modeled as a half-car shown in Fig. 3.5.1. The properties of numerical simulation models[1]are

shown in Table 3.5よWhite noise is added to the vehicle acceleration responses. The amplitude of

the noise is 1% of the maximum amplitude of the vehicle acceleration responses.

3.5.2. Verification of N ^-based method

　　　　　

Herein, the mode shapes are estimated in two discrete points by the proposed method. Thus,

letting them be X and ｙ，respectivelyバhey can be plotted on ２-D graph. The firstmode shape

estimated by the direct method using inverse interpolation matrix is shown in Fig. 3.5.2. 1n this

figureバhe mode shape is normalized under χ2十ｙ2ニ1. Left and right figures in Fig. 3.5.2 are

overall and close‘up views, respectively. There are 10 same colored dots which vary on the unit

Fig. 3.5.1 Vehicle and bridge model
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Table 3.5.1 Model setup of the numerical simulation for curvature estimation verification

Sprung-mass

Unsprung-mass

Length

(ｍ)
-

--
30.0

(a) Vehicle properties

Mass

Damping

Spring Stiffiiess

Inertia

Length

Mass

Damping

spring Stifl&iess

Run Speed

　

(kg)

(kg/s)

(kg/s2)

(ｍ)
-
(kg)

(kg/s)

(kg/s2)

(㎡s)

(b) Bridge properties

　　

Physical parameters

Mass per length　Flexural StifiBiess

(kg/ｍ)

一
向

-
3000

　　

Name

5-Extra Good

　　

6-Good

　

7-Standard

Name

　　

Intact

Damage -20%

Damage -40%

Damage -60%

Damage -80%

(Ｎｍ)

　　　

£/

1.56×1010

,s,

(Ｈｚ)

一
八

--

3.96

(ｃ)Ｒｏａｄ profile

ISO standard

Extra Good

　　

Good

　

Standard

Decreasing Ratio of

Flexural Stif&iess £/

　　　　

O％

　　　　

20％

　　　　

40％

　　　　

60％

　　　　

80％

rris

Csl, Cs2

’＾ｓ＼-＞･＾ｓ２

/

玩，£2

m

^i,
171^2

^ul^ ^u2

だ

ｕｂ

だ

ｕ2

1ﾉ

　

18000

　

10000

1000000

　

65000

　

1.875
-

　

1100

　

30000

3500000

　　

10.0

Eigen一丘equency f1:)rthe intact case

　

α
-
0.001

0.003

0.0098

21d

(Ｈｚ)

一

　

石

15.75

(d) Bridge state
-

　　　

Damage Location
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£/10

£/4

£/2

　

3『d

　　　　

4*

（Ｈｚ）

　

（Ｈｚ）

　

几

　　　

八

34.98

　　　

61.15

わ
-ー
0.05

0.02

0.08

ﾀﾞh

(Ｈｚ)

一
几

一一
93.64

ぐ
-ー
2.00

2.50

1.92

Damage Width

£/150

£/30

　

£/6
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Fig. 3.5.4 De-correlation and ｄａｍ昭ｅ

circle due to white noise. Blue and other color dots denote the estimated firstmode shapes in intact

and damage cases. Fig. 3.5.2 (a), Fig. 3.5.2 (b)and Fig. 3.5.2 (c) shows the estimated mode shapes

in the cases using“Extra-Good"ドＧｏｏｄ" and“Standard" road roughness[6]Damage is located in

ム/10 and the damage width is 1 (ｍ)(＝ム/30). From these figuresパhange due to damage in

estimated mode shape is larger than that due to noise･

　　　　

This tendency can be confirmed in other damage cases. Fig. 3･5.4 shows comparisons of

the estimated firstmode shape in different damage locations. Herein, damage width is 20 (ｃｍ)(＝

ム/150).

　　　　

The changes of estimated mode shape can be caused by the changes of the de-correlation of

bridge response components 衣Ｏ and/or errors tenn £(t)イheir correlation degrees evaluated by

Eq. (3.35) are shown in the Fig. 3.5.4. Herein, damage is located in ム/10 and the damage width is
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１(ｍバ＝£/30). Road unevenness is“Extra Ｇｏｏｄ”.Fig. 3.5.4 (a) and Fig. 3.5.4 (b)shoｗ

correlations of (T(t) and f(t), respectively. From these figures, change of the de-correlation of the

bridge response components (T(t) due to local damage affects the SVD process significantly.Thus,

the estimated mode shape changes well between before and afterdamage introduced.

3.5.3. Verificationof N'^'-basedmethod

　　　　

Next, the other method which uses transposed interpolation matrix ＮＴ instead of Ｎ‾1 is

examined in the same way with 3.5.2｡

　　　　

Fi9･3.5.6 shows the firstmode shapes estimated by this ＮＴ'basｅｄｍｅthod.Ｄａｍａｇｅis

located in £/10 and the damage width is 1 (m) (= L/30). The vehicle acceleration responses

include 1% white noise. From thisfigure,it can be confii･med that the estimations depend on the road

profile,significantly.By comparing between Fig. 3.5.2 and Fig. 3.5.5, changes of the firstmode

shape estimated by the N^-based method tend to be larger than those by Ｎ‾1-based method. Fi9･

3.5.6 shows comparisons of the estimated firstmode shape in diflFerentdamage locations. Herein,

the damage width is 20 (ｃｍ)(＝LZ150).Frｏｍ these figures, by using the N^-based method, itis

confirmed ａ tendency in which damage change in estimated firstmode shape is larger than that by

the Ｎ‾1-basｅｄmethod. Especially, changes due to the local damage of which width is 20 (ｃｍ)and

located in £/10 close to the bridge support can be observed in Fig. 3.5.7 (a)｡

　　　　

Fig. 3.5.8 shows the de-correlation of bridge response components Ｔ(Ｏ and error term

ε(０. From this figure, changes of mode shapes estimated by the N^-based method are caused by

changes both of bridge response components Ｔ(Ｏ and error term e(t).

3.6. Summary of This Chapter

In thischapter, numerical simulations which use rigid-spring and FEM models as vehicles and bridge

are performed to　verify three proposed methods:　Curvature-based and　indirect and direct

Mode-Shape-based VO-BHM methods｡

　　　　

First,Curvature-based VO-BHM method can detect damage location based on the wavelet

coefficient of measured vehicle acceleration response. The advantages of this method lie in the

capabilityof detecting damage location and usabilityin which only vehicle acceleration is required｡

　　　　

Second, indirect Mode-Shape-based VO-BHM method does not have feasibilityin damage

identificationdue to the low robustness against noise included in measurements. The demerit of this

method is to require many data: vehicle acceleration responses, relative displacement between

vehicle body and road surface and vehicle position. The noise included measurements affects the

estimation more significantly than damage does. ０ｎ the other hand, in the examinations about
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effective factors,interpolationin STEP 3 of this method can estimate bridge mode shape, accurately｡

　　　　

Third, direct Mode-Shape-based VO-BHM method is verified to show high feasibilityof

damage identification.This method can be categorized into two kinds:　N ^-based and N^-based

methods. They also show high feasibilityof damage identification.The effectｏ臼% noise is smaller

than the effect of localｄａｍ昭ｅon the result｡

　　　　

Below, only Curvature-based and direct Mode-Shape-based VO-BHM methods are applied

to experimental data. Note that vehicle position must be measured on the vehicle, but in experiment,

the position is measured on the bridge.
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Chapter 4. Experimental Verificationin

　　　　　　　

Laboratory

4.1. General Remarks

In thischapter, the proposed methods are examined by laboratory experiment. The main purpose of

laboratory experiment is to verify the uncertainties including noise in measurements, bump effect

and errors caused by unknown noise which has different characteristics丘om white noise｡

　　　　

First,the preliminary investigation based on bridge vibration is presented. In the preliminary

investigation, the dynamic feature of the bridge system can be confirmed. Then, to verify the

proposed methods, wavelet coefficient and mode shape are estimated by the proposed methods｡

　　　　

To detect bridge damage, the proposed methods estimate the spatialcharacteristicsof bridge

dynamic behaviors as curvature or mode shape, in this study. By the verification in numerical

simulations, it is confirmed that the proposed methods can identify bridge damage under practical

conditions. The wavelet coefficient of the vehicle acceleration indicates damage location accurately

because itisａ non-linear function of the bridge curvature which is a sensitive indeχ to damage. The

estimation accuracies of mode shapes based on the proposed methods are often stable to same

measuring situations.The mode shape itselfdoes not change even after serious damage introduced･

However, the damage, even if it is local and caused at edge location, affects the estimation more

significantlythan white noise. It means that estimated mode shape can be used for damage index･

Thus, in this verification, the Curvature-based and Mode-Shape-based VO-BHM methods are

applied to vehicle data. In Mode-Shape-based ｖＯ'ＢＨＭ method, interpolation matrix converts

vehicle acceleration directly｡

　　　　

To compare the effect of uncertainty with the index change due to damage, same run

scenarios are performed for different damage cases. Used vehicle model is designed to behave in ａ

similar way of a half-car model. To examine accidental factors,bumps are introduced on the vehicle

pathway over the bridge.

4.2.Experimental Setup

In this study, ａ vehicle running laboratory experiment[1]｀[3]is performed to evaluate the

vehicle-bridge interaction (VBI) system. The experiment setup is summarized in Fig. 4.2.1. The

bridge model is H-girder with a height of 66.8 (mm) and damage as shown in Fig. 4.2.1 is

introduced by cutting 5 (ｍｍ)，10(ｍｍ)and 15 (ｍｍ)ｏｎthe damage section. Fig. 4.2.2 shows Road
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unevenness is made by referring an actual road roughness data･ The bumps are also introduced on the

pathway as shown in Fig. 4.2.2. During the experiment, three ｄぼferent vehicle models are

considered: VI, V2 and ｖ3，0f which the natural frequencies for the bounce motion are changeable

using a differentset of mass and spring. Each vehicle model runs at three diflferentspeed, SI, S2 and

S3. These scenarios are summarized in Table 2.3工The vehicle model ran ５ times for each scenario.

The observation points for acceleration responses ofthe bridge are located in 1/4, 1/2リ/4 of the span

length･ For vehicle model, on the sprung-mass at the front axleバhe sprung-mass at the rear aχleand

the unsprung-mass at the front axle,sensors are installed to measure verticalacceleration responses.

In Table 2.3.1 (c), the natural frequency for each case, which is obtained by extracting a peak of

Fourier spectrum of the bridge's 介ｅｅvibrationうS also shown. By using the 行ｅｅvibrationバhe
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Name

１

　

ｒ
＾
l

ｒ
ｎ

Ｖ

　

Ｖ

　

Ｖ

(a) Vehicletype

　

Mass

　　

Frequency

(kg)

21.4

21.4

25.9

(Ｈｚ)

-
~
2.93

3.71

2.93

Table 4.2.1 Experiment scenario

　

(b)Ｒｕｎscenario

Name

SI

S2

S3

Speed

(ｍ/s)

0.93

1.16

1.63

(c) Damage scenario

Name

０

　

１

　

ｒ
＼
|

ｒ
ｏ

Ｄ

　

Ｄ

　

Ｄ

　

Ｄ

Cut height　　　Naturalfrequency

(ｍｍ)

０

　

５

　

1
0
１５

Table 4.2.2 Experimental bridge model

　　　　

Span length

　　　

Young's modulus

　　　　

Unit weight

　　　

Area of section

Moment of inertiaof Area

　　

5400 (mm)

2.1XIO‾5(Ｎ/ｃｍ２)

ﾌ.8XIO｀2(Ｎ/cm2)

　　

65.43 (cm')

　　

5ﾌ.48(ｃｍ４)

Photo 4.2.1 Experiment model

slightlyshiftsof eigen-frequencies due to damage can be confirmed

　　　

(Hz)

2.66, 10.6,23.8

2.61, 10.5,23.3

2.57,

　　

23.0

2.51.

　　

22.6

4.3.Dynamic Behaviors of Bridge and Vehicle

4.3.1.　Thefeatureofbridgeresponses

Fig. 4.3.1 shows the acceleration responses at the span of the bridge model for the case of VI SI DO

in which the vehicle modeドVI" runs at speed of“S1ツ0.93 in/s) through over the intact bridge

modeドDO". Measurements in three times of five runs are shown in this figure. Fig. 4.3.1 (a) and

Fig. 4.3.1 (b) show the acceleration responses and those power spectra in the case of VISIDO,

respectively. The horizontal axis of Fig. 4.3.1 (a) denotes the position of the vehicle model. From
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Fig. 4.3.2 Comparison ofthe induced vibrations R〕rVlS】DO with VISIDI and V1S1D3

Fig. 4.3.1 (a), it can be observed that the acceleration responses of the bridge model show high

repeatability in spatial domain. Fig. 4.3.1 (b)shoｗs the power spectra of the bridge acceleration

responses by Fourier's transform. The power spectra are calculated by the bridge acceleration data

only during the vehicle passing on the bridge.　It means that peaks in these spectra are just

predominant frequencies and may not correspond to bridge eigen一行equencies exactly.

　　　　　

Fig. 4.3.2 shows comparison of bridge responses between the intact (“DO") and damage

cases (“DI" and “D3") during the vehicle passing through the bridge section. The bridge acceleration

responses are measured at the center of span. Fig. 4.3.2 (a) and Fig. 4.3.2 (b)shoｗ the measured

bridge acceleration responses and their power spectra, respectively. Blue, green and red lines denote

“DO'≒“Ｄドand “D3". In Fig. 4.3.2 (a), the horizontal axis indicates the position of
the front axle of

the vehicle･ and yellow box denotes the damaged section. From Fig. 4.3.2 (a), the small
changes of

the amplitudes between “DO"ドＤドand “D3" can be stillobserved in time domain. From Fig. 4.3.2
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(b), it can be observed that the second predominant 丘equency around 20 (Hz) decreases slightly as

the damage increases 丘ｏｍ“DO” to“D3". Fig. 4.3.3 and Fig. 4.3.4 show bridge acceleration

responses and their power spectra in the cases of“V1S3” and “V1S4", respectively. From these

figuresバhe bridge responses also show slightly changes of the predominant frequencies due to

damage. The amplitudes of second dominant peaks tend to become larger, as the damage increases･

Ｂｕtバhistendency is not always confirmed. For example, in Fig. 4.3.3 (b), although the green line

denotes the most serious damage case, its amplitude is not larger than others. It means that there is

difficultyin using amplitude-based indices forｄａｍ昭ｅdetection even in frequency domain｡

　　　　

Nonetheless, from Fig. 4.3.4, both of the amplitude and predominant frequencies change

and shift distinctivelyin a certain rate.It means the probability of the damage detection based on

dominant power and predominant frequency･
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4.3.2.

　

The vehicle responses

　　　　

Herein, the feature of vehicle acceleration responses both in spatialand frequency domain is

confirmed. Because the bridge vibration changes slightlyin frequency domain, the vehicle vibration

can be alsoｅχpectedto change as damage increases｡

　　　　

Fig. 4.3.5 shows the acceleration responses in the case of“VISIDO” both in spatial and

frequency domain. The measurements are vehicle accelerations of the sprung-mass at the frontａχ1e，

the sprung-mass at the rear axle and the unsprung-mass at the front ａχ1e.Measurements in three

times of five runs are shown in this figure. In this experiment, because the vehicle runs at the

constant speed by motor, the time can be converted to the vehicle position.　From Fig. 4.3.5 (a-1)

and Fig. 4.3.5 (b-1),high repeatabilitycan be also observed in vehicle acceleration responses ofthe

sprung-mass both at the front and rear axles in spatialdomain. From Fig. 4.3.5 (a-2) and Fig. 4.3.5

(b-2), the same tendency can be observed in frequency domain. The predominant frequencies and the

amplitude of peaks are very similar for each other.０ｎthe other hand, fi‘omFig ｡ 4.3.5 (c-1)and Fi9･

4.3.5 (c-2), there is not high repeatabilityin the acceleration responses of the unsprung-mass at the

front axle both in spatialand 丘equency domain｡

　　　　

In Fig. 4.3.5, the sprung-mass responses include the sharp peaks. These peaks are caused by

the bumps on the｢oad uneve皿ess. Variation of peaks at the same position tends to be larger than

other vibrations.It may be caused by sensor accuracy. This means that noise amplitude included in

acceleration measurements may depend on the amplitude, and the accidental factors such as bumps

and other impacts may affectthe accuracy.

　　　　

Nextバhe differences of vehicle acceleration responses between intact (DO)ａｎｄ damage

cases (Dl and D3) are confirmed. Fig. 4.3.6 shows time historiesand power spectra on the vehicle

responses. The measurements in this figure are the acceleration responses of the sprung-mass at the

front axle, the sprung-mass at the rear axle and the unsprung-mass at the front ａχ1eof the vehicle.

Fig. 4.3.6 (a-1), (b-1) and (c-1) shows acceleration responses of them. while Fig. 4.3.6 (a-2), (b-2)

and (c-2) shows corresponding power spectra. The shown scenario in this figure is VlSl. Blue,

green and red lines denote the case“DO”，“D 1”and“D3”，respectively. By the same way with Fig･

4.3.5, the horizontal axis in Fig. 4.3.6 (a-1), (b-1) and (c-1) is converted 丘ｏｍtime domain to

spatial domain. Yellow boxes in these figures denote the damaged section. The vehicle acceleration

responses show the high repeatability even though in comparison between before and after damage

in sprung-mass responses. Amplitudes of vehicle acceleration responses in spatialdomain increase,

as the damage increases from “DO” to“D3”. This tendency can be observed especially in the peaks･

On the other hand･ 丘om Fig. 4.3.6 (ａ‘2)and (b-2), the power of the vehicle responses becomes

larger in high fi‘equencydomain. Predominant frequencies of the sprung-mass accelerations do not

change well, while those of the unsprung-mass accelerations slightlychange. In the power spectra of

the unsprung-mass responses, it can also observed that the distribution shiftsand changes especially

in the high frequency domain･
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4.4.Verificationfor the proposed methods

4.4工Curvature-basedVO-BHM

　　　　　

Herein, Curvature-based VO-BHM methods are examined. To verify the proposed method,

continuous wavelet transform (CWT) is applied to the acceleration responses of the sprung-mass and

unsprung-mass of the vehicle model. The power of wavelet coefficient for vehicle acceleration

response is ａ non-liner function of bridge curvature which may change due to damage. In this

verification,the mother wavelet is the complex Gaussian wavelet. Because the sampling frequency is

100 (Hz), scale of the mother wavelet is set to 2 and 10，which correspond t0 25 (Hz) and 5 (Hz),

respectively

　　　　　

Fig. 4.4.1 shows the power of the wavelet coefficient of the vehicle responses 拓r VlSl run

scenarios. The blue, red and green lines denote the intact case“DO" and damage cases“D1" and
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゛D3卜The horizontal axis indicates the position of the h･ont axle of the vehicle. Fig. 4.4.1 (a-1)and

(b-1) show the wavelet coefficients of the front and rear axles, respeetivelyバit the scale of ２. Fi9･

4.4.1 (a-2) and (b-2) also show the wavelet coefficients of the front and rear axles, respectively, at

the scaleｏ臼O. The variation of the power at peaks tends to be larger in this figure. especially in the

unsprung°mass. Although the results of the numerical simulations show the high probability of the

curvature estimation in low scale CWT, the difference between intact and damage cases in

experimental results are not clear. Because there are many peaks, it is difficultto extract only peaks

due to damage 丘ｏｍothers. In this experiment, bumps are introduced to the road unevenness. The

wavelet coefficientshave many peaks at the bump positions｡

　　　　　

Next, wavelet coefficients of acceleration responses measured in the unsprung-mass at the

frontａχleof vehicle are shown in Fig. 4.4.2, for other run scenarios. The horizontal axis denotes the

position of the front axle of the vehicle. Yellow boχes indicate the damaged section. From these

figures, it is difficultto identify damage location because there are many peaks in other intact
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section. From these figuresバhe peaks occur at the time when the front and rear axles pass over

bumps.

　　　　

In this experiment, many peaks in the wavelet coefficients are identified, and most of them

may be caused by the impact of bump. Then, itis difficultto distinguish the peaks of damage 會om

those of bumps.

4.4.2.Mode-Shape-based VO-BHM

　　　　

Herein, the direct Mode- Shape-based VO-BHM is also verified by laboratory experiment.

The used measurements are sprung-mass vertical accelerations at the 丘ont and rear axles of the

vehicle model. The ｏt!jectivetime range is 丘ｏｍwhen the front axle enters into the bridge span to

when the rear axle leaves out. Ｎ‾1-ｂａＳｅｄmethod is adopted forVO-BHM｡

　　　　

Fig. 4.4.3 shows estimated mode shapes. In this figure, red lines indicate the estimation

based on the proposed VO-BHM method, while blue lines indicate the mode shapes estimated by

singular value decomposition （ＳＶＤ）of bridge accelerations, which is BO-BHM. There are three

observation points on the bridge. Fig. 4.4.3 (a-1), (a-2) and (a-3) show the resultsin the cases of

“VlSl” between “DO”よD1” and“D3”，while Fig. 4.4.3 (b-1),(b-2) and (b-3) show the same in the

cases of“V2S1”. By comparison between “V1” and “V2” under same run speed, similar mode

shapes are obtained when using bridge acceleration.０ｎ the other hand, when using vehicle data,

thereis difference between “V1” and“V2” even under same run speed. It means thatitis important

to estimate mode shape under same condition for VO-BHM method. From these figures, estimation

errors of VO-BHM obviously vary, as the damage increases. The de-correlation of the decomposed

bridge components may change due to damage or accidental factors such as bumps｡

　　　　

The mode shapes estimated by the proposed VO-BHM method can be plotted on ２-D graph,

because each of them insistsonly in two values. Fig ｡ 4.4.4 show the estimated mode shapes 丘）reach

bridge statein ａ１１cases. Amplitudes of mode shapes in thisfigure are normalized in the same way of

皿merical verification. in ｗhichχ2十ｙ2＝1 where X and y denote the values of each mode

shape. Black dot circleindicate this unit circle in this figure. Blue, green, red and black dot lines

indicate the average angles of the plotted mode shapes f1:）reach case,“DO”ノD1”ドD2” and“D3”

The average of estimated mode shape angles changes clearly. However, the variations of them in

each case are much larger than theirchanges between intact and damage cases｡

　　　　

In this experiment, the mode shapes are estimated based on Eq. (2.57). Estimated mode

shapes by proposed VO-BHM method are similar to those estimated by SVD of bridge accelerations.

The proposed method can estimate bridge mode shapes roughly. But, the variations of the results are

larger than the changes due to damage. It may be caused by variation of peaks observed in spatial

domain. Amplitudes of peaks observed in spatial domain vary widely due to bumps. This may affect

significantlyon the estimation results.
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In this chapter, the experimental verificationis performed by vehicle and bridge model.

Three kinds of vehicle run through the bridge model at the three different speeds. Bridge dam昭e is

introduced by cutting a part of girder｡

　　　　　

In this experiment, difference between intact and damage cases is observed. Acceleration

responses and theirpower spectra both of vehicle and bridge have the high repeatabilityin each case.

But, only for unsprung-mass acceleration of the vehicleバhe repeatabilityis low. It means that there

are significant accidental factors which affect differently in each run.　In this experiment. the

accidental factor is bump introduced on the bridge model. Bumps aftect the acceleration significantly
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and increase the variation of peaks. However, bumps also ｅχcitethe vehicle and bridge very well,

and it can be confirmed that the predominant frequencies of the bridge shiftas the damage increases

in this experiment. In power spectra of the unsprung-mass accelerations in high frequency domain,

changes of the predominant frequencies can be also observed｡

　　　　

In the verification of Curvature-based VO-BHM method, the variation of the wavelet

coefficient of the vehicle responses is much larger than changes due to damage, because the bump

affects the high frequency domain｡

　　　　

In the verification of Mode-Shape-based ｖＯ'ＢＨＭ method, it is cleared that this method

can estimate the bridge mode shape roughly, but the accuracy of this method may be not enough to

identify bridge damage, because the variation of mode shapes is much larger than their changes

caused by the damage.
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Chapter 5. Field Experiment

5.1. General Remarks

Bridge health monitoring (BHM) based on vibration measurements has been intensively studied to

secure bridge safety. Existing studies[1に2]'[3]show the feasibility of detecting bridge damages 丘ｏｍ

changes of dynamic parameters focusing on change of modal frequencies, damping and mode shapes･

Most of the studies, however, investigate the feasibility of the vibration-based BHM by means of

numerical simulations[4]and laboratory experiments[^＼ while verifying the validity of the BHM for

real bridges is ａ crucial technical issue. Bridge oへA'nersoften request data to prove the feasibility for

real-world problems when they consider implementation of BHM. Damage experiments on real

bridges, however, are generally not allowed by bridge oへｖｎｅrs丘ｏｍthe point of view on public safety,

despite of increasing needs of BHM especially for short span bridges. How to vibrate short span

bridges effectively is one of important factors in realizing BHM. Traffic-induced vibration

experiment on real bridges before and after applying damage, therefore, is very meaningful within

the context of BHM to real-world applications. This dissertation presents ａ damage experiment on ａ

real bridge which is planned to be removed. This section presents a summary of the field damage

experiment and verifies the proposed ｍｅthod｡

　　　　　

The proposed Curvature-based and direct Mode-Shape-based methods are applied to vehicle

acceleration responses. Although the position of the vehicle must be measured in the inspection, it is

measured by photoelectric sensors installed on the bridge. In future, it is expected to be measured

accurately by GPS system.

5.2.Experimental Setup

　　　

The field experiment［6］isconducted on ａ steel cantilever truss bridge which is planned to be

removed. The bridge comprises g spans as shown in Fig. 1, and the 5th span is the monitored span of

which length is about 65m. Fig. 5.2.1 shows an overview of the fieldexperiment: Sensors deploying

map is shown in Fig. 5.2.2; Fig. 5.2.3 shows the cross sectional ゛iew ｏ八he bridge with vehicle

Fig. 5.2.1 Elevation view of bridge
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path; and Fig. 5.2.4 shows how to apply damage. Bridge sensors are arranged closely around the

damage member. The diagonal tension member located inＬ/3 is cut as an artificialdamage as shown

in Fig. 5.2.4 in which the red colored truss member indicates the damaged member｡

　　　　

Fig. 5.2.5 shows the vehicle outline and sensor deploying map of the vehicle. Ａχ1eloads of

the passing vehicle are summarized ・ Table 5.2.1. Experimental scenarios are shown in Table

5.2.2. The identical vehicle is used in the two days experiment, but the vehicle weights are slightly

differentbecause location of the load block on the vehicle is slightly changed. Four sensors are

mounted on the vehicle to measure vibrations of bounce and ａχ１ｅhop motions at the 丘ont and rear

axles. To synchronize two independent data loggers on the vehicle and bridge, pulse signals are

transmitted to both data loggers at the same time. Photoelectric switches mounted on the entrance,

span center and end of the span are used to estimate location and average speed of the passing

vehicle.Table 5.2.1 shows planned and measured vehicle speed. Photo 5.2.1 shows photographs of

the fieldeχperiment.

Firstday

Front

　　

Rear 1

Left

　　

41.7　　ギ7、8

Right

　

45.7

　　

48.1

Total

　

87.4

　　

95.9

(Unit:kN)

Bridge state

Intact

10

－－
,st

Rear 2
-
35.8

34.1
-
69.9

Table 5.2.1 Vehicle weight

　　　　　　

Second day

　　　　　　

Front

　　　

Rear 1

Total
-
253

41.9

45.9
-
87.8

47.7

49.7
-
97.4

Table 5.2.2 Experiment scenarios
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Measured

37.6

36.5

36.6

35.7

36.2

36.7

69

.

9

･-----一一-･

73

.

2

-

73

.

2

Total

253

258

258

● － － － － － Ｓ － － ■ ■ － － － － － － － ４ － 二 － 一 二 Ｓ 岫 － － ・ Ｗ 二 － － ㎜ ㎜ ㎜ ㎜ ㎜ ㎜ 皿 － － － － － － － － － Ｆ － ㎜ ㎜ ㎜ ㎜ ㎜ ㎜ － － － ■ ・ － － － － － － － － － － 一 甲 一 皿 － ㎜ ㎜ ㎜ － 皿 ㎜ － ㎜ －



Photo 5.2.1 Photographs of the fieldexperiment

5.3. Dynamic Behaviors of Bridge and Vehicle
５．３工

　

The bridge responses

The bridge acceleration response at the point 4 (3£/12) and point 8 (L/2) are shown in Fig. 5.3.1･

The objective run cases are 40 (k㎡h) runs for intact and damage. The horizontal ａχisdenotes the

vehicle position which is measured by three photoelectric switches. A sign‘V'in this figure indicates

the location of a joint.In time domain, the bridge acceleration responses show the high repeatability,

which agrees the laboratory experimer‘ltaldata. From Fig. 5.3工the variation of the vehicle run

speed as shown in Table 5.2.3 does not affect the bridge responses in spatialdomain. This may be

because ofthe road profile which affectsthe VBI system significantlyin spatialdomain｡

　　　　

Fig. 5.3.2 shows Fourier's power spectra for the same cases as shown in Fig. 5.3.1. The

peaks in this　figure denote the dominant frequencies, which does not always coiTespond to
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eigen一斤equencies of the bridge. The ｏｂ!jectivetime range is from the moment when the front axle

enters into the bridge to the moment when the lastａχ１ｅleaves out. The measurements are only forced

vibrations and do not include 行ｅｅand stationary vibrations. The dominant frequencies varies in all

caseｓ.０ｎthe basis of experimental results in the laboratory, the dominant frequencies are expected

to change due to damage. However it is difficultto confirm the changes in frequency domain even

afterthe damage is introduced｡

　　　　　

The bridge vibration in VBl system is mostly affected by the motion of moving vehicles

which is generated by road unevenness and thus the frequencies of input signals are proportional to

the vehicle speed. The relation between the spatial斤ｅqｕｅｎｃy硲ａｎｄthe frequencies f is definable

as

(5.1)

where l’ｖis the speed of the vehicle. Eq. (5.1) is also rewritable as Eq. (5.2) for different vehicle s

５

　　

１

　

．（

　　

し

　　　　　

ｌ

　　　　　

ｌ

　　

”

　　

．１、、’．Ｉし

　　　

二

･･､″I

　　　

I

　　　

I

　　　

、
cも

　　　

5

　　

10

　　

15

　　

20

　　

25

　　

30

　　

35

　　

41

ﾚ

ﾑｼ｣*■ぐ＼＼

　　　

ブ

(も

　　　

5

　　

10

　　

巧

　　

20

　　

25

　　

30

　　

35

　　

41

５χ１０４

　　　　　　　　　　　　　　　　　　　

，

　　

-一一一一,--一一

　

ｌ

　　　

ｌ

　　

イ，

　

･乱

　　　　　

リ

o･

　　　

－

　

ヽん

　　

犬

ｂｓ

　　　

－４

　

１

　　

ｔ

　

｜

　　　　　　　　　　　　　　　　　

・

　

｜

　

|ヽ卜

　

｜

　

：べも

　

卵j

0'

　　

”
~y

　

lj吋卜’

　　

‥”

5×104

　　　　　　　　　　　　　　　　　　　　　　

，-，

一

-

１５,Ｘ１０’

　　　　　　　　　　　　　　　　　　

，

　　

一一一一



巧Ｘ１０－　－

　
　

１ ０
　

　

５
　

[

｡
1
｡
１
s
｡

_
Ｕ
.
l
j
　
J
.
"
1
A
＼
(
>
(
1

１５×１０

４

　

１ ０

　

５

t
-

r
三
』
り
”
ｊ
一

一 一

-

-

１
５

　
　

１
０

　
　

５

　

０

　

１
５

　

[
．
．
s
よ
U
l
l
　
i
3
/
V
＼
０
Ｊ

　
　
　

一
’

匹、

　　

ll'･l!I･-..、

　

胎

　

冊
－

　

１

･
X
I
S
.L三
J
O
M
O
｡
一

０ ０５

　　

１０
５

２,０

　　

２,５

　　

３．０

　　

３５

　　

４,０

万

一

Ｐり

92

　　　　　　　　　　　　　　

SpatialFrequency[cyclem]

(b)Ａt the measuring point 8 (32別ｍ))

(5.2)

｜・I I

２トIII

1st

2nd

3rd

１

０５ １０

　　

１．５ ２０ ２５ ３０

　　

３．５

　　

４０

　　　　　　　　　　　　　

Spalia】Frequenc＼Icvde ni|

(a) At the measuring point 4 ( 16.4 (m))

Fig. 5.3.3 Bridge responsein spatiaほequency domain (Upper: Intact,Lower:Damaged)
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Fig. 5.3.3 shows the Fourier's power spectra in spatial frequency domain. The each peak matches

柘r each other under identical stateof bridge in spatial一行equencydomain, while they are located in

differentfrequency.

　　　　　

Bridge mode shape is the most common vibrationindex defined in spatialdomain. Here, the

mode shapes are estimated by FDD applied to the bridge acceleration responses.

　　　　　

Fig. 5.3.4 shows singular spectra before and after damage in the case where the vehicle

runs at speed ｏ臼O(k吋h). Fig. 5.3.5 also shows the mode shapes corresponding to the peaks in

singular spectra. Blue and red lines indicate the mode shape for each side･ The blue line denotes the

mode shape in the side in which there is the damage-introduced member. The red one denotes the

opposite side where the vehicle runs. Yellow boxes in this figure denote the damage section.

Although there isａ serious damage which is almost penetrated crack on the tension member, many

bridge mode shapes of the damage case do not change in comparison with them of the intact case.

Only in higher mode, for example. seventh predominant mode in Fig. 5.3.5 changes before and after

the damage.

　　　　　

Fig. 5.3.6 also shows singular spectra before and afterdamage in the case where the vehicle

runs at speed of 20 (km/h). In this figure, as opposed to Fig. 5.3.3, the singular spectrum of the

bridge acceleration responses change well under 5 (Hz) and in the range 行om 10 (Ｈｚ)to 15 (Hz).

Predominant peaks can be observed at frequencies of 2.73 (Hz),フ.42 (Hz) and 10.16 (Hz) in the

intact case, while there are peaks at 1.95 (Hz),ﾌ.42 (Hz) and 11.72 (Hz)
in the damage case. Then,

Fig. 5.3.7 shows the mode shapes corresponding to the peaks in singular spectra in the cases in

which the run speed is 20 (km/h). From this figureバhe amplitudes of mode shapes in the pathway
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side tend to be decreased afterdamage. It means that the amplitude of the damaged side is increased

due to damage, which agree with the results of an existing studies^']･

　　　　

Fig. 5.3.8 shows the singular spectra of the cases in which the run speed is 40 (km/h)in the

　　　　　　　　　　　　　　　　　　　　　　　

93

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　

ly丿。，ｊ。･ｉｌ乙

－－，－，4一一一一一一一一一－－－－－－－－－一一一一，一一一

　　

べ

|I¬¬-r-"'-7一一T－'-一一"-

　　　　　　　

一一一一

　　　　

｡

　　　　　　　　　　　　　　　　

12.50 Hz

OI－一一ご_‥

トー……一一ｊ－=｡

　　　

＿＿

　

___コ

☆上上＼∧竺三

晶･-

　　　　　　　　　　　　　　　　

-J-

　

-

　　　　　　　　　　　　

54ﾌﾟTにーコ

ニ・---。

　　　　　

＿＿コ

☆十二ﾉﾆ

　　

⊇二
丿08Hz

l[

　　

，

　　　

｜

　　　　　　　　　　　　　

3.52 Hz

O

　

－‥‥トー－４¬－－４一一十一一ヤー－－ｒ一一,一一一－－－－－

　　　　

｜

　　　　　　　　　　　

Ｉ

　　　　

Ｉ
１

　　　　　　　　　　　　　　　　　　　　　　　　　　　

１

1

　　　　　　　　

，

　

＝

　　　　　

‾‾‾7‾‾‾7‾

　

3.52 Hz

O~

　

……F

　

‥

1二

11

　　　　　　　　　　　　　　　　　

‾'‾‾'‾‾'2.73Hz

O

　　　

・

　

●

　

－・-･

.1,
^ -.-.。｡。｡

｜
ol-‥‥‥‥

｜
4

‾･‾‾7‾‾”T95 Hz

　　　　

二

　　　　　　

｜

し

　

／

　　

ゾプこノニ犬ご二二＝ご匹
00

　　

5

　　

10

　　

15

　　

20

　　

25

　　

30

　　

35

　　

4･

｜

　　　　　　　　

｜

　

｜

　　　　

・

　　

・

　　

Ｉ

　　

¶八ｒｒｉＩ

　　　

Ｉ

｜

　

｜

　

Ｉ

　　

Ｉ

　　　　

－

　　　　

戸１ﾐ･ｌｉ

”’”7‾･¬Γ一一

１Ｊ

　　

Ｆ

　　　

Ｉ

　　　

Ｉ

　　　

Ｉ”

　

｜~～〃乙－

　　

¨

　

-

　

-一一一一⇒

い ｰ ＝ - 4 ← ＝ ＝ ＝ － － ミ ミ ＝ に ｰ ﾐ ｰ ﾐ ｰ 4 － ＝ ミ ＿ ← － － 一 一 ＝ ミ ミ

㎜ － 皿 → ミ ミ ミ ミ 〃 ＝ － ～ － ミ ミ ー － － ＿ ＿ 皿

ｉ

ｌ

｜

　　　　　　　　　　　　　　　　　　　　　　　　　

｜

0 8' ～＿＿＿_．＿＿＿＿＿＿＿＿_．＿＿＿＿

I

　　　　　　　　

I

　

I

　　　　　　　　　　　　

2.73 Hz

０２にー－－」－－－‐LI－－－/_j/ｴ_つつ..エー－_I＿＿‾.‾4‾‾‾‾万←万‾‾ニー－‾ニー－

　

；

一一ミミーにミ＝＿-4－－－－＿＿＿＿_4＿＿＿_~

　　

ニ０４μ，－ドーj一一一一μ－－－－4－－－－一一－－“一－－－～－－－｀－‾‾‾

06r一一一一－一一一一＝一一一一¶－－－－～－一一→一一＿＿－＿＿＿～＿＿＿__0,6卜一－－－“－－－－～－－－¬－－－－－－－－→一一一－－－－－.4一一一＿



if.
a

Σ

■
'
^
ｎ
ｍ
Ａ
　
J
Ｒ

－
コ

乱

に
－

ｙ）

'Ｅ

rrj

ぶご

一

寸

0.8

0.6

０４に

0,2

Frequency[Hzl

(ａ)lntａｃt(2¨(j)

１。

　　　　

。

　　

・ｒへｌｉ

Ｘ
心
Σ

O､8に

ト
ー

６０
/
ａ
ｎ
i
Ｋ
Ａ

’
｛

　

－
”
｝

４

　
　

２

０

　
　

０

ｊ
Ｅ
ｉ
ｎ
Ｓ
ｕ
i
ｓ

　

Ｉ‘

　　　　　　

Ｉ

　

，Ｉ

　

Ｉ

　　

Ｉ

　　

Ｉ

　　

ｌ

　　

ｌ

　　

3 52 Hz　　，･

Ｏ－－－こｰこｰこー－－一一－－●－－－－－－－－←－－－－－－－－－－－－－

　　　　

恥

-1

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　

｡1

109

　　

21 8　　328

　　　　　　　

Position[ｍ]

４９１
65,6

万

芦

召

C乙

１

－－一一9－¬－－トＪ－－Ｈ－一一一卜－－一一啼－－－“

　　　　　　　　　　

｜

　　　

｜

　　　　　　　

｜

－－一一j－－.，－にー－＿コー－－－に一一一Ｊ－－－－

一 一 一

一

　
　
　

一

　

’
、

－
「
－
白
・

］

40

．‾’|乙~-．二

　　

５ １０

./xx

二
１５

ニトjし-i－､、
一卜－‾）

　

20

　　

25

　　　　

Frequency[Ｈｚ]

(b)Ｄａｍａｇｅｄ(ゴ)

　

丿ﾀﾞ

　

.上_一

二

　

30
35

Fig. 5.3.6　Singular spectra before and afterdamage in the case where the vehicle runs at the

　　　　　　　

speed of20 (k㎡h)

　

1j

　　　　　　　　　

，
2.34 Hz

1　　　　　　　　　　　　　　　　　　　　　1.95Hz

コ‥一一‐←-=－トーj一一叫－－†－－ｔ－－－ｒ一一|一一一－－－“

　　　　

ΞＯ

　　

／ヶ……‥＝

　

……

　

犬

　　

‥

　　　　

’

　　　　

｜

　　　　　

・

　　　　　　　　　　　　　　　　　　　　　　　　　　　　

・

　

■1-

　　　　　　　　　　　　　

7

　　　　　　　　　　　　　　　　　　　

-1

　　　　　　　　　　　　　　

｀

　

1

　　　　　　　　　

．

　

．

　　

つ.ﾌ3 Hz　　　｀　　　　　１‾７‾‾‾‾Ｉ’¬……‾７‾‾　　　　　　　3.13Hz
1 0 －一一………．‥……－‥……一一　　１０　……１　-‥　‥　．．
ｒ１

　

｜

　　　　　　　　

Ｉ

　　

Ｉ

　　　　　　　　　

ｌ

　　　　　　

ｉ

　　　　

ｒｌ

　　　　　　　　　　

，

　　　　　

ｉ

　　

：

　

-１

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　

-１

109

　　

218

　　

328

　　　　　　

Positionlnl］
491 655

で☆レニ☆ニノ⊇ﾉ

-4.-1二Jﾆ.乙･に._..1.｣.
109

　　

218Po謡諮lm]

　　　

491

　　　　

(b)Ｄａｍａｇｅｄ(ｙ)

655

”

　

Ｉ

　　

Ｉ

　　

｜

　

・

　　

｜

　　　

ｌ

　　　　　　　　

ｂ．ｊ：)ＨＺ

　　　

ｉ

匹

　

‥一一こ二二‥一一

　

－－－‥‥一一－－－

　　　　

シ

　

１

　　　　　　　　　　　　　　　　　　　

フ.42Hz　　　　　　　　1

101゛二ﾆﾆこ二Te‾4

　

‾‾‘‾‾‾‾’･ノ

　　　

念C

　

･1　　　　　　　I　I　　　　　　　　　　　　　　　　　　　　　　　-1

Ｏ

　

ｉ
１
１
１

　

０

Ｖ
Ｌ

4
1
ｓ

１０９

　　

Position[m]

(a) Intact(::ヴ)

655

　　　

Fig. 5.3.7　Estimated mode shapes before and afterdamage in the case where the vehicle

　　　　　　　　　　

runs at the speed of 20 k㎡h

same way. The singular spectrum of every case is very similar to each other even before and after

damage. Fig. 5.3.9 also shows the mode shapes in same way. Yellow boχes indicate the damage

section.It can be observed that the amplitude of mode shape in damaged side tends to increase due to

damage. Only in damage section, thereis no significantdifference between intact and damages cases｡
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Fig. 5.3.8　Singular spectra before and after damage in the case where the vehicle runs at the

　　　　　　　

speed of40 (kmﾉh)

　　　　

From the results of the analysesうt is cleared that the bridge vibration depends on the road

profile significantly.In practical ゛ariationof ゛ehiclerun speed as shown in Table 5.2.3, the bridge

responses in spatial domain show the hi帥repeatability. The single power spectra in frequency

domain as shown in Fig. 5.3.2 vary. while the singular spectra。which are one kind of cross power
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Fi9･ 5.3.9　Estimated mode shapes before and afterdamage in the case where the vehicle

　　　　　　　

runs at the speed of 40 (k㎡h)

spectra, do ｎ０１vary. The mode shapes estimated by FDD method are differentin cases where the

vehicle runs at the differentspeed even in identical bridge state.It means that FDD method estimate

just operational mode shapes. Although the mode shape excited by the vehicle travellingat the speed

o月O(km/h)ｄｏｅＳ not change after damageバhe damaged side amplitude of mode shape ｅχcitedby

the vehicle travellingat the speed of 40 (k㎡h) increases.It means that the changes due to damage in

mode shape depends on the excitationcharacteristics.

5.3.2.

　

The vehicle responses

　　　　

In this section, the vehicle vibration characteristicsmeasured in the field experiment are

presented.

　

The average　speeds of the vehicle are varied　slightly,so, the vehicle responses are

synchronized in spatial domain here. Power spectra are also calculated in spatial frequency domain

because of deduction ofthe effect ofthe vehicle speed｡

　　　　

Fig. 5.3.10 and Fig. 5.3.11 show the acceleration responses in spatialand spatial一行equency

domain, respectively. Fig. 5.3.10 (a), (b), (c) and (d) show acceleration responses of the

sprung-mass at the front axle, sprung-mass at the rear axle, unsprung-mass at the front ａχ1ｅand
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(a) Sprung-mass at the front ａχle
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Fig. 5.3.10 Vehicle acceleration response (Upper: Intactユower: Damaged) in the case where the

　　　　　　

vehicle runs at the speed of 40 (k㎡h)

unsprung-mass at the rear axle of the vehicle at the speed of 40 (k㎡h), respectively. The horizontal

axis denotes the position of the front axle of the passing vehicle. From these figures, the high

repeatability can be obtained　in all measurements.　From Fig. 5.3.11, the power spectra ｍ

spatial一行equency domain also show the high repeatability even before and after damage. The

predominant spatial-frequencies exactly match 化)reach other｡

　　　　

Generally, because ａ vehicle has strong damping 丘)rdriver's comfortable feeling while

riding,ａintrinsicvibration response of the vehicle system is suppressed and road unevenness affect

the vehicle response significantlyin spatial domain. Joints also aflfectthe acceleration responses in

spatialdomain, obviously. This tendencies agree with theｅχperimental measurements of laboratory.

On the other hand, from Fig. 5.3.11, the power spectra of the vehicle in spatial一斤equency domain

distributein limited range. This is caused by difference of the frequency response ftinctionsbetween

the measuring points. The measured data includes the in化)rmation of the vehicle vibration system.

This may affect the estimation accuracy of the proposed method. but the low eifect can be expected

because the frequency ranges of the unsprung-mass at the front and rear axles are very similar.
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Fig. 5.3.11 Vehicle acceleration response (Upper: Intact,Lower: Damaged) in the case where the

　　　　　

vehicle runs at the speed of 40 (k㎡h)

5.4. Verificationof the proposed methods

5.4工Curvature-basedVO-BHM

　　　　　

Now, the proposed methods are applied to the vehicle vibration acceleration responses of

this field eχperiment. Herein, verified methods are Curvature-based and direct Mode-Shape-based

VO-BHM methods. The used measurements are the unsprung-mass acceleration responses at the

front and rearａχlesof the vehicle｡

　　　　　

The powers of wavelet coefficients柘r the vehicle acceleration responses measured in three

times for each bridge stateare shown in Fig. 5.4.1 . Because the sampling rate is 200 (Hz), the scale

is set to 10，which corresponds to 25 (Ｈｚ).Ｔｈｅhorizontal coordinate denotes the position of the

vehicular frontａχle.The lines denote the average of wavelet coefficientsin three times in which the

vehicle mns at the speed of 40 (km/h). The blue and red lines indicate 柘r the intact and damage

cases, respectively. From this figure,the red line becomes slightlylarger around the damage section

than the blue line.It agree with well with the results of the numerical verification. Yellow boχes
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Fig. 5.4.１ CWT power of wavelet coefficientof vehicle acceleration (Run speed: 40 (k㎡h))

indicate the damage section. However, itis difficultto detect damage changes around damage section

between blue and red lines. It may be because the proposed curvature-based method is too sensitive

to road unevenness which corresponds to the term of 馬in Eq.(2.20). In this experimentバhe road

unevenness may be relativelyrough to affectthe resultssignificantly･

5.4.2.

　

Mode-Shape-based VO-BHM

　　　　

Finally, the verification for proposed method of VO-BHM based on bridge mode shape is

carried out.　Fig. 5.4.2 shows the estimated bridge mode shape by using the unsprung-mass

acceleration responses of the vehicle. This estimation is performed by SVD of Ｎ‾1(OUjｽﾞﾂ.

Herein, the vehicle runs at the speed of 40 (k㎡h) and the bridge is intact｡

　　　　

The mode shapes estimated by the proposed VO-BHM method can be plotted on ２-D graph.

because each of them insists only in two values. Fig. 5.4.3 shows the estimated firstmode shape tor

cases in which the vehicle runs at the speed of 10, 20 and 40 (k㎡h). Amplitudes of mode shapes in

this figure are normalized under χ2十丿ニ1 where ｘ and y denote the values of each mode
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shape. Black dot circle indicate this unit circle in this figure. Blue and red dots indicate the intact and

damage cases. respectively. The estimation depends on changes of planed run speed significantly･

But, under same planned run speedバhe variation of estimation is smaller than their changes due to

damage. It means the high feasibility of this method for damage identification｡

　　　　　

Fig. 5.4.4 also shows the estimation mode shapes by the N^-based method. It means that

the estimation is performed by SVD of Ｎ７(0によIj. Blue and red dots indicate the intact and

damage cases, respectively･ From this figure, it is cleared that the damage changes of estimation by

the N^-based method is more clear than those by the Ｎ‾1-based method. The high feasibility of

damage identification of the N^-based method is also confirmed 斤ｏｍthis figure.
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5｡5. Summary of this chapter

In this chapterバhe results of field experiments are presented. The purpose of this experiment is

verificationof the proposed methods. First,by the preliminary examination, predominant frequency

is not appropriate index because of the low accuracy to eigen一斤equency and because of the larger

shiftby the effect of run speed than damage. Thus, spatial frequencies which can consider the effect

of the vehicular run speed are confirmed. In the preliminary verification. bridge mode shapes

estimated by bridge acceleration responses are calculated by FDD. Mode shapes in damage side

increases｡

　　　　

Firstバhe Curvature-based VO-BHM is verified by using the ｅχperimental data. However,

the significant damage changes cannot be detected 斤ｏｍthe power of wavelet coefficient of vehicle

responses. From existing studies, the bridge curvature is very sensitive damage index. because it is

associated significantly with local changes of tlexural stiffness.The estimation of the curvature is

expected to be feasible for damage detection. However, errors due to road unevenness are significant

in the results｡

　　　　

Nextバhe direct Mode-Shape-based VO-BHM method is verified.In this verificationうt is

confirmed that the distinct changes can be observed between intact and damage cases. The direct

Mode-Shape-based VO-BHM method can be categorized into two method mainly: the Ｎ‾卜basｅｄ

and N^-based methods. The difference of them is the equation which they are based　on. The

Ｎ‾1-basｅｄmethod estimates the bridge mode shape based on the equation of motion of the vehicle.

while the N^-based method estimates it by that of bridge mode. In the results of verificationバhe

N^-based method shows significant changes due to damasze under the identical measuring condition.
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Chapter 6．Conclusion

In this study, three onlv-Vehicle-data-Oriented Bridge Health Monitoring (VO-BHM) methods Ｒ)｢

bridge damage identification are proposed. These method use spatial indices as damage detection

indices･ which are bridge curvature and mode shape. The purpose of this study is to verify the

proposed method analytically,numerically and ｅχperimentally｡

　　　　

Curvature-based method applies continuous　へivavelettrans貴)rｍ(ＣＷＴ)tｏ the vehicle

acceleration responses. in this study, it is shown that wavelet coefficient which can be obtained by

CWT of vehicle response can be described asａno n-linear function of bridge curvature, analytically.

This method shows the high feasibilityin numerical simulation. The wavelet coefficient of vehicle

acceleration response has distinctivepeaks at the location where the local damage occurs. However,

in the laboratory and field experiment, the changes of wavelet coefficient due to damage cannot be

observed because its variation due to uncertain factors are usually larger than the damage change｡

　　　　

Second, indirect Mode-Shape-based method is proposed. To estimate bridge mode shape,

this method estimate bridge vibration components and apply interpolation matrix to the estimated

bridge vibration components indirectly.The estimated bridge vibration components are transformed

fi°omthe measurements at the moving observers to those at the observers fixed on the bridge by the

interpolation matrix. The advantage of this method is analytical consistency to the mode theory. If

there is no noise, the estimated mode shape changes as the damage increases. However, in this

method, because there are many steps in mode shape estimation, the obtained mode shape is affected

significantlyby many uncertain factors included in each step. The estimation results of the mode

shape becomes very low, and it is cleared that damage identification is difficult by numerical

verificationwhen noise is considered｡

　　　　

Direct Mode- Shape-based method is the method applying the interpolation matrix to vehicle

acceleration response directly to estimate the bridge mode shape as the damage indeχ.This method

can be categorized into two methods mainly: Ｎ‾1'basｅｄand N^-based methods. They do not have

high analytical consistency to mode theory, because their basic equations include the error terms

which is function of sprung-mass responses of the vehicle and road unevenness. However, these

error terms can be managed under identical condition. Thｕsけhe estimated mode shape can be used

as efficient damage indices. Numerical simulation shows the high feasibilityof this method, but

laboratory experiment does not. In the fieldexperiment, the estimation of mode shape changes larger

only due to damage. This is because the direct Mode- Shape-based method consists of only two steps.

Applying interpolation and mode decomposition by singular value decomposition (SVD). This also

means that variation of the uncertainties are smaller than the changes due to damage.

　　　　　

In Chapter l，social demand for bridge screening technology can be applied to the number

of bridge is shown, and the previous studies about the BHM are summarized, first.Then, the
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technicalissues such as the problem of non-linearitycaused by observers moving and of

non-stationarysignalsin challengesforVO-BHM technologyareexplained.

　　　　

In Chapter 2, three VO-BHM method 藪〕rdamage identificationare proposed and shown

theirefficienciesanalytically.

　　　　

In Chapter 3, three proposed methods are verifiedin numerical simulations. In this chapter,

first,the vehicle-bridge interaction (ＶＢＩ)systｅｍis explained. Then, the simple mass spring and

rigid-spring models are　assumed as the passing vehicle, while the bridge　is　modeled as

one-dimensional finite element model. In the verification of the proposed method, errors of the

estimations

　

are

　

examined. For indirect Mode-Shape-based method, ill condition, curve fitting

performance of the interpolation and de-correlation of the decomposed signals are significant factors.

　　　　

In Chapter 4, three proposed methods are verified in laboratory experiment. In this

experiment, simple vehicle and bridge models are used. Road unevenness and bumps are introduced

on the vehicle pathway. The aim of this verificationis toｅχamine the effect of uncertainties.As a

result,it is cleared that low feasibilityof the proposed method because the uncertainties affect the

estimation resultssignificantly･

　　　　

In Chapter 5，three proposed methods are verified in field experiment in which 250 (kN)

truck passes over the actual steeltruss bridge before and afterartificialdamage introduced. Although

the laboratory experiment show the low feasibilityof the proposed methods, thisverificationresulted

the high feasibilityfor direct Mode-Shape-based VO-BHM method for damage identification.

　　　　　

In this study, the high fiごasibilityof the direct Mode-Shape-based VO-BHM method 11〕r

damage identification is shown by numerical and experimental verification.Although the bridge

mode shape itselfdoes not change well due to local damage, mode shape estimated by SVD changes

and can be used for damage detection indeχ. Damage changes not only mode shape but also modal

responses. SVD in the process of the direct Mode-Shape-based method cannot consider the change

of modal responses due the assumption of SVD. Thus, the changes of modal responses due to

damage is estimated as the changes of mode shapes. This mechanism can be explained by the

de-correlation of the decomposed signals｡

　　　　　

Despite of the advantages of this ｍｅthodバhere are stillchallenges to utilization.In this

method, the vehicle position is necessary to make interpolation matrix. Thus, the position should be

measured on the vehicle. But, in these verifications,the vehicle position is measured by sensors

installed on the bridge. Next, using GPS sensors for identification of vehicle position will be

examined. And if it needs, the method for handling of position estimation error should be developed･

Vehicle run speed, mass changes, environmental factors and changes of road unevenness should be
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examined as the uncertainfactorsin therespectof damage identification･

　　　　

DirectMode-Shape-based VO-BHM method cannot identifythe damage location.Thus, the

accuracyof Curvature-based VO-BHM method willbe improved fordamage identification.

　　　　

More detailed statisticalverificationsshould be performed to improve the accuracy of

damage severityidentification.

　　　　

Field experiments of other bridges will be performed. It will give strong evidence to the

proposed methods.
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Appendix



A. Modal Parameter Sensit

A.1 BasicAssumptions

ｙａｖ

Herein, the changes of the modal parameters due to damage are confirmed numerically. The modal

parameters which are focused on in this section are bridge eigen一丘equency and mode shape. The

numerical simulation is demonstrated by modal analysis which is on ａ basis of Eq. (3.7). In this

simulation, by mass and flexural stif6!essmatrices of one-dimensional finite element beam. modal

parameters are calculated in varying damage width, location and severity. The bridge properties

shown in Table A.1.1.

A.２ Results and Discussion

A.2.1

　

Eigen-frequencysensitivity

　　　　

The results are shown in Fig. A.2.1. The χ-，y- and ｚ-ａχesof the figure indicate damage

location, degree of soundness and characteristicvalue, respectively.The introduced damage width is

ranges between １(ｍ)and 3 (ｍ).Ｔｈｅlocation of the damage corresponds to the center of the damage

section. Now, the ratio of the flexural stifl&iessEl of the damage section is used as the degree of

soundness of bridge. Only flexural stiffiiessvaries ranging from 1% to 99%. The characteristicvalue

is the ratio of the eigen- frequenc ies of the intact and damaged cases in Fig. A.2.1. As the flexural

stif&ess decreased, eigen一丘equency usually decreases. From these figures,eigen一丘equency changes

much when the damage occurs around the location wheｒｅthe corresponding mode shape is large. As

the

　

damage

　

width

　

increases, the　changes　of bridge　丘･equencies　also　increases. Bridge

eigen-fi‘equenciestend to decrease as damage becomes larger. Howeverバhe sensitivitiesof the

eigen-fi‘equenciesto local damage are too small･ If the damage occurs around the supports, the

sensitivityis much lower. The low sensitivityto edge damage is the prior technical issues of BHM

technology. The eigen-frequency may be ａ good damage index for global damage such as damage

which is relativelywide･ Moreover, if the high order mode eigen-fi‘equenciesare available despite of

difficultiesof estimation, they should show high sensitivityto the edge damage.

Table Ａ.1｡1 Bridge properties

Length

　

(ｍ)
-

30.0

　　

Physical parameters

Mass per length　Flexural Stiffiiess

(kg/ｍ)

-

Ｍ

--

3000

(Ｎｍ)

　　

£/

1.56×1010

回

(Ｈｚ)

一
八

--

3.96

Eigen-frequency for the intact case

　　　

211d

　　　　

3rd

　　　　　

41h

/2
--

15.75

几

--

34.98

(Ｈｚ)
-
ﾑ

-

61.15

１

几

一一

93.64
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Fig.A.2.1 Sensitivityof thebridge eigen-fi-equencyto damage

A.2.2

　

Mode shape sensitivity

　　　　

To detect local damageうt is important to detect changes ｏ八he loca】impedance ｏ八he

bridge.In frequency domain. the characteristicvalue is averaged spatially.while the flexural stiffiiess

decreasing should be occurred in local. Mode shape is one of the spatialindices of vibration. This

index keeps the information about the local impedance.
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Fig.A.2.2 Sensitivityof thebridge mode shape to damage

　　　　　

For the same cases of Fig. Ａ.2.1，calculated mode shapes are shown in Fig. A.2.2. In this

figure.characteristicvalue is MAC. Note that the mode shape of damage case is more similar to that

of intact case as the MAC value is close to L Fig. Ａ.2.2 shows the diagonal components of MAC

matrix. From this figureバhe changes of MAC for the case in which damage occurs around the

suppcボs are larger than that in the cases in which damage occurs in the center of the span. This

tendency is more significantin higher mode shapes.
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B．

　

Frequency domain decomposition

　　

(ＦＤＤ)ｍｅthｏd
B.1.1

　

Estimation Flow of Mode Shape

Brinker et a1［1］proposes ａ new 丘equency domain decomposition (FDD) technique for modal

identification of output-only systems. This technique is capable to be applied to estimate the

structuralmodal parameters without any information about the inputs exciting the system. Itis going

to be applied to many analyses of actual structures. Nagae et a1［2‰hoｗed the high applicability of

FDD by numerical and ｅχperimental verification｡

　　　　

The relationship between the unknown inputs Ｆ（ω) and the measured outputs ｙ（ω) are

described as

ｙ(ω)＝Ｈ(ω)Ｆ(ω) (Ｂ.1)

where Ｆ(ω)EC7l and ｙ(ω)ＥＣ７１are vibration data in frequency domain at ｎ points on the

structure.Ｈ(ω)EC71゛l is the 丘■equencyresponse function (FRF) matrix. The (i, /) element of the

FRF matrix Ｈ(ω)is the response at the i-th point induced by the force working at the /-th point･

Both F(ω) and ｙ(ω) are calculated from time-series data Ｆ(O and Y(t) by Fourier's transform.

The cross power spectrum of outputs ^yy (ω)EC71｀７ｌcan be described as

Ｇ
タｙ(ω)

-

- y(ω)ｙ(ω)” (B.2)

where (　)Ｈ denotes the Helmite operator(the complex conjugate and transpose).By using the

cross power spectrum of inputs Ｇが(ω)EC71)(71and that of outputs Ｇｙｙ(ω)･Eq.(B.I) can be

rewrittenas

Ｇタｙ(ω)＝ｙ(ω)ｙ(ω)“

　　　　

＝Ｈ(ω)Ｆ(ω)Ｆ(ω)"H"(ω)

　　　　

ニＨ(ω)町バω)Ｈ“(ω)

On the other hand, the FRF can be written in partialfraction form as

Ｈ(ω)
-

-

ユ
Ｖ
乙
『(Ａ

４

ゾ言）

(B.3)

(B.4)



where j,λΓand K is imaginary unit,r-th modal pole and residue matrix. respectively.（　）＊

denotes theｃｏｌ!jugate.The modal pole λΓis

恥＝一恥叫十添‾二‾原叫 (B.5)

whereωΓ and hj. are r-th modal eigen radian frequency and damping ratio.The residue matriχ

can be described as

Rr ＝ｘ。ＸT

where xf)Γis r-th mode shape vector. Eq. (2.34) becomes

Ｈ(ω) -

- 匹
斟IX;
-
/ω一貼

(B.6)

(Ｂ.7)

　　　　　

Suppose the input at the each point is white noise which has same amplitude for each others,

the cross power spectrum matrix Ｇが(ω)is described as

Gだ(ω)＝

ド ］
＝戸I

Then, ａnew mode shape vector which proportionate mode shape Xr is defined as Eq. (B.9).

φ。＝
厩ｘ。

By substitutionof Eq. (B.6), Eq. (B.8) and Eq. (Ｂ.9)tｏEq. (B.3), Eq.( B.3) becomes

Gタタ(ω)ニ

士

r=ls=l

戸乱

　

Ｒ。

　　　

Ｒ;
-＋-
ω－λ。／ω一々

φ。φび

ｰ
ω－λｒ

φ1φl
一
徊一々

５

丿
ド
リ

　

2
1

　

ダ
ー Rs

-
ω－λｓ

恥（峰
一
一加一石

R;
一
鋤－λ;

φ;φｱ
ｰ
一畑一貼

)¨

(Ｂ.8)

(Ｂ.9)

(Ｂ.10)
四†-＋-･4一心

一一



where the firstand second terms indicates the positive delay and the third and forth terms indicates

the negative delay ofthe cross correlation fiinctionof the gyy(t) which is defined by

gyy(f) ＝ｙ(０⑧ｙ(０７ (B.ll)

where (　)＠(　) denotes the convolution and ｙ(O is the output vector in time domain which can

be calculated by inverse Fourier transform of the ｙ(ω). Then, by extracting only the positive delay

components from Eq. (B.ll)in time domain and applying Fourier transform again, the positive delay

components Ｇル(ω) can be obtained.

貼(・)＝づμ畿

　

（14φy

/ω－λ;
(B.I 2)

Eq. (B.IO) denotes the pseudo-FRF which has allinformation about modal parameters as well as

FRF of Eq. (Ｂ.7).Ｔｏsatisfy the assumption of Eq. (B.8), it should be performed to calculate the

average of several Ｇル(ω) calculated by using the limited range data extracted 丘om the original

data｡

　　　　

Brinker et a1 showed that FDD method is capable to estimate mode shapes accurately 丘)r

large scale structures subjected to forced vibration. Their proposed method is to apply singular value

decomposition (SVD) to the cross power spectrum matrix of measurements Ｇち(ω)ａt the

predominant frequencies of the singular spectrum, which can be described as

　　　　　　　　　　　　　　　

吋ｙ(ω)＝Ｕ(ω)Sべω)Ｕ(ω)“

　　　　　　　　　　　　　　　　

(B.I 3)

where S゛(ω)ER71)(71 is ａ diagonal matrix of which elements are singular values arranged in

descending order, and U(ω)EC71｀7l isａunitary matrix of which columns indicate the estimation of

mode shape vectors φだ. Around peaks of spectra S十(ω) corresponding to た'tｈmode, the first

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　

－
column ｕ1(ω) ofthe Ｕ(ω)is the estimated mode shape of fc-thmode φ1(･

　　　　　　　　　　　　　　　　　　　　　　　　

－

　　　　　　　　　　　　　　　　　　　

ｕ1(叫)＝(ｋ

　　　　　　　　　　　　　　　　　　　

(B.14)

whereωk is the radian frequency which is corresponding or may close to the eigen radian

frequency of た-tｈmode. Brinker et al noted that the firstsingular vector Ml always indicates the

strongest mode shape accurately in the case where two modes are dominated ，while the firsttwo

singular vectors Ml and ｕ2 are unbiased estimated mode shapes in the case where the two modes

are orthogonal.
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Fig.Ｂ.1｡1 Estimated mode shapes by VRA using FDD

Ｂ工2

　

Application of FDD method toindirectVO-BHM

Herein, FDD method is applied to STEP 4 of indirect Mode- Shape-based VO-BHM method, instead

of SVD. This new method insistsin ISE input estimation, deduction of road unevenness, canceling

moving effect by Lagrange's interpolation[3]and mode shape estimation by FDD. This method is

applied to the same numerical data as the section of 3.4. The detailed properties are shown in Fi9･

3.4工Fig. 3.4.2 and Table 3.4.1.. The mode shapes estimated by this method is shown in Fi9･

Ｂ.1よSolid and dot lines indicate intact and damage cases. Blue green and red lines indicate first,

second and third estimated mode shapes, respectively.The decreasing ratio ofthe neχural stiffnessin

the figure is 60%. Fig. B. 1.1 (a) and (b) show the estimation resultsin the cases in which the road

profile is "Standard" and "Rough", respectively. The accuracies of the estimations are obviously

lower than those of the method using SVD. Thjs is caused by the assumption of FDD that the

external force is white noise. However, because the estimated mode shapes based on FDD method

change afterthe damage introduced, especiallyin "Rough "road profile,those mode shapes estimated

by FDD can be used as damage identificationindex, instead of those by SVD.
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Ｃ

C.

Ｃ,1

1

,1

Application of statistics

Numerical Verification

BasicAssumptions

　　　　

The required accuracy f1:)reigen‘丘equency and mode shape to detect local damage is quite

high because they have １０ｗsensitivityto the local damage. However, the statisticalcharacteristicsof

bridge responses may change due to the local damage when vehicles pass over the bridge, because

the responses are one of the probability process and change due to the local damage｡

　　　　

Now, dynamic numerical simulation is performed to investigate statisticalcharacteristicsof

the bridge responses by using models shown in Fig. Ｃ.1 ｡1 . The properties of the models are shown

ｉ Table Ｃ.1｡1. trailersystem consists of two rigid-spring models have two axle and four simple

mass spring models have one aχlebetween them runs over the bridge. The bridge span is 30 (ｍ)ａｎｄ

the fh°steigen-frequency is 3.96 (Ｈｚ).Foｕrroad profiles are generated by Monte Carlo simulation

based on the ISO standard[4]shown ・ Table C.1.1. The spatial frequency function of the road

　　　　　　

●unevenness IS

Ｓ
α

‾ｎぐ十わぐ
(Ｃ.1)

Firstroad profile called Standard has the spatial丘equency profile of "Extra Good” of ISO standard･

Double and Three Times are just double and three times height of Standard. Rough has different

spatial丘equency profile from Standard. Its profileis“ＧＯｏｄ”of ISO standard. Standard and Rough

are shown in Fig. Ｃ.1 ｡2. The objective data time range is 丘om the time at the firstaxle entering to

the time at the last axle leaving. Assumed damage width is 0.20 (ｍ)and 1.00 (ｍ)｡

　　　　　

To investigate bridge response characteristics,the variance and kurto sisare focused on. As

stiffiiessdecreases, the amplitudes of the bridge acceleration responses may be increase. But, this

idea is valid when it is global damage. while the bridge damage affects only on local impedance.

Hea＼A Vehicle Monitonng Vehicles

ｊ‾‾゛･二/

Hca＼AVch】ｃ】c

　　　　

’‾‾‾‾

　　　　

/.

　　　　　　

‾‾‾‾‾

Fig. Ｃ. 1 .1 Vehicle and bridge model
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Heavy vehicle

Measuring vehicles

Common

Length

　

(ｍ)

--

30.0

Table Ｃ.1 ｡1 Properties for numerical simulation of VBI

　　　　　　　　　

(a) Vehicle properties

Mass

Damping

Spring Stiffiiess

Inertia

Length

Number

Mass

Damping

Spring Stiffiiess

NaturalFrequency

Damping Coefficient

IntervalDistance

Run Speed

Distance

　

(kg)

　

rris

(kg/s)

　

ら1，ら2

（kg/s2）I＾Ｓｌｉ ’＾ｓ２

　　　　

/

　

（ｍ）

　

£1，£2

　

(kg)

(kg/s)

(kg/s2)

(Ｈｚ)

(ｍ)
-
(㎡ｓ)

(ｍ)

ｎ＋1

爪i

Q

臨

ル＝百万司/2Tt

ぐＶ＝≒緬風

ｄ

Ｆ

Ｄ

(b) Bridge properties

　　

Physical parameters

Mass per length　Flexural Stifi&iess

　　

（kg/ｍ）

　　　　　

（Ｎｍ）

　　　

pA　　　　　　　　　　　　El

　　　

3000

　　　　　　　　

1.56×1010

,st

(Ｈｚ)

一

几

--

3.96

　　

Name

　

Standard

　　

Double

Three Times

　　

Rough

Name

(ｃ)Ｒｏａｄ profile

ISO standard

Extra Good

(2 X Standard)

(3 X Standard)

　　

Good

Eigen-fi‘equency for the intact case

　　　

^nd

　　　　

3｢d

　　　　

4*

石
-
15.75

(Ｈｚ)

一
几

--
34.98

-
0.001

(0.002)

(0.003)

0.0098

--

0.05

(0

(0

0

05）

05）

08

几

--

6０5

(d) Bridge state
-

　　　

Damage Location

　

10000

　

74000

760000

90000

　

3.0
-

　　

4

　

100

　　

50

　

3950

　

1.00

　

0.30

　

0.50
-

　

10.0

　

2.5

5th

(Ｈｚ)

一
几

-

93.64

　

ぐ
-ー
2.00

(2.00)

(2.00)

1.92

Damage Width

Damage -20%

Damage -40%

Damage -60％

Damage -80%

Decreasing Ratio of

Flexural Stif&iess £/

　　　　

20％

　　　　

40％

　　　　

60％

　　　　

80％

９

£/2 £/150

£/30
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this may lead to local change in the responses. Kurtosis is one of the forth order statisticsand is

known to be sensitive to peaks of signal.Then, the kurtosis of the signal ｙ(O is

kurt(y{t)) =

C.1.2

　

Results and Discussions

E{(ｙ(０－E{ｙ(０))勺

(Ｖ{ｙ(０))2
－３ (Ｃ.2)

Variance and kurtosis of the bridge acceleration responses at the center ofthe span when the vehicles

passes over the bridge are shown in Fig. C.1.3. 1n this figure, black dot lines denote the values for

the intact case without road unevenness. From these figures, variance is much aflfectedby road

uneveimess and changes of the variance as road unevenness height is larger than the changes as the

flexural stiffness El decreasing. ０ｎthe other hand, kurtosis is not so sensitive to road unevenness

while itis sensitive to local Ｆ/ decreasing｡

　　　　

These results mean that the variance of bridge response is not appropriate indeχ to detect

local damage because of its 10ｗ robustness to noise such as road unevermess, while the kurtosis of

bridge response is appropriate index to local damage. However, itis noted that the kurtosis does not

change linearly as damage increases. Moreover, by comparing with "Standard" and "Rough" road in

Fig.

　

C.1.3バhe

　

kurtosis

　

in

　

"Rough"

　

road case　is different 丘ｏｍthat in "Standard" road case

significantly,which means that the kurtosis robustness depends on spatial frequency profile of road

unevenness. As 拓r local damageバhe responses may change only when the vehicle passes on the

damage section.
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vehicles passing over the bridge

C.2

C.2.1

Experimental Verification

IndependentComponent Analysis

If local damage affects bridge responses locally, damage signal occurs in limited range of bridge

responses. Herein, damage signal is the changes in time histories due to damage･ It means that the

damage signal has larger amplitude only around damage section. When traffic-induced vibration is

focused on, the damage signal becomes larger when travellingloads are passing over the damage

section･ Thus, the damage signal is expected to be ａ signal which has peaks locally. This kind of

signals has a probability distribution of which skillis wide. Because kurtosis is very sensitive to

height of the skirtof a probability distribution･damage signal can be evaluated by kurtosis｡

　　　　　

On the other hand, in Fast-ICA[ﾐｗhich is one of the most popular independent component

analysis (ICA) methods, independent components are evaluated by kurtosis. Because of that,there is

probability that damage signals can be extracted by Fast-ICA method.
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In this verification,Fast-ICA method is applied to bridge acceleration responses measured at the

same location to extract damage signal at the location. The bridge acceleration responses measured

on the actual bridge are used. The detailof measurements are shown in Chapter 5.

C.2.2

　

Results and Discussions

Fig. C.2.1　shows the independent component of bridge responses.　ICA is applied to bridge

responses measured three times at same location. The horizontal coordinate denotes the position of

the vehicle front ａχle.Dot lines indicate the measuring points. Ａ１１independent components are

normalized by making their norm 1.0. Fig. C.2.1 (a) shows the independent components of bridge

acceleration responses measured three times at the center of the span. The kurtoses of transformed

signals do not vary well. Fig. C.2.1 (b) also shows ICA results for the measuring point 4，which is

closer to the damage member. At thiscase, the kurtosis of one independent component becomes 25.8

which is distinctivelylarger afterdamage than before. The effect of damage could appear spatially.

　　　　

Then, Fig. C.2.2 shows the kurtoses of independent components for each location. The

values tend to be larger nearby the damage section. These results mean that the damage signal occurs

in spatiallylimited locations.
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