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1 INTRODUCTION

11" %. %2 B#/ 0%

Thicso dies deavsi sad structur al heal th moni torin
infrastructure with the aim to pro%HWMe t he
technol ogi es andle pslyosyteednst.o Ihr iidgealtshoe gap b
practicabnappfi S8M syst &M Daesnceppe@ goDyeTr -

objeandvetsefgi structur al heal th monitoring
consi stence witclommaimdntas nsittrourcitnug a | heal t h
i ncl udiensgor (si/ yesdg;eimhgia)cqgdatsati on, management

processing and cuocnttertoal ld esnytsitadfeinc, asiirowic)t;us ta di
andv s(tructur al p e rsfacrdmagornr cdegp nemsidd Saupait o hoens |iso n a |
associ adoevees ,detvhed oped eico mme ndad gadofof mand:
I n this SHM CODE LEVEL 1, SHM systems and

structures including briisckegebsyi |tdalnlgsdé uitludcinre
rail way systems ar e -AprbaviSdHM siyns tAempse nfdad rx  OA
including pipelines and geol ogi cal structur
LEVEL 2.

The devel opmwomemts ofe fimameyalc egbil kced u mlesas curre
guidelines and studi esCanbad&mi nEayur odapanAme
i nt er mMmattdpmaf easisorcalati ons

1.2 3 ( -"! 3)## . # %04 3

1.2.1 '#4)/ .3

The term action i s ursegenaer ioaalelry tal Igrextpe rt
structure performance. It encompasses | oad
vi bration, ftihesdnasd ewdmhieailsgenknowl edge about
act-imahuced effestshenbasrsctoreSHM, e.g., tI
can be utilized for the design purpose, and
changes are of interest for damage anal ysi s

0Obauoy doyaaw p'ly A



The permanent acwaioghst |1 ofc | sutdreu dthier ssldnd f i X
|l i kely to act continuously throughout the d
magni tude with time are small compared with

30aglwdodaopy A

Ser vaicdd ons | holawdde tsroafifdi d oads, crane | oad
machine | oads, brake and centrifugal forces

.....

%y aggapyuoyaoda !oaespyA

Temper atfThee ambi ent temperature variation is
i templorand spatial changes are frequent and
internal force or descbomadi be. cOamperattuar & he
internal force and deformation are affected
Humii:t yHumi dity is suggested to be monitore
environment al conditions.

Corroissi cann: i mpomaangti mectt oneen THe adosr nt os it dire
reducmnioo ntolnd gssesct i omfal btaeg e@laismt ¢thacti on bet we
and concrehas Kecomei bhe main reason of ins
ofmari st mectwhiesh is a disaster of wuniversal
WindWind actions include waod 6oraest amdt pir g

or surfaceshdiind k¢ feesaptesciidaelrleyd f or t he super

Wave and Thwk whadaiendg ,swel | can | eadsttoourtense | o a
These | oads ar @ nuws uelcltyl yd ebtye rlmiande dnodel s  wi t
infl owed structur al component , ki nematics o
l ength, water depth, etc.

%taaouo (6c¢dad !odepyA

The extreme hazard actions aaree chwne irtcth@ retelile t ®

evenhat may have severe operational i mpac:
significantly greater than the design |ife ¢
fire, extreme flood, tyepdddaen, earthquake, e

Thef featb®vef acti ons can be clefsfsea cfwitse & hi ratr e
summar it hed f ioha bdliei n g

Table 1.1 Summary for action -induced effects on structures

Static effect Dynamic eff
SSruct - materials from w

. ) N/ A
actions was buil t;




| oading conditio
constpectodn
shrinkage of str
creep;
prestress;
constrains, et c.
traffic | oads; traffic | oad
_ - construction mat machine | oad
Servic . .
action/ solid | oads; brakeeandi f
- crane | oads; forces;
|l oads from servi human excite
earth and rock p
static fluid pre
flow pressure;
groundwater pres wi nd;
Environ- snow and ice | oa waves and sw
action/- foundsadiilonsettl er- earthquake |
| oads; aval anches,
humi di tvy;
corrosion;
carbonati on, et c
earthquake v
Extr.eme. N A typhlooln
action/ collision | o
explosion 1| o
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I n the context of «ci vidamangfer aisstaccdheafni gneeedt Salbsi,

adversely

degraded

stiffness

end
ot her
of
structur al
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of

supporgs

t he
f orm

affects

structur al

its current or future pe

condition that may t ak

¢

reducti o, byne¢laé mi aald meaat il o, cfo
r (actuaddackhs ) gaempohnentantdaidlewvee
ure of bearings and expan

of f ai

g¢eogr ) brcdmponent s

actions.

. H %

Stru@teurf @lr manc e erheafve rosr

ndi
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dual

and/ or

combi

t var i bay e

[

tod tah es tlreuvcetlusr/es tuantdees
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usually invol vessasftemdyo,t abal i oper bi uctuyr al (
the structwhecpeméet mmi nge functionefefsstou
the structurespéemhfadr wihdg inotraegel t tion any
carry out the full functions for which it w;
t oagaistsrtuct ur al per éododumndtesi edowngt adn i nd
environmenutcahl aast tcaocrkrsossi on and aging

1.2.4 3425#45% %) , 4(

Goodr gctead alh menfoarnsalt ossttalbee of structur al p ¢
high performandteé daread, ldmeomgped})i ¢ eef i(antor welsfur es v
rehabi | i tSttriuocnt varbaill ihteyal t h consi sts of struc
ot her problems that have a bearing on its s
Goodrsctur al heal th of civil i nfr aisttyr ucft ur e
society and for economic development. The ¢
safety, durabil-reydwead., haalyt ledree iioxtade ons,
| ocal damages, within a strhctadeemagl|l yt hakt
safety/reliability and pose potenti al chall
as shéwgddi,e consider the following Ahealtho
damage | evel iFrol 4 oRCngtcoctroseé oNne cattitaarcsk , a red
reduced and reirfgradmanCys admbnmgesdcanuses ex
reinforcing steel which exerts pressure on
occurring on the surfaces of concrete. This
|l evel s of cotrhreors ihoann.d ,Onc otrhreo soi on moni tori ng
information to SHM, accurate monitoring te

macroscopic damages can obtain/ot atbet ddmdge
degree) whi c hbapcrko vtiod ee ntahbe ef eceodr r osi on contro
be optimized.



Latent stage: ' Developing stage: ' Accelerating stage: ' Early stage of Late stage of

deterioration: deterioration:
NG e N DENETS \ N 3
HEE AR i
!-1-,‘1-*:':.'.:; LS b LSS e
steel corrosion cracks exposure collapse
1 ( microscopic damages ) ( macroscopic damages )

external corrosion

internal corrosion

Service Damage
start start

Damage Degree

Service
age

-
>

Strain

> »
=

Corrosion
—» Acceleration

a4
4

Cracks
Deformation

Structural Performance

Area-distributed Strain

F 3
Yy

Figure 1.1 An example of ther elation between damage degree and structural
performance
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SHM i s t hef iuesladg es eonfsiinng sy st ems anedv arleul aetvea nt
the actions and performances of structures
in all ranges of operati ng Ilcyosnidsii tdiseeegd, asnd
Albased and i nt el,lciognbnthed atwa t A ndlhiepa saeddv an c ¢
modeltlo nigdenti fy the structur al characteris

produce appropriate alarmesewtded,the monduot
performance evaluations and damage prognosi
structur al l'ife prediction, and make deci si
mai nt enance, retrofit and replacement

Strulcthueal th monitoring mainly has two type

ADat ao. ASensingod includes various sensors
structur al | oads and environments, overall
imades theory, met hods, hardware and softwa
management, data mining and analysis, struc
eval uation, structur al damage det encctei on a

deci si ons.



1.2.6 3 ( -39 3 4 %-

A SHM systiemeiggfat Bensing and instrumentat:
processingnd amanayge menbl loeoed e rtfootrentammsc eo f( i n
codified rempar glkiameiathbyur abi | iet y9t rafct arme anoc
surrounding environment uardereseterspeecdbp®eranio
conditeo@ooy)j de appropriate alarmser wheni d har
exceedaernd to peiagnmpscg mmtdkus alt udal heal th n
system in gendg)an saiondgn $ insstyssgtoegm tia)c qdasati on,
management , transmissi on, p r osctiecstsuisrmagit ea n d

i dent isd hdlaama goen dig s ¢ ¢ tuic ® nnraanlic ep eergbad b aptri.cognn 0 s i S
andv) asset management deci si ons such as

repl avceamendt on -phenphpdiheanbpdse Itaf.o nassyKdMem

can be FfioguitRde i n

i $ensing and |l nstru (i Data Acqui siti
Transmissi ony, Processing
Control System

2 (i iSit)r uc ttuer a
I denti ficg

tionsand

(v Mai nt e

Decisiondataba )/-

i VSt ructur al Perfor mancie

Figure 1.2 Compositions of a SHM system

137" * %#4) 6366 -/ &
Thmaiobj ecti ves of SHM are:

1)t o moxt it wepteurfaolr mance in terms ofangdtructu
durability and to provide/use such monitc
struataumdlenance and swedlababi tpddtaihao nnmgy parnigls
execution of Il nspecti omo nebn dh e chapvinyteinamic e



principalnhdmodel s

2)to provide r eadtirsupecufienlf mammad ifoonr opfl anni ng
suchipadsating and/ or r eviesciiofn caft i ©thasn daanrdd sm

strudesar gchonasntdr ucti on; and

3) to enhance tslod devalouumsmenrtanches of struc
technol ogiseesnss mgh aas Il nstrumentation Sys
transmi ssipogm,cessigma@al yanids , dat a operation
management, structur al model ing and si mul
anal yses, structur al health/ condition rat.

4)to play an essentciyaoiaar o emamgemehbhocsasal ed i
i Fi gud. e

Thereforepr &HIMd ec asmupproe t tdlue adarfld tttwegal t h o f

infrastruchmuireéges surcihhsmelbs, sphiaghgs,palcengtr uc
geotechnical structures, underground struct
so as to bui Hd feae sstarfuredtyurgaullarlacnnmgege system wi

Structural performance

(global and local) Regular/Irregular
global and loca . :
inspections After maintenance
0N / (evaluation of reinforcement)
S ~. | \ntinuous maintenance
b ~
1 1 \-
Long—te.rm 41 Damage detection/identification
monitoring / (Damage mechanism, capacity,
\ durability evaluation, etc.)
\
\
Serviceability
< > B
! limitati
inspection interval without tmitation
maintenance
Year

Figure 1.3 SHM in structural life -cycle maintenance management

1.42%, ! 4)1-/3. 2/ 54)).B0%#4) I . $%3425#4) 6%
4%34)". . &1, $3 ( -
1.4.1 2%, ! 4) I"%87 %%/ 54) ).9%B 0 %# 4)./$3 ( -

Routine (primarily visual) inspection i s a
maj or structur al defects/ prdelpltdms nasmpe citd emt



carried out. This type of isasmpelcitngnancdcllalo
tests,siftieisti ng/ i nspection by gener al port a
defl ection (settlementX}ranatds, ntatagp i(8 WU d iakdess
including structural modeling and anal ysi s.
Ro utiinnsep e ¢c imia oagp phlaiscat i ons, though with poten
generall yconsumypaqitiemesb ovre, and subjective.
baseddemt hnexperience of the pr ofteusrsei dorea Insg.
inspected should be readily accessible and
priori
Both techniques of SHM and routine inspect
abnor mal state in -séervicterepedatriong. t&Biemnce
usually outputs the visible external ofnf or:
cessible compademinst i wWhhiolues | WHMuUt put s t he
formation (strain/stress status, di storti
cessi bl e comporeenretssoa rayxr mhiisn et htehoeesfep rtewo soceu |
reliable assessment of performance degr

mponents so that appropriate maintenance
ecuted timely. A reliabmendepkeymathept i B
rksdept hni nspecti on.

SO0 9o W
O X O 5 60 5 O
o

1.4.2 2%, ! 4)3]'%4 7 %%.$ 4. $3( -

Nondesttreis¢ tNiDwei s a wp ldye s gecchaeunp avosafp € cetcihoan qu e s
used to evaluate theomppopenttt,usysio®&imawimaheun
C a u sainngga ma DI .mainly reles upontheuse ofr adi at i,anmgeanslo u n d
inherent properties of materials to test sampl#3T usually requires prior knowledge of

the location of the critical defects. When rare collapses occur, it is often due to defects at
locations that were not knowBome widely used NDinspection techniques include) (

acoustic emissigr(ii) ultrasonic testing(iii) electromagnetic testingiv) stress wave, (v)

guided wave (vi) infrared and thermal testindyii) laser testing, (viii) Xray technology,

(ix) digital image pocessing, andkj electrochemical, optical and radar based testing

Both NDT and SHM ar e used t o det ect t he
structures/ component s. NDT i nspection S u
probing thr ouagvhaor ia usst rpuhcytsuirceal vioarc hanfi ggmieca |

direct detecting conditions anadn rcvhalrwmah leea inmsd
only aletheaalnol ogy but al so a compl ement t
monitoring. It is therefore also essential
monitoring the performance degradation and/


http://en.wikipedia.org/wiki/Acoustic_emission
http://en.wikipedia.org/wiki/Ultrasonic_testing
http://en.wikipedia.org/wiki/Electromagnetic_testing
http://en.wikipedia.org/wiki/Guided_wave_testing
http://en.wikipedia.org/wiki/Infrared_and_thermal_testing

1.4.3 ). 4% 2! 4%$ /| 2 .#49%-3'0 %# 4)./$3 ( -

Traditionally, a egturd watl yr, éd gind nign @ Otse dna i nt

repair is normally carried out I f a compon
commonly referred to as thbrruecatkud ocewni smasiunbtjeencatn
damage, such as component failure, either

adversely affected or the structure may bec
able to provide therexpeicterd tslkeeg viaoet dadmer e
with breakdown maintenance, the field of p
effective approachi dtyoc | cephtCionsitzreg dsitcrtuicvteu rma i n
di ffers from preveertitvermsmhi aseoantlkeebactual
rather than average or expected |ife statis
For instance, in JapRBRingd#fa& ainmt eg rcaotmdd nraan imic
(Figas)e system are proposed tgo SeHM uarned sitnrsupcetc
meaBsth these cases are designed to support

management . Wher eas, for t he i ntegrated m
processes of an original masi pnet cetniaonnc ea nsdy s ¢ @
i nvestigation, -aeweeli nghddepgpomt andi §HM syst
monitoring case, regul ar, casual i nspect |

simultaneousl! y.
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Countermeasur S
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Countermeasureg !
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e i b e e e
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SafetyEvaluationand Modify Deterioration Prediction

Emergency
Measures
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Figure 1.4 Example of an integrated monitoring of inspection and SHM
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Figure 1.5 Example of a combined monitoring of inspection and SHM



2

SHM SYSTEM COMPOSITION
FUNCTION, STRATEG Y AND DESIGN

21 # -0/ 3) 4)83 ( -39 3 4 %-

ASs

statedt enm¥lhaedl sSIMve, a SHM spmpemeds oma

t feol | owi ngy § t@esms s ub

1)

2)

3)

4)

Sensing and i nstA uvreernite tsyy adnfe msredi *adgsanc ed
sensing technigones $sorreemdimg @ovironment
gl obal and Theas i mgs pyrsdesn i s one of the
of SHM since the quality of the analysis I
data coll ected.

D a taguisition, managementfransmission,processingand controls y s tData
acquisition consists ohar dware and software component
conditi e@egmioce,sspmneg, temporary storage and
recei vedefnrsoom yt lsey st e msi;s Dcad nap orsaenda goefmechat a
and the management tphkastormge of huge si z:i
storage techniques have been pirso pcoasrerdi e dn or
by ddmmerbkliiahgcaystem, fiber optic cabling

transmit the collectsietdestgnahse/ data pnos¢t:
system | ocated in tbhhtaagmiosciessi agisamdc et
i nt ed gla tsyip¥tehe graphics on instrumentation
control of the instrumentation system and
Structural dtdetnas/Achamagaeauwmct ur &Ix eciud gn @it ©
and/ oausematic dat ai talmmd yfsars twh & hi cd mgtoirf i c
states/ damages at | ocal /sglguodirad mestterusc t (uir rad |
strain/stress di dtigithdtt ness, d efad s matiinane,r
condition) panmxdméyerabbuding mo d a l frequenci
di spl acement profiles and modal analysis)

in performance or damage.

Structur al perfor mance evaluation/:prognos
i ncl ude e ar hexceadancenfassignedvimiéoccws, r uct ur al prog
anal yses at | ocal/ global str ucuttautraeucthk eval ,

perf oreman afeotri anesi dual |l i fe predictions, e
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I n order to achieve t héperSeHvM ooubsj escet citvieosn ,a sa

shoul dsilxpee at i onal functiomanageadé mag e g o |
i dent i/fdied gegcmtdalomnat i amgr erda tcitfhgeii no ft | bshie s e
operational functions are briefly outlined

1) Observati oonbiserve (including measur ement
structural performance at | ocal icrmpmpcamsent
structural charcrduatradi steisponared Htasi ng on
systems and together with relevamnt danal yti
into codi fjied parameters

2) Managemethd manage (data operation and man
di fener types of data-aandomanfer matdi/ @om fawrn o9n
of data interfacing, processing, analysi s,

)l dentification and:tbdeeet opnanti Dmmphgmen
strategies, hmet ogdes &wd ©damage detection

i nvi si-etageadbhwmage identification, i's the
for the evaluation of -té@aemprpeefheonf mars we|
existing str wecthureews ,ngandcef anost reliabl e

mai ntenance.

4) Eval udatoi cervial uate (including prognostic an
o f structur al perfor mance by structur al
detection/ assa@ggamdarnti onf i anypedfor mance or
component s;

5  Ratingo rate (including ranking and prio
grouped components and egdoabhebsestvedt ueall
i nsip@metsul t s, letval armad ewWeirglstued I mportance f
planning and scheduling of inspection and

6) Predi:tbi eeftf augpt i ve i nfrastructure maintene
td hppredi ction of futurei stPrediaotriabnpeff or
performance, prediction of capacity wunder
functei.,gnsew subway bkiThespoediolréisb diuthde | i f €
structures i s alscopensifdéiéed Ttogchbhe makayg
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Monitoring strategy, which is cthrer dlodtl @dvi wmigt
Cl ause shoduld be determined by €obpnsidering t

1) Monitoring alppx oachhox()whb kttheeea pwhiotaec h consi d

measurands i n I nput, St r dbcotxu raep parnoda c@u tcpounts
measurands in Input and Output onl y. For
arrangameénhaving many types and huge numb
whi-btoex approach is recommended for SHM; F
structural arr dregemeads samhdnbhmlyvyemyg of stru

bl abcokxpproaommesdedcf or SHM

2) Readr -logmoni t ®Red@higne monitoring refers to a
synchronous and continuous data acqui sitic
system to ensure the syncheRinimmantiitoonr i anrgd
normally applies to structures with comp
comparative | argfdfi mkeoatdseri oghehwubd be ado

3y Continuous or t rCayrgteirn tnogu smoma riotrarnigng r ef

monintgoraf sitm ucndiere t o track sanndd gwmtfaastpe t h e
str uscltruirgegger ed monitoring refers to a meatl
coll ected and sent for storagedoekygewbdemhh
d e seé dgmrod sdh vfad cuielsi,t ati ng the analysis and i
particular emergesodéy somutcheregsr for mance

2.3.2/.,) S/&, )-./% )4/ 2).3(+&

Data acquisitiswmhysgiknnmandlg®mehay the role o
processing, data file arrays, data dynamic |
types incluwudeeodbhtaepreakssi ng, mafxfeldi nmeo dekat
procesnngitme meaé refers to the case where
and analysis online. Of fline mode mainly c
preserved dat a.

The ®HMne monitoring iIis a continuous, actiyv
isBormally applied to structures with compl.]
|l oading conditions. Mor eover, continuous mo

those structures that are either e xhterieme | vy
structur al i ntegrity, for exampl e, I f the s



such as severe earthquakes and hurricanes,
that does not have a historm wdr tpleiri®ssnance

The requirements for online monitoring are
First, the monitoring plan abgulickkhbé pr
authorities, for exampl e, the property
depart memti,cadnd etpeaacht ment , et c.

The monitoring equipment should be calib
utili zation.

The monitoring equipment should be wutild]i

The monitoring equi pment wor king envir
necessary protection should be assigned

The monitoring equipment should be maint

't should al so be nAloitneed -atnmaetroifdsfiom ¢ & gt MO M e s a
systtehpeer i od of online monitoringatagobeeBurn
each category components are connected and
order to reduce the pmedware eguitpmentr.anaao
analysis and storage dev-icee modautamagocwql
I n this case, t he -lmomeé t or ewglgbmohichesi n@ n«
i nsttawceching fromng egadImeulnooan ittdachseegsoronl y
net work or analyzing mechanisms trigger a <c

2.3.3)- 0, %- %. 4! A3 ( -39 34 %-

| mpl ement atiioont lod iEnHtMc edium@ moni t,osreinnsgorsy st
selection, s & nagtorra s sninsot na Indtlaecta b h ¢ ¢ Tdhadma y

be permanently stored | ocally s(ytshhee mse f aounl t
computer disk drive), altloaonaltliwvetl y a hredwumd
of highefrfdamatiaoan. Thslsoetretppl ifexeltdo i matelst i g
modal surveys) -tasmmmdmmietdo uimmg@,r bwthgsystem ar cl
monitoring usually caters for a broader r a
varycog!l ae @qui wao lethages acquired in modal t e

bet weenapihlei ¢ avtoi ons her e.

2.3.4 3 ( -3934%%3) ' .

I n I arger health monitoringhearysmems mwhaeger ai
are requiesed bhbivte m®connected and centrally
and distributedquemnssditnggnarmnsd sda@&tmas and compo



di stributed monit or ienxgp asngdsitinegnni er abenngapab.
a uniform platform

24 H# 4% | 2B42B# 452 %329%H/4-(- %. $%S ) 4/ 2) .
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This guide offers tdhenevat uin alf ohemati bnmonito

maj or strubtudgesltuutdnmglss ,damwgruardiee y

st elmdcaec o mpomattersi al

2.4.1 #' 4% | 2) 1| 4342.5#48 2 %B (&4 2

SHM systems can be classified according to

demands, maqopietdoartiangt r ansmi ssi on modes and
structure/ ar euecs hfakwAdlegnoup

Table 2.1 SHM system categories for individual structures and groups of

structures
Struct . .
Monitoring t Remar ks
cat ego
At ype AlConti nuous _ _
- - N H gh evavelati on
LoRrR(A2Peri odi c: .
: : N Suit abolmp rfecre ncs
Indi vi| ter mont hly, o :
_ struanhal gbi s
struct daily)
(exi st _
A3: Continuo
newl vy
Shoi Nn Nor rmeaelheedl uati or

structu

struct u terA4: Regular |3 Relate to monit

monitoring

Bt ype Bl1Conti nuous
Lonrn(B2: Periodic
Contin| ter mont hl oM Conti tswo r k
Yy,
Structu dai | Yy ) Remote - 1lgaartlzmission
(I" oad n - Supervision Center = = \;f'[n g CR;"“‘:’JF
B3: Continuo Nod_BusLAN T Firewall
structu el ) | Workstation
include e =
She 'B AR e ul ar /1 x Continuous structure ~ Collection  Sensing
tunnel s ter ; g group for testing Station  Network

major moni toring

transpagd




hubs,

Cl: Continuofd St-bypeet wor K

LorR{c2: Periodic poonings e g Ty
decision-ma King 1 =
ter monthly, o .
_ i uensmnmaw:}v .
Ctype dai |l y) i ‘;‘,.U -
. | e < B T
Di scr g C3: Continuo ghe . .-
Siiling scb reoniimcis. TIPSR TS
Structur goupbngie Senctne
i Wi daer e n Tr ¢ g peet wor k
ur ban
( S h G Secondary sub region/structure l_v@
. group/single structure
gr oup:, teric4: Regul ar = > -
. . <% : T
mO n | t O r | n g Semndaryde(ginn (3 2 .
Secondawdecisign -
W secondarydecision
S
Secondary sub region/structure
group’single structure
242 9Y8) 34)3425#452/% )4/ 2) ."
2421' 6yoaday ooy 00A
I n the case of implementing SHMmeasaxremehhg
opportunities are somewhat more | imited anc
and the previous | oading history cannot be
I i mi tiatt iiosnsstil | possi bl a ntforamaltli ent ta awe alf
payoff potential for enhancing any aspect o
the structure.
Asstructures are aging, the condition asses:

Structdersalhaow®e beedeslege) opetd ftbey often ar
assessment since there are significant diff
Design uncertainties arise from the predict

structure. Al so, a conservative design does
cost while a conservative assessment may r
repl acement . Therefore, there issseasmkeaar oh
existingTlke rmeniutrersi.ng for existi-ngr smtamadt u
online monitoring and is highrliyser eacnodnmeow e
structusgan $pagi al structurseess sandalblry dges
structures.

| mpl ement ati on of SHM f or exi sting I nfrast
structural i perfocmanal, safety, st atbearlmty,

moni toring of structusessowadasysuat coanlmo e | d



per manent observation for structur al I nt e
technol ogy deevealtoepdmeinmp | aennmde nat ma hsetornusc toufr eSHM h
exhibit premature agi ng,msdi sTthree ssseecso nadnadr yp etrof
be tohset ructures that have aged beyond their
routines osferSytHM ef omoniint ori ng of anFiexursé i ng
2.1.

[;_St:«u't )

| Development of momtoring plan

|
v

Implementation of momtoring system

T

Performance monitoirng

[
k4

Condition assessment

/*-HH
—

— —
— Exceed T Anomaly
__ threshold? identification
o

- —

.\_T_.-’
No l
h 4

Early warning and inspection

Y

| Continouse monitoiring

v

[ End of monitoring period J

Figure 2.1 Basic routines of SHM for existing structures monitoring

2422 - py @ & p &d0ayood & A

Under SHM, the permanendf otviampdéna mt i a ke me as
di spl aceneetnrte s ssdsse,a ghhaansakg evi dt h, and vi brati ol
the aim to detect changes in the structur al
states are reached or exceeded.

Fodeformati on, mtome t onoinmg or ed def ormati on S

dips acement , |l ater al di spl acement, and tilt
for | ater al and vertical di spl acement shoul
Fogstrmomitorsheoafi nstructur al components <can

obtainedwhndhruwltdaydbeed t o tadgulSEHM wystem

Foenvironmental and oqwiemrd,tsivwengashp enroanti uroer,i nhgu m
traffic | oads should be monitored if requir
wind monitomjong paretswoFmr example, the mon



should contain air temperature measurements

structure i f necessary. The temperatur
moni t orrgientgs taand accsur &oy t e&dguiwn emmde mion i
wind speed, wind direction, a@amdswouwldd p

wi tdhpaelcdgadsi gned supporting frame on th

I n addiltiiveenalrahdbenggested to be moniter
specific Ilive |l oad models can be deve
|l oad models from codes.

24.3). 4% 2! A%SHOB &Y -/ . ) 4 2) . "

2431' 0y o6 adAy ooy 006 A

e sen
torin
br & sisru:
e top

ed. W
| oped

Int egrated SHM systcgml|l eomper ibed hieniccioendsét & fue t
moni tor isneg vancde imMmoni t ori ng wiytchl et hrea Tidaognesm ednet r
conceptcyafl el malnagemeadedl y recognizedoas an

maxi mi zi n-gf ftéhcet icvoesntess of i mpl ementin
condition and safety and extend the se
iservice mani tbereinn gpe svrCiblaeld edi. M he con
moni tioghengf ocus of this subsection.

g int
rvi ce
struc

The construction period monitoring provides

structure attributions and characteristics,
di stributions, flexibility coef fcioceifedntcs,e nma
etc., during its fabrication, erection and
document ati-onsstofucttheed asst ructures are esse
baseline model for structur al ev afluutautrieo.n la
addition, the monitoring strategy is develo
hence, the sensor system can be managed to
not only for the construcrtua®tni ano np @ roira ch gmo
strongly recommended as a contract delivery
or the structures with complexity.

The instrumented heat d¢dgsnomudtoiromgprsysd £3n 0
struest wmmebeawendt data coll ection process, whi
recorded with relevant information of the ¢
| oading conditions and performance are moni
the construction process. The overall routin

arsehowhi g @2 e



kStart )

gy

-

v

| Development of monitoring plan

-

Implementation of monitoring system
according to construction stage

L 4

‘ Performance momtoring

+ Construction process
adjustment and control

T

|
-
T T I

Condition assessment

-

-
-
- Exceed

ﬁ.ﬁhﬂ_ﬂh A I identifiont
= —Yes nomalv identitication
T threshold? ,,//‘)_ o -
-
-

pt

-
-
—

-

[ End of monitoring period J

Figure 2.2 Basic routines of SHM for construction process monitoring
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The guideline is aiming for many kinds of
i ndustri al-amsdfrfuschtourree,s ,ofonmany types of stru
steel, ti mber, masonry, compmsote comasteruat
monitoring are |isted as foll ows.

General ly, t htehfeotl 1 wovti nrgeh b wlad tutb e ssmome t bh e d
constructing period: (i) Mmeéhisgmuciuir)e tilkse ds
has a rigid |l ong span over 120 meters; (0
meter s; (iv) the |l argesrntr ZHmnmetleveyr @OV) tthlee
roof of the structure is over 50 meters; or

the property owner or design document s.

The structhieoés$ owi hgr éd eatiggest ed dgionchee tnmoen i
comsucting period: (i) the-metheiogh ubb et ilse de s
30i1e t-heirgh; (i1 }s ptame srtirquikdaulmpensgwi tsipan over 12/
the fl espabhesti omj¢aurgee swi tstpan )o vtehre 6s0t rnmuectteurrse
t Heargest cantilever over 18 meters. (v) the
or (vi) the structures reqguested to e monit

Moreoverrtuther al me mbevriid hficco | Cowmipogpene &t ur es
monitoredosish ect man (i) components with co
stress l evel; (i) components or nodes wi

components or nodesn;wi(tihv)e vciodnepnotn ednetfso ronma tni ooc



be monitored and controll ed, itrhced s tmis u ©tf i
period; or (v) components or npees yaoeneedquw
design document s

Moni t oreitnsg ctaanr gbe generally divided into t
environment al cdadd2eii st sma rhiet osruigngge.st ed mon
vari ossf tgtpreuct ur es. The monitoring targets
structural characteristics.
Table 2.2 Monitoring target during construction period.
, Environi
Def ormati on _
monitor
» T a o Strai —
o < o . o)
©° Zo _h; monitg g s
-3 O_‘: o - © >S5
—a -~ 7 = @ @ a
o D 3 3 - -
Hi gh se bui v + + v v +
Ri gi ds paom gst + v A v v
Fl exliobsigesan st + v + v v
Long cantil e + v A v v
Hi eaH t i t udsep a o + o o R
structur

Not«¥ :Target Sshoultd ThAegaenons tggest adTatropaiied moni t
monitored.

Monitdor egogehmcoypbdyhe foll owing mpmineoehphlgs be (1

carried out at | east once for each construc
be adjusted according to the online monit
monitoringffcempkeargystructures should be de
on structure type, def ormati on characteri s
conditions; and (iv) i f the construction i

i mmedi atteHe owchresnt ructi on work resumes.

Ti me intervabhot!| dnoméetoedoged i f the follo
observed during the constructing period: (1
threshold value of eeaillsy awdreciteg, byi eXxttrlene:
such as earthquakes, floods, typhoons, DbI as
ri sks around the structures are visible, S |

cracks on Itihse wgorrotwmmme otmmomgt ori ng systems s
necessary monitorai nceemfimd gueenoiétygr itmhgad pritsee s s
carriocevececuapar hod | oof tthii me measiepft ¢ @alh t or i ng
processfeamrnihbe di f



Moreover, the construction events records s
Records of the main process of construction
procedur e;

Records of | oading distribuntoonrotempostaruyc
Records of formwork and supports during <co
conditi on, installation time and removal ti
Records of component connection status,;
Records of surroundings;

Records of intendoextecoopateqoi wmehtainst al
Records of other key events that will be wus

2443 ( -3934%&/ 8B/ - % ! * | A25#452 %3

Il n $8HMsCODE LEMBELsg$stems and moni tnoarjiomg str
strucecthed e i1 pdhgiegsh se buuhdehegasd t o asieysstaeynes
provi Appgdend-AxXSHAMLs tsé mt hset mrueds i npc ¢ lu ganmdg

geol ogti castvi Wik@ baed lplrypvi SdNMCODE L RBRVEL
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Atsucture group is a collection of structur
structures, wthihseehmemaoyr cdoinfsfiesrtfe nett rsutcrtuucrteu rgarl o
a certain | arge ar ea esan ubcet udriev igdreodu pisn,t ow hai cs
i ndividual structure and/ or severthseuhbi mi | ar
structure group sawni beanegbhedednasched to
net work based on their structural character
installed in thenkey phetefofegathessbructu
directly rtenfel entetaesdurferdomata and it woeuld mal
efficiemastmanameof the full structure group

General ly, when the followungtsondnt bengs ega
being in the same structural characteristic

to be closely connected geographically an
have simijar functions
have the same degree of i mportance

mutual controlling pomaskibdinge logevalt. t he sa

According to the above principlcad,egotrri tlecst yrs
Fi gwRe:a (continuous sthucdiuger egreoupt, r uacndir ¢



continuous structureugesuphias areorlkeétati orl
di stri buthedswsntebmn The discrete structure g
that are spatially dispersed and relatively

Remote . transmission
Supervision Center — Remotle
Continuous contro
Firewall
Structural ..Node Bus LAN
T Workstatlon
Group P I T.)
Continuous structure C011§Ct10n Sensing
group for testing Station Network

(a) Continuous st rtwanthwer sl, groawms, o fmal roil

Remote W
i C ¢ orkstation
Discrete  Supervision \;1 Discrete
Center SN J “I]‘\"v\t Structures
Structure 3 )
Workstation Wor statlon
Group X X
Discrete « < /Dlsmete
Structures -7 Structures

(b) Discrete stcriutcyt usrter ugcrtouurpe so

Figure 2.3 Typical network of structure groups

For t he continuous structure group, accol
communication, it is customary to divide th
the monitoring systemscaogtbreuatcdri eosn.u mbiemsii lma rl
of di stfuinbut evbrkwshh ati ons awoeg kssdtatu p,n amd ea
swnits in order to achieve the oveurnaltls man
use the same central workstation.

For the disoupteastoudtogetgrthe distributi
i nto sewrirtag ismbwhich the monitorismgugsegest e
structures. There I s atwerkstataohong tanahs
andop transmission quality between the dis
each unitds workstation to make mutcudaly deci
wi de area network communicati on oiup wanua ltlhye
star topology mode is often adopted in th
monitoring center.



Overall, the SHM system is a systemic proje
and | ocal sensing. | n ,aredde st t iscbnestdaddge scsa nt hbie
adopted to carry out extensive studies in
structur e agagasup sc.anl hkee ir egar ded as key parts
al so can be <conseisdeirne da asst rkuecyt usrter ugcrtouurp . To
concept of areas distributed sensing, a cas
example for struct AppegdB8uf8. dre provided i



3 SENSORS AND INSTRUMENT SYSTEM
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ASHMyshesmda sensory system thantdn aacd midtetse ras
some advanced siemstimg mMmegdmnentiedMM @gitsiean si ng

gr apmriacc earsd nags c i lalnatl,iyrega swepurecava idlea b Iteh asrne s p o n
tradihtuneanpaer at eds Tnsepetbds enms sare one of t he
components of SHM sdeacies itchioki sqaupap b ytty d eopf e ntdhse
guality of the data coll ected.

32# 4% Y H3&3%. 3 /32

Semsso becd assi fied according to their wor Ki
guantities, output signals, energy conversi

1) According to woerksandgisvpirdiendc iipritess, mechani cal

sensmd sphay si c al property type transducers.
2) I nt hlei ght of t he measurands, there are s
di spl acement sensors, témpemateer e sEtareser s,

humi dity sensors and other types of sensort

3y According to the output signals, there are
of an ana&dongl cgneardiagietidli gsemdonvol tage.

4) Based on the eneragndei vo m\wehresrigdro,c osnenrsodr ss er
eaergy conversion sensor s.

5 According to the sensor | o@adeai windeaad di mtea s p
sensor-di, sguiabBut ed sensors,.and highly dist

6) According to the acrcehbhasti fiedms patnede-toneoont 8 C t
contact senbBassed teehneli cgioms .

I n recent 4 actedehsn oawnidsiideesv, g b e srha sgohlc atmie o &

based moni t ebrasnegd ammodn ivtiodreion g , have been dev
resol ut irboansnecda meé b ai slagryes ed méoameasure the fre
spectra of rods and fabrics and use them to
cameras offer -rtameg eb eameafsiutr eaxfe nltomghnd can col |



at eonbcecause each pixel i sb aesfefde crma rvietl oyr ian gs e

applied for analysis of smal/|l moti ons, s mal
more as comp-breddt measmeemened LCroongprudrmemi ng
useconmwert displacement wunits obtained in |
video signals to displacement signals was p
signals measured from | aser vibrometer and

comp er vision techniques for anal yzing th
guantitative measurement of the vibration b
as motion magnification. They can be empl oye

The vhasieodn di spl acement measur ement of fers
contypte and ot-hgpendnsphaaeaement sensors, as

The vision sensor does not require physi
cae Bet up at a remote | ocation. This rej
For bridge monitoring, no traffic contro

The vision sensor can be placed hundr ec
satisfactory measur ement accuracy.

The wisemsor can be termed as a noncont a
can simultaneously tracking multiple poi

measurement points can be easily changed
However-basediomoinng still suffemsntbheohi mhitad
to weather conditions, and the higher noi ¢
traditional sensors.

7)) Emerging sensing technologi es

Ther e ar e al so new sensorsbanad coémmdnbetat |
intelligent sensing networ ks decnoannfdisg usreantsioorn

i
autonomous data pihoce it wep,r ksaeylyg ecatmadwuen waeda t i
t hat often r-esemblag chi thewtrdaal ei svhabéke ever y
communi cate and coll aborate wi-thspheedodens
and sensing tecédichoBiogmieme thiacv es emeorgs ar e des
studying and wut i Isitzriuncgt utrhees noofl elciuvliensg aonrdg a n i
have uniqgue biological properties. By borro
features of bi ol ogy such as smell, tast e,

creations sewmsen and iemtvearraocntment , some novel
technol ogi @ 1 syiurctleedlalsi gpeinot s ensliinkge maotbeortisa |l ss
i ke S en-sons psiernesdoir oy me mbm apuidrterdakBieasi ti ve

freqguesemacyi nisrgeido al gobri-ionbms y edndensor net wor
bi-ionspired mi cr ofsaeémnmsecrantoerdk ss)t rheatvceh aghrleeat p o't
For ease of description, a summary of sensc

gi vemhabdbewhi | e detailed descriptions of appl
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Table 3.1 Category of sensors for various measurands

Measur a Sensor s
- Point sensing Lorggauge semsiumgg
resistance str FBG,og@uge FO8uy/
thick film cer carbon fiber se
Strajir-Bril-based sens Hased FOS, etc.
(BOTDR, BOTDA, - Pokdnitstri buted s
etc.); . Area distribute
- Quadciistri but ed (bpasienth)r iseynshirng |
Laser and LED - Surveying and t
|l mage trackhrng: - Pneumati'c syste
- Optical marker . Microwave inter
Di splac . GPS; - Vi deawsed measur i
Hi ghlresol ut iboans ecda nmeeraas ur e ment s ;
- Contacting displacementwimeasur
extensometer ;
_ Lasveirbr gmet er - Vi deadsed measur
Vel oci

Pi eezloe wtell iognet e - GP.S
- Seraamcel er omet - MEMS ( c apapciietziov

Pi eezloectric ac Fesistive) acce
Acceler-Capacitive acc - Laser vibromete

FBG accel erome  GPS based accel

Force transduc:-Pressure taps.

Force _ _
- Strain gauges for dynamic meas
pressu ) . _
-Vibrating wire sensors for sta
El ectrochemica-El ectrical resi
Corrosi-Chloride concentration measur e
Destructive techniques, i . e. C
- Thermocouples; -Vibrating wire
Temper a . . .
- Thermi stor s; - Fiber optic sen
) - Anemometer ; -Wind pressure t
Wi nd )
Filpmessure sen
Rot i - MEMS (capaci-ti - EIl ect beodsengobr
ot ati ; :
resistivmgter . pjiper optic sen
333%. 3)=! .. %2
I n practical sensing applications, a singl

sensors are required to properly monitor Ve



net
mu
ro
i s

- O T

-/ 0O Q9 OO o w ~+ o T T

W—w SV -0 oo QT
3O T 0o~ 35 =

=

Acc
sen
di s

1

wor k of sensors is i nterrogated khhyea si

|l ti plexedo and "distributed". The concep
posed to develop an integrated SHM str:
tributed strain sensing systaemfiog mahediomna

strain distribution throughout the ful]l
itrary and unforeseen damage. Al though s
ome increasingly matur e angde hoafs ebnegeinn eiem|
uctures, there still remain many chall enc
the |l ack of a sensing technology tailore
effective structuedalonemdmirtmarmicreg ed/atl ai.a
sing schemes and techniques, with strain
suitable for performing a comprehensive
k the ability dfamaget whiincgh sitaryu crteugruai r e
oughout t he entire structure. Even i wh
el eration sensors, can only conduct sens
I ted or no cornrietloartiinogn dbaettaw eaemdF tsgtarruetot u r

d)ocal sensi (bmacr o sensi

R S “—
area-wise ‘

distributed sensing

ro_h E
{ AR R KA o R
= Strain gauges .

A Acceleration meter
Limit respon Combi nedanmac ‘
toharacteristic anal ysiislroevel analysis

Figure 3.1 Comparison of local sensing and macro sensing

ording to sensing manner s, senporirantand ¢
sing) spoibtted sensing, Brgdugpaiandi at e
tributed sensing.

Poi nt adids tProiibnutt ed sensi ng: Sensors for
structur e. Common | ocal sensgomg-t ppelinade
optical fiber sensors), crack meters, co
to monitor the detailed parts of the str.i
considered sensitive t o structauwrgaels, damas
including the most a d vtaynpcee ds enBsGo rsse,n swlrisc,
| ocal seral earmagmel massive cikdrl -beenghgeneer i
structur e, a distributed sensing systen
continususilpuded i nCempaeediwi tbgpeishedse
di stributed sensing provides more struc
damage process and modal chandestriTopt ed!



sensing aFRieg &heown i n

T Brillouin distributed sensing: Through t
point by point scanning is conducted al c
i nterval . cTtheerni stthiec cvhaalruae of demodul ati or
a certain spatial range I s used as the s
of this spatial range is defined the mi.]
satisfying téaec umeaacsyur efeemitc a l system of
sensing Fsg8Bewn in

Point sensin
& Cahle Strain/

\ Temperature

source coupler &

|_ f Time

Point sensor L
measuring (FBG, et.al) Strain/
devices Temperature |
Location
Point-distributed sensingg Strain/ /|
Temperature Wﬂ -
source coupler @ ®
A J/ —>
|_ g Time
Sensor array Strain/ A
measuring Temperature
devices
Y
-~
Location
Figure 3.2 Point a nd Point -distributed sensing
Distributed Brillouin-scattering
1 P .
_;} :(-:samplmg interval Strain/
Lo Temperatur
source coupler [—0-0-0-90-0-0-0000-
|— A !
- spatial resolution
A
measuring - Location
devices
A —-
Figure 3.3 Quasi-distributed (primarily Brillouin -based) sensing

T Lormggauge sens-dingt rainldu taerde assemd ien ge:n gh cmre elr &
di stributed sensing system should be at

g

i nformation of the structure as well as
state gi sa usuiln area distributed sensin
perfor mance i nformati on. Based on the

structure is divided i-naaga sember sofnk:

installed in tsheibeaeyeadar emasi fori ndg, and



di stributed types sensor units constitut
areas of structures, which can wundertake
and macr o moni-t evehgiasaabdynmudrnder to re:
identification and comprehensive -4 dentif
di stributed sensing can effectively inte
structur e, whi ch not ont ge dmaeco!l yande fm
information such as strain and angle of
coverage. Topigalugeystamsdngf rlabdgead esaens
showRi gB84e More details a@nsthe budoedeptens
provi Appemndi x B
Cable Strain/ A\
\ Temperature /V\N\,\
source coupler ——@D
/ T tme
|_ Time
Long-gauge sensor .
measuring Strain/  /\
devices Temperature I
Location
Distributed long-gauge sensing Strain/ /\/W\M
Temperature AN
. coupler — —
source P
|_ Y Time
Sensors A
measuring Strain/
devices Temperature I I
Location
Area distributed sensing
Area - 1 Area-2
source coupler [N — — - —_—_—_—I
[ |
Multiple sensing units ) . |
measuring in one area Area -1 I
devices [ —
I
|
I Area-N
.
Full area distributed sensing Strain/
Temperature
source coupler |
measuring Location

devices

Figure 3.4 Long -gauge sensing and area -distributed sensing



3.4 3%. 3 /3%, %# 4 $#2). 4 %2) !

Sensor performance <charact elrdwd itcysmiaeasl c ru shee
conditions. cltheer peird oiranbencleot h chantract eanmids dy
After the measur ands atn dh avhee breoenn tcolra rnagc teenrv
possi ble sensors can be identified. Il n orde
i denti fied sensor s, some i mportant criteri
criteria can bemaasysicganteedg otrd etshr eseenpmir perf
environment al constraints and economic cons
cont ai nse sscervielpdado sat ed e x pl aMgtpienmds xewhC2l pr e ¢
a brief summaTygbldles di spl a

Table 3.2 Summary of sensor selection criteria

Selection ¢ Det ai l aspects
Sensitivit _ _
. y Repeatabil ity
Resol uti on _ _
_ _ _ _ Stability
Di scriminatio .
Sensor <char e Response ti me

Operating ran _
: . Sampling freq
Linearity

Reliability

Accur acy

Sensor size Humi dity rang
EnvironmentaPackaging El ectro/ magne

Temperature r Ther mal effec

i Cost .

Economic con . . , Ease of instal

Avail ability
3.53%. 3/$260,/ 9- %. 4
Sensor deployment should follow the principg
reliability in order to achieve the foll owi
1) The measured data should fully and accur at
structural static and dynamic parameters,
theoretical lanalsyaidyisadllet ;0 optomi zesth
poi nts by ap pareflgctsuch telationsidgps h o d s
2) The cost dafaagjasnsarnts,on equi pment, transmi s
analysis should be taken into considerati

3) The measuring points shouwul d hreawetaerithaisnen
can be collected byamdding sensors reason:



4) 1t should be easy to install, protect, ca
wi t h advanced technol ogy, matur e standar
prefdrlegntsied ect ed.

The sensor |l ocations were usually deter mine:t
of the wvibration occurrence. Recentl vy, t he
for advanced SHM system design,: wdquarmtictayn

optimization andBpohi tt ihers aotgotwiomaitkaegitdidoenr.i n g
system work more reasonablThewiftohdwwi aff esdte

conducted for the i mplementation of OSP:

1) Appropriate plhheement cnfiteentaiall | ayout
energy <criterion, mo d a | identifiability ¢
observability criteriamdand redundancy cri

2) Ef ficient optimization al goriotnlsm.st Troddisttiec
descent method and Newton method, and mor
intelligence optimization algorithm. Some
employing the fitness functioniapprmacthone
entropy, fisher informati on gematicalgosdhm( FI M) n
firefly algorithm,monkey al gori t hm, di stributed wolf
reduced system (I 1 RS) method, andlIAlo,basert

mu kdtiir ecti on si multaneous optimization of |
observability criterion has emerged.



4 DATA ACQUISITION AND
MANAGEMENT SYSTEMS

41 $!' 41#15) 3)393/4%-$! 37

The DAS is the data | og@ilngosnysfiemndeé Dgi, ce,r
temporary storage and transmission control

acquisition is the gartaade dcuwrnev eafs i aomalamgdued at
the wired or wirdloes s ylsitrekmss. aDeet a oammeuicd iatl |
vari ety of c o nvfairg yoreiastf iooMmanova t ltapabilities

configurations can range from a simple port
systems that aeetnaetwsesekedrtoThe data acqui
sensor system are two of the most critical
of the analysis results directly depends on

4.1.1 #/ -0/ . %. 481 /%

Regardfl etstse configuration complexity, mo st

following primary components:

l) Data acquisition hardwar e, whi ch gener al
components that <collect, conadist itoon,a ccoonnvpeu
as digital data (anal og st or aglemostsases,o0 | ong

these components include:

Signal conditioner

Anailteg gi tal converter (ADC)
Controlling circuitry

Me mor y

Communications interface or device

Power supply

2y Data acquisition peripherals, which incl uc
encl osur es, and junction boxes necessary
acquisition hardware and to pocectueet ttohd hk
el ement s

3y Data acquisition sof twar e. There ar e gen



conjunction with data acquisition systems

Driver software facilitates cbommdwacati ©he
computer 0s operating system softwar e, an
software provides the |l ink betweahl o WWe uUS:c¢

the user to configure and contdol dibel dgt
store and analyze the measurements.

4.1.2 49 0 %3 $/'&3

The DAS can be normally divided into three
coll ection of-psogmniaésarfyr osnemsoonr s (or senso
|l oggers), a(iacqulichdlif o@Altuhobt coll ection of
proprietary sensors (or sensors supplied wi

un2t (LR2AUfor collectiomopfiri etgngl sehsomsnwil
are >50t hne fDAoUn

Since proprietary sensors are usually suppli
detailed design of these data |l ogging syster
are normally referred to:migoleddmdmotp @i tSit @ i DY
( DWI MS) , corrosion cells (Cor), fiber opt.i
gaugesStryw-mabeeti o M@a,ugetsc .( EAI | data | oggei
sensors should bé4d.considered as LDAU

Noproprsensadgrys should normally be connected
the distance between the sensors (particul e
near estmoDAUStOhsamret e r2s ,s hLoDuAUd be used. Thi s me
of siogmalt i oni ng -addgAt Bl {anahwvgrsion shoul d

LDAR adjacent to the sensors, rather than i
Al LDAUs 4dHpomopboteh amoyn and proprietary senso
rat her than dor e¢dttel ygl odbormah e cdtaetda tt r ansmi ssi o
systematic data control and management. As &
been converted to digital signal s, t hese si
signal i nput s.

4.1.3 - /1 $%3&¥H! 3

There habemmesi ¢ types of data acquisition mode
evebnatsed modes.

Il n the continuous mode, an uninterrupted ac
data acquisition system over a period of ti



n polel ed mode, the corresponding sensor si

I

intervals of ti me. Sersd@ansg clomexatsatrieamehi 8C
for a polled data acquisition modper aFtourr ee X ¢
sensor may be coll ected and recorded on an
mode .

| n ebvaesneed data acquisition, sensor signals
some -diesdamed event of intanebe.rd@ahdomvent de
and some common examples of events include
heavy truck <crossing the bridge or a perio
abnor mal environmentalzacandsiutciho nass ofrl caodnat
hurricane. The physical vari abl es (measur a
occurrence of such events can change sl owly
of the event.

me SHM applicatdatnas anmagu irtssboguii arpee hyabigedi del mi n

dsuchoapreclude the | oss of-vpobkhedldat hed
t hat the selected data acquisition system
sol utsioomdepaduzwgstems dedi cat ebda § eod Ppatl d eadc caunis

3 0
o o

4.1.4 $! 4, , w#4) | .

Data col | ectpil@ampand asitloer adiaetsa acqui sition s
t hree manwolswegpsi n datip doautfbfeechtiidognt ap(rporcoecsess:s
and) {(dat aTlsé¢é odatgea . col | ect iDAM® fcthearr aicntterra dsut ci ec
characteristics into the dat a. The charact e
coll ected dat a tfadme t & Wailey shies ttheymp o e a | and

characteristics of t he dmadiel aydsa,t at icnod | 8 € ¢t
met hodol ogy and synchronizati onmappkhlaches

dat a reductalosno ntedpheorddlse n ope n a measur ed a
i nformati on/bfee aetxutrrea cttheadd firsom ot he data set.

pur poses. I't can be campowdaettdset howa deltii men at
domaisn koowhpr exampleoeaxtsuadht aisnfpori mai pal s
angle, andtrguseal feont tdlsdt & a¢c ol gacutged . f r om

Per manent storage of collected dat a S an

appropriateemendodn wi hdatmyr gdsse te@efc htnhegudkes t
for data analysis,stbeetlrdguanwiyl|l bt bewvhacbests
of time that the data 6s |ldxpacdadtt@ao beefveq
accessed formanalogysmay bketdiegpddatadebratsise® meat a
ot her electronic medi a. Regardless of the
bachwpcedures should be i mplemented and f ol
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DMS is a data and information management sy
el ement s

60dbsaad for stagvagitgpe@#ssodérdageaotand i nfo

data models for systematic storage and f

datapbotasci | itating the storage and retr.i
i nformation such as structural heal th o
structur al heal th rating,;and structur al

dat a emltetrffarcm f oarn dd act oamnaunnai | cyastiiso n .

422 # -0/ . %. 4% -/%

The DMS is a data warehouse management syst
data warehouse platform and data warehouse.
a consol e, a servergeadhad hm-netidhi age agsyecht emca
console is usedditmercsairoyaludi gpllayudftidat a
administration control and s ysdrevwre rc)o.nfT hgau rsae
and the storagfors:ystiem B&iflea nusshHeddo mattt inamn, (i
storage and archiving, and (iii) retrieval

data sourcing systems within SHM.

The data warehouse is a data warehM3IIse man
(Rel ational Dat abase Manalgiennee nAn a3 yysttiecna)l aPnro
tools. The RDBMS showuil @dnted hamalbet iac-cRDB vh$
Anal ytic Rel ati onal Dat abase Management S
CRDBMGor roen aDat abase Management System). The
the functions of: (i) execution of ETL in da
(i1) systematic storage and fwasthomtre(eva)

mu kdtiime i on al vi ews of measured/ dershedt anal

should be able to execule dtshgZebl wai.r functi on

4.2.3 +%9/ 0 %2! 4 )4 %- 3 $- 3

The key operation items in DMS include: (1)
store, (iri1i) data warehouse, (iv) data mart



Sources Data storage and presentation in server and storage system User

P User access
Datfi Operational data Data storage ata Marts tools
sourcing store warehouse
systems
RDBMS
] * Relational
Sensing and N + Storage DM-1 OLAP
instrument Extract . e tools
system — Retrieval
Te
o - Load ‘Warehouse 0
ata acquisition, manage “ery
management, LN . | manager T DM-2 | 5 tools
fransmission, E_|nr“d Data staging =
processing and area o
. Metadata @
control system *  Categorize M A Query
Clean <« T Analysis
identification of + Consolidate u = g tools
structural state E—f* + Derive Time-oriented .. DM-3 (@)
Extract
and structural T Combme raw data
diagnosis *  Remove fiups R
St_andardlze Non fime- — Reporting
Transform . —— tools
structural «  Conform oriented raw L M4 —
performance dimension data i
evaluation and act Export to data
prognosis warehouse
l Monitoring and administration | Presentation |

Figure 4.1 Example of the s ystem architecture and operation diagram of DMS

4231 %84 AaoBFAAO U

As shdowmdi,re t heurdaitrmg sy Sssteennainmye r ude nt syst e

data acquisition, management , tdatna mdarmrsali yoni,
identification of structur al state and str
eval uati on .Tahned tpyrpoegsn oosfi sdat a and i nformatio
systems are as foll ows:

Sensing and i:mouttrpwmentofs ynsetaesrur ed and/ or

sensors; and

Data acquisition, management , traansmiss

owptut s of (i) measurements and/ or- derive
processing programsan@iliypsianprygeadmsesul

Datamal densj fication of structautaputsd adfe
analyzed MABWAB sardnd ofm nite el ement progr

Structur al per,heamaimmela ¢ miggubaptsiitasn of base
rated and pr i otrailtyisz esda prdeosgual aitash afsreonpr ogr ar
4232/ yoaoasy®apado ~/$37

The ODS is tfhecurreapeomsti taonrdy iont egr ated operat
data storage avnadr ittghyee £ xefcud atoam mif d-d egsusrieng a



4.1. | t behesulrdictured and supplied with data I

but iWiactacsi mply as a data staging area for
ODS should be created when | egaaghiopeirmgi o
reporting requirements. The ODS should aut
unstructured) from the data sources and au
categorization, cleansing, conhsoéethatvabn,

standardi zati on, transformati on, and di mens

consi stency before exporting to the data s
measured data) should be st orretdi tiino ntehde adsa tt:s
oriented raw dat a; whereas all structured
warehouse and -tpiame i e ntoemed dr aw dcamna.

4233 %$0adpaocreooadc+pAAD

The data storage warehouse i s Watfhast oragei
of three types of data for relevant anal ysi
be met adartiagntteidmeaomed emomed raw data.haThe me
descri bekeast ao)t hefhroul d be thealdlattahedegn mdc e s DS
warehouse, and is devised for a variety of

Extraction, transfor matioonmagndd alt @a dsionugr c|
common view of data within the warehouse

War ehouse managteomeanutt opmmaotcee stshe producti on
ad

Query manageneontdiprreocctesas query to the mos:
The -0bimenteéeérsiata tédf dat ai noud @mudi nags asn
instrument system

The -trmented raw data in the data storage w
| east a eeepaacirtoyl lafngl storage buffer for all
fremnsing and i;nsvthreu marstt | ame id ¢heetmendo nr aw dat a

partitioned as permanent storage or as dat a
Cl adse.. 3.4

After dat a sotraigeinntge,d trhaew tdiamtea shoul d be wupl
Ssubsequent data tRibdg &2whtidrea g eé@adan esnlt ewdn riarw d
shoul d be upl odbchescke di miacma g dme nfti | of t war e (
Management Sof-bhawvaeed) madhgemdntl esoft ware sho
the parametereatior, ,|l datadafte of modificati
information, the documents can quickly be r
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Data marts ar e

transmissi on,

structur al state

marts 1| 9 fMtaddlel

)

l'ime-oriented raw data

N

+ Singles/data are stored in the
form of storage tables.

+ Each storage table consists of -
signals/data from several
SENSors (()T sensor Iag—names
and/or data channels), but of
the same sampling rate.

+ One storage table for one

highly
DM1: data fr om usneennsti nsgy s& nedndian(fati gc Wi si ti on,
processing: amdtaordtrroonl i et e
sS4 :r uccd tua afl r dm agytnrowsa tsy r
evaluatiog, almelaprlogmasis. The information i
ated

and

Signal

summagpirizeedtdoof odertyepd

Time

o Signal

sampling rate.

Figure 4.2 Storage tables for time

Time

OLAP

-oriented raw data after data staging in
operational data store.

Table 4.1. Examples of data and information in data marts

Name of Dat Detaibsaoadan® I nfor mat
D M1 . .
- Sensor and instruments inf
(Data from _
. - Observation measurements
I nstrument
Observationl@diitcersi a and/ c
Quarterly Observation Repc
exce@gdeaddiytivhd eyl laydleypends o
monitoring strategy
D M2 Quarterly Observation Repc
(Data from d exce@geahnd ytivhd eykllaydleypends o1
management , monitoring strategy
processing Observation Reports after
system) Quarterly Dat(ae &@mdorytahg eyklRg [
depends on mo)nitoring stre
Quarterly Data Operation F

(yeamd rytivhd eykllaydleypends on mo
srtat)egy




Quart e+EInyg ul g gy Ranpdory tihd eyk la y
depends on mo)nitoring stre

D M3 - Evaluation Criteria and/ or
(Data from | - Evaluati on HReevpadrutast iwint hCrNc
structural st- Evaluation Reports with Ev

di agnosis- Evaluation Reports after E

Baseline I nformation

Standards of Criticmdli tgon
anllynt hetic Ratings

D M4 - Results of Criticality, Vu
(Data from Synt hetitwi RAbubhgéadver se Re
performance - Results of Criticality, Vu

prognosi s Synt hetiiowi Rat Adger se Ratir

Comonents I nspection Prior
Updated Criterial/lndices ¢
Ratings

1) OLABerver

The OLAP serwapaciistuygae rimiudiditia mani pul ati on e
designed to sumupoédtiimeamsdi mrpaelr ad aet-dd mad m uicd rua le s
structure should be arranged so that every
intersection of the dimension members which
the strudauaesibhdultd ebe erptci minAded nfadri ormna gpied r

orientation, as well as for fast, flexible
formul aic relationships. The OLAP server s |
mutkd i mensi onal information to deliver consi s
or it should popul attieme tfsr odna trae Isatriuocrt aulr ecsr ic

should offer a choice of botly. akhar tthlkee enur r
requirements for consistent adnidnernaspiiodn arle sdpaot!
t he OLAP Server should be the preferred met

2) End s Aac €ls g |

The princiopal purpose of data wamethoutsiee sdrmc
users or bri dge monitoring/ mai-makinmgq.c eT leengd
endsers should interact with ‘wubBerwarcekssgse¢o

The data warehbusxewempgihdywicdadnd alowsi e Hingh
performance shouipd amemi aghitdwved elgui preenent s f
and periodi asree o rutfde ebsye matcce s s Riogodlse, amas: sho
OLAP tools, query tools, analysis tools and
foll ows:

Th@LAP tao@®l dPased on tdh emecnosnicoenpatl odfa trmaubl a sie
sophistiucatred eemdal dat a udiime ncsarmnmlad x vim



Typi cal applications for these tools shi
from different types of sensors at diffe
data should be-doemgainorzaeld maodal mabpported
di mensi onal dat abase (MDDB) or by-a rela
di mensi onal queries.

Thquery areolused for accessing the relat
designed to actepBQISQ&t arememtes at o quer
warehouse. These t owsesr ss hforudnd tshhe ed admplhee
and database strucltayes bgt weeh uds eargs aa mm
metayer should be thebjowdttwhed Vhawspobyv
and suppamtdsi époi ateation of SQL.

Thanal ysaseetbbbse MATALB, dat abase and f
devel oped-siysteanclfssh ructur al heal t h mon

Theeportingpncltoodods pti on reporting tool s
Production reporting tools should be us:¢

such as the instant display reports, the

reports, et c. Repoes ktwop t o s l-usshedress. id gTiheed

report tools should also include all cus:

okashbystem of structur al heal th monitor
4.2.4") 'S 41 1 % %, 4

Big data managemdntcirafterhsantdd i tnlye organi za

administration, wutilization and delivery of
It can include data cleansing, mi grati on, i
and anBil gy thlagssad anal ysi s all ows the data ow
structure better, deep understand the struc

amounts of corporate dat a.

Big data management systems are migrating from softeearriccomputing platforms to
datacentric computing platforms. The traditional data management does not fully meet the
need for dataentric data management. Hence, it is requested to design big data
management system based on datiatric platforms. Big data amagement system is also
undergoing the process of software infrastructure. There are many kinds of software
services, the most important one is data service. Cloud computing is not only the
convergence of computing resources, but also the convergenegaofedources. These

data resources are interconnected and interoperable through database software to provide
with data storage and organization, query, analysis, maintenance, security and other
management services. It is also requested to design bighdatgement systebased on
software infrastructure platforms.

At present, the big data management system has an obvious hierarchical structure, including



big data storage system, NoSQL system, big data computing system, and big data query
processing enginérom the bottom up. The various kinds of systeme developed
independently butanbe assembléd to build acomprehensivelata management system
through the adoption of loose coupling to support all kinds of big data query, analysis, and
intelligent applcation. This is onsizefits-a-bunch design concept.

Big data storage is a storage infrastructur
and retrieve big data. Big data storage ena
way thetsityche accessedel appdi aatdi pnscaesde
Bi g dat @aaasltbodrlaggxei bdlayy s ed&ipe i rmar i |y supports

i nput/ output opelaageonsmbersodérdgeawibhgs a
data storageomasbbhtadcedurdanst and scal abl e

storage (DASQutpomr s¢l sxtadreed networ k attac
infrastructure based on objectsstonaget eéadrn
computing server nodes that enable quick pr.:
Mor eover, most big data storage architectur
data analytics solutions Qiucbaaa kHaodedp, sCa
t bei g data management system. Theoaeppltioatio

data, grapéstdacttuopedseamia, unstructured dat.
Foll ows npge-odfpi@tis| , dNaotSDhase provides effectiwv
based on different data model s, such as dc

systems represented by HDFS have become one
storage, but otlaem diesti mphut acdtsydsmpme ment s

The query processing engine of big data is
higerformance query of data and analysis i
provided by the computaiindg osfy sdiegn rainbdutweidt hg L
technol ogy.

Query processing engine of big data provide

similar to SQL. Query statements are conver
through a gradocdmaheparesedts are returned to
These engines can be divided into (0 query

Hadoop; (ii) query amamgsy sbangh neam@s@Eidinig)ns
guery analysis engine based on MPP.

Big data management sysracenstickekas the foll owi ng

1) Big data management system i s an open syst
are open, the syddfeimnddemshabituat | sssppdotr drear

unstructured data types. Moreover, data o]
oriented to certain operators, but- al so n
defined operations. Thertedmreanimotg Weat a

proceesrsgingeeedis a framewor k that can acco
coexi stence of different type data process



2) Big data managemanotd ed y sstyesrmh eimsp ed hcgudmtualcttie r i
of big dat ampmoaslse bil e for a single relations:
bi g data.

3)y Big data management system is of hi gh avsz:
di versity of big dat a(AdapmiCantdyi,dsen ag.albbans
adDur abaoHdrtaycteri stics in traditional rel a
availability and distributed scalability

or even weak consistency.

4) Big data management syrsd eqnu avliiltl atbievea iqmutaend
which not only needs to manage | arge vol ur

5  The center of the big data management syst
i n knowl edge. How to suppbromtbegddatavae
I ndi spensabl e function of the big data n
approaches: knowl edge mapping and deep | ¢
met hods in big data knowledge discovery.

Bi g data managemegrmtc eisrsves!| waix hv arsi dthe g ol | ov
1) Moni toring and ensuring the availability ¢
i nterface/ dashboard.

2) Performing database maintenance for betterl

3 I mpl ementing and monit orrienpgorbtiign gd aatnad aontahl e
solutions.

4) Ensuring the efficient d e sd gl ea nmr oi cnepsl seense
deliver the highest quality results.

5©  Ensuring the security of big data reposit

6) Using techni oyued uaddlzads omattad reduce t he
big data operations with faster access anc

7) I mpl ementing data virtualization techniqu
mul tiple applications/users simultaneous]| )

8 Ensuratngdatha are captured and stored from

4.2.5 - %! 352%- % 4) " 21 4) [ .

The design of the measurement system to cap
of a sysperenmndamendmtrequires the saldedthieon ¢
ability to conceptwalhidase odnd hes teixmatcea etdh ene
develop a 6feel & of what is a sensible meas
how much of the data might arimde drrtoinf iexd g a:



as nAimeasur ement made by any sensor i s t h

transducer andsutrheomuedvingornrmenttransducer. D
transducer i s-i ppue-ptuim@WUit MDgav.Nrcuel tal | I nfl uenc
of equal magni tude, and only one of t he ma
measurand is the desired input and the obj

possi ble daspued ssghhéE (tohfet esn gjnuasit) .r elfheer rdeec
is the output cme a ewrpaomd.i n§r rt or st haend Noi S e
composoént he out put signal . tThe vfaaliloauvsi ncg mpa
participating i n a recorsded ooutopbuttai :ii qalt
measurand component of the output signal

The selected sensory components of the meas:
val i datdedi dually. The <calibration should th
datcaquda si ti on ocympe@emenctasl i fbormati on and eval u:

process and overall pepreoamamge sthitwowmal han,s
| ohgegrm performance after instavdraitawst uon t |
cali bration strategies.

Thealad bstaetpiadfrtaecrt or y accepdabmsceenstoegs tas § od lk otwes

1) Sensionrst addndatdatna acqui sition

2) Ver i ficaclaitbhroant i on of all the system compone
dat a

3) Acqui siett iwmnm-ckd nctorno |
4) 1 ab amditastg@omer &t nohadesry accepdance test
5 After I nstallation:

|l 3 idal i bredakicomn opnise nswirt ch

Physi cs <calnitbrrodtlieodn t es't
6) Have a medmBatil ®eall physi cal model subject to
7)) Incorporate the measurements on this as gr

8 Cr ocscsmpari sbae sawdmsebeor i nformati on.

4251 3CAa60 %aapaA
A measurement result has | Thméasueémabi | et y
arceommocnllayssi fied into two categories: syste

1) Syst emat ira o(rbi as) e

Of t he t wo categories odfteer mawvse, mauyxht emuoart e
consequenceesr.r dSry saare npaitaisc refers to the same
measur emenmetsledd porsmand uacefti mint @f t he value
being observed. Themperfreotr sdmdaitsgum eanfe eitt s & t



and the approximations made i n characteri zi
i gnoring various components of a displ aceme

Typi cal systematic errors caused udrye niehnet c o1
setup thaatouvanatef ol | @ we

Mechani cal (kinetics, ki nemati cs) me c h i
geometry).

Ther mal mechani s ms
El ectroni cs

Mapping/ referencing

I f various mechanical and edwercamdnare meath am
accountati boati on woul d | rntoreq@dkld e ds ynwesetassma teil
Mi smatch Iimespenske(malgnitude and rate) of
measured system i so&dncilséemr naoaihi@eds ecsvedet o
accumul ate in a <cyclic mannet hese ywoagl dvi
uncharacteristic and wunrelated to the pheni
referencing performed by isaduwvcelsiadb emnoin |
dependertxpemi ehe e, perspecti ve Tahned maujdogrmetnyt
of the systematic error sources can be iden
by mproving experi memtal design and calibrat

2) Random erro

Random errors are variations due to a numbe
chain of sensor, cabling, g ihgeesfefl e cctosn dmna y o kb
i ndi visdnaBdliL.sye cont siult cteoskssievresaaddi otnhe s ame gL
wifbrm a random sequence wlher Q©ecRlapydombese
errors are also referred to as common error

The relationship for -sQaaunsdsaradn ddeivsitartiibount iiom
I mplications:

Ditsr i buti on has equal mean, median and mc
Distribution is syaifage ri c about the mean
Di stri budeé omaetas $beoptens si des approach to i nf
68. 25% of t Heel,evGa!l ues fall in
95. 46% of t Hee20,9+80l ues fall in
99. 73% of t Heel0v+80 ues fall in

When the popul ation standamwnd larey i easti aonl iasnhde «
concept ofi n¢ @m fvtiahdes mwha cuaen be det er mi ned as
r el i arkthiel itthye.or et i c al argument for the nor mal



nor mal ity dvehmarhs tcraant éoce mat hemati cally to occ
sum of a number of abmwute pegdaht magnstetesdef e
di stedbun any arbitrary mannea fainndi tper osvti adrec

deviation. However, the theoretical justifi
there are many situations in whicependenst no
sources of epbrothat, they are of roughly wequ
gui t@aonaomal i f t herseouirsc eonolfy eornreo rmasjuocrh as d

or more data points are negtdleids ufnaetr) const a

) Error handling inpdatas pProgesygr amadiosy a

't is critical to identify the type and t he
systematcaecmmoasr aamrdom errors. Theregatemat.
relatively | ar germeand rsepa rysad awvesst. i @thiucsn a vies t

identifying these sourcesnewislulr eaniechti priommnda
t hatc darheelyemi nated or accounted for.

4252 'y o0 CYhagafp a A

Anlaysi s errors can be an order of magnitude

commonly have | arge systematic components.
di stribution of Trhoad eglulailnigt yu nccoenrttraoil e tmgenqtui r e |
anal ysis may be broadly classified into:
Controlling modeling errors, especially
Controlling input errors
Controlling errors that may occur during

Modelerirnogr s are the mostaldyfincuthe taséeéebéct a

strucltnurtelbsi.s regard, t he mosti dearmmazmtémnomer O
geometry, bionutnedrameyd i aart @ support conditions,
member rel eases, i sttarufcaayg |t e eakuvbe eno veareind u s
et c.

Compl ete and proper model ing of i ntended o
common di$bdémeutayes) nthe friction in intende
to a |l ocking of tolt&ks emgmenalyanins msu.r nT heixsper i er
response to extreme tempevatboadshoBulUshopos:s
shoul d be checked by i ntermittent or cont
experience obnsheuengngethe model , and the
the phympkiatayi ons of any discrepancies bet
key factors dloirmidredteicnd ntgheandonceptual error

Foinpertr girts idefdo e e gcuoanl tirtoyl to assure the accu
Generation of a 3D model sy dtad maitsi ctathéry <sdr



geometric accuracy of al/l | ocal candtglbobBabn
dr awi ng®danhd ppotographs, which may then be
modeb, a good measure for quality control

Analgsiers would woltttHasan atlyscesv ewueapfuttded s s u s

gl obal and | ocal diesattaficemeenst san d esftorrersast & so n:
physical consi stency and corr eleaxpeedr iangeanitnaslt
data including frequencies, mode shapes, di
earl nemrel attiwrmalt oi dsetnrtuicf i cati on, it i's I mp

model s agai ngltolalspamrd rluonc ®lf r espontsepeneasul
response sucsht raasi nasc.cel erati ons or

(@)
—

e fundamemtf al npstpheat drigpllpdisd al ysi s resul ts i
croscomddcellse,veduch as the singheckéeéagp mbe
| ryessiost tfei ni t emed eiment However, while these
ey are hot f ¢ belteence netnkRonode kampl e, veri fyin
I'li brium between t hreeaptpilored il 0 ardest aaade gt
e reliability of |l ocal stregeneuaputt heoe
er rher si niputt data related to connectivity
Il ous el ement s, and t hese errors woul d

pl acement sband mdagf oomatifdbest the gl obal

o]

a<o~o~o 3 A
- 0O Qo TS 9 =
- <

(7]

doudll-ta bbomt ory situations, modelling erro
| ues -3f0rem Slyst emati ¢c errors depend on wha
cation and magnitude of deformation) and
s uimre dt he model (for example, pinned or fi
ve a | ower bound of 3%%with usual values

o0 T <
QQ w O 9 S



5 NETWORKING, COMMUNICATION,
PROCESSING AND CONTROL

0.1 . %47/ 2+) .

Il n SHMS, it is requeahenhi $9i baveygtema( GDaS
the signals/ data coll ected fr osm tteh et oDAtUse od
processing and contr ol system (DPCS) |l ocate

of networking syshem&DT&8n pke) ubebdef ooptic <c
(FOCNS), (ii) commerci al cabling network sy
(

(WNS), and (iv) manual <collection of data
The communication and network | ayout of t he
groups:

1) A central architecture functioning as "net

A network of weamss@muss ocrosn siisntsst roufment ati on an
uni t . uAme nitredt rmeasur ement system with centr
storage archiltyectlaedt osi temmendundancy and r
unit control smadul asata d¢dbdlowecsitomage and ac

pressing, analysis and further decision maki
wi thhe central unit to collect, stor e, di ss
architecture is suitable for | arga&sthumbteur @
f omoni toring,t hussweavieary, r ebgti vebymaemsurmiyngand
installation process. The network | ayout (w
proven concept and availabil  mmpnotatieany ah

net working protocol s.

2) A distributed architecture to function as

A preferred network |l ayout for spatially dei
would have to be |l ow on cost anonpowdendeirman
and organization for opti mal information t
coll aborative processing in identification

costs and duration ar e ocafmosnugc ht hae udneisfiireedd scehn
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Each dfayehe communi catriesmpopsotbdbeolf or a di

communications that can easily accommodat e
Physical Layer: actwual hardware
Daa Link Layer: the transfer method (802
Net wor k Layer: |l P network protocol, rout

Transport Layer: TCP, UDP, for properly
Session Laykegi Wreitreg micesati on and end o

Presentation Layer: data syntax to make
t r ansd md ceioftMipdi b e ma't

Application Layer: capability to interac

Net wor kspasebcoif standards that define oper
structures to higher | evel application prog
programs under several categories:

1) Connection type

Connecoctiented, ta rprldtesc wln tchbannecti on est
deviCoensnnecti on oriented protocols are cor
t her e i senasudnkeideskt ¢ owas r ecei ved.

Connectionless, does not relgnouwmnraelcioaamle
means of communication.

2) Routing
Routable, the protocol can be sent throu

No-nout allhe cpan'ttocboel sent through a netwo

522 # - -5.) #! &)//$.%3

The data transf ermwnaan dewsdnmucnainc atthieonn baet h o mo ¢
a system specific communication standard.
description of connectivity means in term
amhdet edher most commonly wusedrveionendu namncdtwiome
net work communicati on.
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Wired transmission refers to the use of a p
devices to transmit signals from one device

-pair coaxi al cable and optical cab?2e, et c.
RS485 and RJ45. Data transmission using Wit
monitoring sSsystems. For permanent asns$oal | at

smoke zero halogen (LSZH)araen dr eh@ lgidhme eldega lets s
structurally robust (pRalrawr ufiac ¢ ya nedx pheasvead c to
the required electrical characobedustbcs. oHi
gual ity cable wil/l mi ni miizret eprrfoebcl eeonsss t vaihtkih
Measurement of ciamfl e seddsdue bt alsowi nal t age si
resi otassetdleai n gaugest ettt gbmatolaggre dren f or exp

wiring, senspequanidnboeamsernatfss |f oarr rganogundi ng (
|l oops) and suogeveugdphegbti eowml tage differenc
sensaamds signal conditioning.

I n cases where multiple |l oggeetswoerekdcoonbetr

or mwéremode mssaarned sleopgagreart ey ef requi o gtdi ¢ olri k-
100m. Synchronizati oamn odc st @n@mabmpe mdf & gfgad
whicmosts wusually dewi taemailtohg wsoinmeghapds . F
digitized data strwamsel Esemssaparatandogogaet
synchroni zati omnwhiimmhg prmmeée tbecefhective ba
solution.

A backbone wiring |l ayoutstregblireg phandei&edt
backbone cabling | ayout provides a simpl e,
components of the instrumented monitoring s

Net work topology describes the met HiowWde used
possible network topol ogies are:

1) Bus: both ends of the network must be ter:
are all made to the main cable in a |ine.
2) St ar : al | devices revol ve around a cent

communi cdtcanscammuni cate with ot her hubs
meters from the hub.

3) Tree (Lageéer )ike a tree bifurcates from th

structure, the nodes that performtthbhe, cont
and it iIis easy to add nodes and expand the
4) Ring: all devices are connected from one t

grant permission for each to communicate.

5  Mesmul ti ple paths through the transmissio
nodes to t hecauammursidcsatmitecdhn abh ies but the str



and protoceld are compl ex

5222 7o0ao6ARooMaChbaua oyo6 #puUuluAywoodashy

I n responseste #theodi gthedc owi t h tseytshteernesd, st
researchers i n the <civil engi neewiirnegl esemm
communi(cvart e loems f olro gtglhee st ransf er of data bet
repository iln rountiutroer isntgr uscyt sutreamss y sStuecnns wai rree
assembl edcdgtomwilroeM ess sensoasmmumatc adc o lolnho ca
computing in a single device.

The alternative t o -caonrseunaitnigv eilnys tcaplslk & toin @ann do |
is a wireless |l ayout. A wireless communicat
sensory, data acquisition (DAQ) and other c
Technol ogy advances are permihdicagtanacecgti 9I
components that can be effectively utilized
Wireless communicati on-haan 3¢ mud dtdsndemsuasre 1S \ea
and stemAS@r communi cati on (RFEr basndgad) condri nu
communication for global connectivity of di
of Ethernet based wireless neamiemnfkr aarrecd iltaesc
spread spectrum wiWialee BaaghBBEWetodt b|] adkbear

The winreetlweosr skt ae@ msor nade snewitdicohdi nt enance ar
cabfes instahdatihars they can be ihat abled
i mpractical Dat ai aaequesst bebres oirst haaotleilseevce d dbayt
fram®HM sensors. Then, accoedwogkt phygph e ( £ iom
and +4molp? i sensor nodes can transmit t he n
forwarding data packets atffaeagdr ed dteiron oan d
areessential for extract antdhdgemttuake mlfacSeHM n
posi,tiouxsdhn asr nodesanddlous thears eh esabdpst io@ T u r

after data transmission depending on the da

Compawietdh t he wired system solution, a wi
out st andi nsg naddeviasitiamgstsal | ed i n -ao sir divlaere , way
|l ess i nstall atifom mame t Meamaceeasy dat a pro

i nterpretation can be distributed through t
protocols and embedded algorithmsy whi chwsi

dat a, save srnteodoagesisdercaeblaesndamount of energ
communication plays an | mpo-stadheep |l roylment orof
hundreds of sensors in wireleséasntcootvenal o

system.

Net wor k itsonppool rotgaynt f or wi r el eDsisf freetewar ki ocpoorh
arreequired to ful fild]l the requirements of
Ther ewiorehetswor Kk topol ogyr enfussitl ybeacachlhaogdemgc



application req@uidrecee n80s2 . 15i. gtBesstia mddasr dofper
t opoliomgd lewsda nodd usstt,aerrw latirceehneamounsleyd f or SHM appl i

I n the engineering applicawiog oO0OBsweg ebbss
addressed:

1) Limited hardth@r modesowrfceashie network are e
memioevs t h | i mited computing power and stor:

2) Limited powertheummplde sc @ p gptoivieeyr reat ogr b adrnter |
Il i mseedi.ce | ife

3)y No ceimt ar . wi reless sensor net wor k, -all n o c
designart.ed cent e

4) Se tofr ganitzhmadesn:coordinate their beéebawvisrs
and distributed algorithms, and can quick
network after starting up

5 Mu l-htompout i mbgdes have | imited communication
to hundreds of meters, layrdwictain tolnd iyh weoemnuh
mu l-H dpout isngsually adopted for | ong range

6) Dynami c :woperestgwor Kk i syswdmnaeamhodes can be
arowMndode may drop out of theonbadewofhi due e
anday al so be added.to the network for wor

7) Lar gneb entru oWwi hl dddi esntsrei btuhtel onnet wor k masleas | ar g
wi ahwide distribution rankencevhi dbs iignpdirftf
i mprovesthess odnd ftahwel t entestéweorraknc e of

8 Limited transamimpairemd owapdciwiy:ed ntehevor k,
i nher emtf defee cwti r.elAets st hnee tswaomeky 't mef es € gwa i
each.other

99 Enviroemmemtonsneabdbnsi dered essenti al i n the
scheme, net work topology, and the size of
wirel ess sensporro ppallsaetofgo rwns hwearhee advances ir
to suit thendegruvirreanmemdarrst of SHM.

10)Fai | arleuwsr eF of wireless communi csaitcihormsc pratth
|l oss due to air humidity, terrain, di st an
interference causealtdber af eautidrdd .ng, wall

11)Saf et y : Wi r etlhdes sni tbdneales gy and distribut e
sensor net wor k se xmoearentaslo k ner abl e to
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The
bas
ar e
i s
of

3CAadu

re are maioammuniwoa tt iysgre sncatduer eolf gr oup heal
t(eiejont i nuous structure @raiypc rredmiztedduir reg
up moni t.dhiengdas$ ys tceonmmumidetawo nk tbdbpel ogy
uctur al group healthemomaictoridnggsy®t e¢mes
specific nefTwer ldiifdg ec @ mae stihwmod svteterne  gr o
i t or ish g ewhyesttrtheemm -reeagciho ns ubbe |l ongs cltatm ntoh e beam
ged simply by distance and network form.
Whemhe-regd ocmneo®se (the distance is deter,
condi,thitomoni toring -sggiemsoftabhhkesecsunbro
deci-mdkinng | evel of the same center wi t
maki ng rloeaywegi ons magechavensulbyers of the
are still whiilteer Isiamleed exmed controll ed b

t he sameo cneantdleenss net wor k Alrl r3syngt emms woe Ik
the contimalbugreapumbami toring system

As for the regional di spersed (lswattered
| evel smonfi tsoubang avobebasodediedi dry malber s i n
but notdelty ssohs i.MMhet meomigstteagn aigs siyel at i

decentamd i zkre ,t ree and staradepgtweod.k t opo

# - -5. ) #1 By #(2/1.):14)].

shiagsheadd synchroni zation technology adopt ¢
ed on a cl ock ssytnaclhlreodniiznate aocnh neocdguul ies iitni
connected with other devices by the wir
set as the master module, and the others
the masteni mesulleesghaeabk osi gnal of ot her

Ti Abeased synchronization techniques have a c

sensor . .-diFsramomemgdata transmission, time ref
corr el aytnicohnr camidz st i on of measurements, such
B.

The comparisowmabetdwalmads etdi mxgy mc hr oni zati on &
Tabbelas a reference. However, t he combi na
recommended for the practical applications
are distributedsin different | ocatd.i



Table 5.1. Comparison between signal -based and time -based

synchronization

Si g-haasled synchron Timased synchron
1T Devices are |l ess t9 Devices haarne 1nDoOr emet
T System has no accefq System has access

reference. reference, such as
1 Devices are physic GPS antenna.
cables or switches¢9Y Devices are connec

f System is in a clo (including through
net work access. 1T System requires sy
T System equires hi number of nodes.

r

synchronizati on. T Devi coewenftrley chang
T System requires sy

smal | number of no

c

53$! 402/ #%33!). $#/ . 423934 %-
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Fodat aprporceessi ng and commeoulnd, beaopsesef credadt ¢
signal to i mporoivsee trhaet iso.gnTalhe systematic err
an addy. It should be correctly judged whet he]
state changes or sdween tea rtolre mdrei tcommoag | Yy us
as foll ows

1) Hi gand -pasws f il ter -stfaitlitceranndg hoifg hg ufarseiqu e nt
e.g. temperature variation, cable movement

2) Bangplass filter: erhevwvtaonéhesetdhtto ekt er mi ne
t he signal for which the structure is sens

3) Antail i asimg ffiilltteer used before a signal sam
signal to sé&Shasrfrnyon hsea mMip/lgiurnigatt ch eofr eimn toevrea s |

4) 1 ntegration: Il ntegrators are wused to con\
di spl acement. l ntegrators can nbaen nreerasl i zed

5) Par amet er generating calculatienfoémmeha,
(probeapdyceogxered) signal

6) Frequency anal ysi s: determination of the s
The frequen@Qgamnebel detenmined fromYthe | e
byQ pIY

Statistical i aati gei 9f déteerpmobabil ity dens



determinati onv alfoufe Her emax igmuarh . Results are
and densibgtduoakéeaninsg -esamhei pgoamed sverifry

remove daptreategyrors, deal with invalid
consi stency. Consistency <c¢check iI's to checlk
reqguirements according to the reasonabl e va
and dodédtia outside the nor mal range, |l ogica
Data cleaning principle: using relevant t e

mi ning or predefined cleaning rules to tran
requi sement

The standard model for data cleaning is to

the data through a series of steps, and t he
From the accuracy, i ntemeliityessongakbtentcy,
cleaning deals with the | ost valwue, out of

ot her. i ssues

532 %1 4/ . 42/13934%-$#3"7

DCS shoul d hava) tihret eruanccttiihnegdel sosfig talipdvm £ st b e

i nstrumentation | ayout and corresponding i
i nstrumentation system; and outgpuiepefaal bn
control of the instrumentabhgonesybéeemngndpd
analysis, reporting and storage) of al/l me a

The DCS is equipped with foar ftoydesvsaf cust

T Module A: operation and control of senso
1 Modul e B: operation and control of video
T Module C: processing, analysis and repor
T Modul e D: checking of observation resul't

The former two modul es are devoildiegdpltay hafn dtl
sensory systems and associated instrumentat
devised to handle observation wor ksonf dat
checking with alarm displha&agabdbstbri §benceoo
arient r oidnucAepdpendi x D



6 DATA ANALYSIS, STRUCTURAL
CONDITION IDENTIFICATION AND
DIAGNOSIS

6.1 $141.1,93) 3

Data analysis refers to the proceisrmscliwndiwihg ct
beidigst i noguail sylreedd,, a ef i nd&sefamld ismufmomama tziean i
frame c dlaltkayt @@ed obl emst aeardes dresat e dli edl,, and c
are formed by appropriate statistical anal
moni t,ordiantga anaulsyidnags ar ed kb rssecntmiyisgogmtthe study
statistical model s of structural | oads, env
to reveal the correlation betlWween odilfefaerne nt

characteristic space ahbdgHuduveldi anbsasi aobl c ol
semanf(sesh as classification andicdedaniapt itoor
analyze the strucimplriatci Phiymi daathd ysoperctnebe
gualitative analgbkysi andDaituananalaysive mai nl
exploratory data analysis, model selection

6.1.1 #, 1 33) &) #! 4$1/413 1/,83) 3

According to the source of dat a, monitorin
foll ows:

| oad and environment monitoring data ana
overall response monitoring data anal ysi
| ocal response monitoring data analysis;
structur al performance and evolution mon

According to data analysis methods, there a

digamosnaser mak aa bamodd ma b ;
recovery and repair of wrong data and mi

simple analysis of dat a: such as data s
anal ysi s, et c. ;
data time domain anal ysi s: such as ti me

Data frequency domain analysis: such as f



Dat a-friemaaency domain anal ysi s:-Huaanvge!|l et
transfloyrsm sa,masehoFduri er transfor m, etc. ;

Data regression analysis, such as multip
anal ysi s, et c. ;
Data artificial intelligence analysis: m
|l earning, etc.

6.1.2 ! J 138 41.1,93)3

With the fast devel opment of A rbtaisfeidc i chd t al 1
analysis has been successfully applied for
Speci fibcaadddy, maAdhi ne | ear ni ng r(eMLt)woa nidm pdoeret s
Albased data analysis methodol ogi es.

fVviovsdWie 6y 0 (60APGYBdaAd | ydaCAgA

Machine | earning (ML) I's a sciendemafinthe
interdisciplinary subject, ppPpvoXVyimagi opnob &
convex analysis, algorithm complexity theor
computers simulate or i mpl ement human | ear
knowl edge or skills and reosgawmi ziempexivet it
performance. It is the core of artificial |
computer have intelligence, its applicatio
intelligence, 1t mainl yhaSESedwmdtuican.on, syn
l) Categories of machine | earning analysis
The strategies used in machine | earning car
l earning, | ederamrinngn gb yb ya hdaeldangcyh,g ohr omnidnduct i
Rote | earninignf drematniicirg pgrhevi ded by t he
without any reasoning ot other knowl edge
Learning by deduction: The reasoning use
knowl edge can be acquired.
Learning by anal ogyespByndang! kay,wl eldge c ¢
domain is deduced from the knowledge of
Learning from induction: To |l earn a gene
reasoning.

According to the |l eagnmagni gr meontmaoabi seple
unsupervised | earning.



Based on the methods of machine | earning,

ensemble | earning, reinforcement | earning,
Ensembl e nmeagahrondEmgembl e | earning method i
met hod based on statistical l earning the
basic |l earners and forms strong | earners
to the strengtbhetone etnh et hdee pbeansdecn cdlye ar ner s,
met hod can be divided into two categorie
the basic |l earners, and different basi c
parall el . l'ts repraegentatave ramgodomt hms e
type is the strong dependence between ba

ReinforcementThlee @rarsiircg i dea of reinforcen
constantly adjust t hemsel vesenw rtohnememrto ¢
according to the rewards obtained from t
used to solve the problem of decision op

Policy, Reward Function, Value Function
2) Transf er: Ifesarenri nngearning i s a |l earning met
transformation between similar but not I
According to the characteristics of di sc
monitoring datsa,i nttheoduesdarntrachhensfer | earni
structur al heal th monitoring, anddansaogev ed t

eval umahteinont he effective measured data at t
few through wsBylregp amegn a meplryosvied miigs aabloa me
toepresent the data chhagedrohetbt& bthegina
data prepraoadbeasiereg, mi lamdty measure funct.
rul e of piominlt ®&r adnadts an,eusiligngge quon i bri um i nte
mi grati on l earning al gorithm, t he cl assi
monitoring modéelgdiuse ensitgarbatiisohnredof past mon
to forecast the new data

3) Al gorithms of -masé@dndataaanahygsi s

Currently, the main abgsedttdamsaoftombahnne( i
Support vector maechiirmé , n(it iwio)y KA r(tAiINfNi) g i a(li v)
Random forest, (vi) K nearest nei ghbor ( KNN
anal ysi s. Details are as foll ows.
RegresRegmessi on anal ysi s i ncludes Line
Regr e s soinggn .t hAenm, |l ogi stic regression i s n
also includes response prediction, cl ass

Cluster SSHMIdastisds: can be divided into dil
similarities and vdiisfifoenr,e ntchees .d aAtfa ewi tthhien
a high degree of similarity, and the dat



degree of dissimilarity. The most common
partitioning methad and hierarchical me t
Associ atAosoRiudteiion Rule is an i mportant
and widely studied in the field of datat
Association Rule data mining is to fin
CooccurerleantcieonRs hi ps .

Deci si on DOerceiesi(oDnT)t:r ee, it is a tree dat
rules and classification results of mode
the focus iIis to seemingly di s orhd esroende, c |
technical means to put them into tree m
from the root node to the | eaf node path
of decision tree algorithm is that it i s
ad so efficient and practical. Once built,
of classification can be maintained only
Random f orReasntdo(mRF)oirest is a classifier

trees,ouwtnpdutt hceat egory i s determined by t
i ndi vidual trees. RF uses bootstrap resa
combine the tree predictors by majority
new bootsttap training se

K nearest neikKg hrbeoar e(skNNei ghbor classi fi
relatively mature method in theory and
algorithms. The idea of this method i s:

featureosgate helcertain category, t hen

category.

Support vector Smapelirne veSV¥YM)Y: machine 1is
| earning method. Based on the statistic
machi ne tr an spfaccremsi ni hoenain shp ggtha$ space wit
the nonlinear transformation defined by
l' i mited number of samples. Support vecto
structure, gl obagenoeprtailmazlattiyona nadb isltirtoyn.g
Artificial neurCGur rneenttwoyr,k t(hAeNMN)r:t i fi ci al
used are mainly BP neur al net work and

net wor k, et c. BP neur al net wor k wiog kan ir
which has been applied earlier in the f
research results. At the same time, the
optimization algorithms is also an i mpor
net work met hods.

Deep

fFVviovaovony (060ayimyhood $$848 !'yoaCAagA

| earning (DL) met hod constructs deep

dden | ayers to simulate the hierarchica



| earning pr orcaeisns. olfn hduemeapn Ilbear ni ng met hod

process, a |l ayer of the extracted features
the characteristics of |l ow order abstract
order a bassdtrercit s tci hcasr, di fferent |l evel s of
extraction, eventually to extract the ess

classificationWiatbhé i d @¢p @ld o pnneet nMosr &kns o ne ar s
deep | ealnadédbsve meen used | nri ogrtuydphies all deap
l earni ngfCmoetvinddig i onal NeRBeal Né&Ne tNavtowdkr K CNN)
and Restricted Bol arhenaremh t Maodhuicreeds b(eR B M)

1) Convol uti cmmrealwomrre&ur(aINN)

Convolutional neur al net wor k i.so@p a&kriendd wift hc
ot her met hods of deep |l earning, convoluti ol
sharing reduces the number ofnpahametairsi ng
reduced the complexity of the network model

convolution algorithm for training to be abl
obtain good general isapteirom sa&hkli Igirtay.i ehhe dessic
be applied to obtain the parameters of the
net work can | earn the features of the origi
classify t heed ewittulr etsr.a dCiotmpaamral pattern reco
neur al net work has one prominent advantage:
i nput feature of the network, avoiding the
[

n traddinteitochnods .

2) Recurrent neur al net wor k

Recurrent Neur al Net work (RNN) is a kind of
recursion in the direction of sequence evol
Recursive neur al nengorckonhecmednsoytaechéaonm
Circulatory neur al net works they perform th
and the output depends on previous computat
me mor y, memory thatt haapthwurse sb eiemf ocronmaptuitoend s
classical network model in deep |l earning, w
many serialized input problems. The <core of

i nput sequence ttaa.process sequence da
3) Restricted Boltzmann Machines (RBM)

As a speci al type of Markov random f4 el d, r
|l ayer neur al net work forming a bipartite gr e
visible wunitusnivsaimd umidééden he constraint t
connection between visible units and hidden
nodes with a group.

Deep Belief Net wor k: Restricted Boltzman



constietputceonde dence net wor k, which i s a

Deep Belief Net work constructs deep | ea
network structure of multiple hidden | ay
extracobrdhemgheéeat mpag dat a, which is sui
classifying | arge amounts of dat a.

Deep Boltzmann Machine: Deep Boltzmann m

deep structured RMBs where hidden units
i nsteade olfaygaers.i ngl

6.1.3 ") $!1 4! 1.1 ,93)3

Big data analysis methods are mainly based
recognition, visualization and predictive a

1) Statistical analysis

Statistical analysis includasi amepotamasiysits

analysis, test, variance analysis, card ana
regression analysis, simple regression ana
regression, regressdoal paediyg¢gsi®n mandge reg
anal ysi s, curve estimation, Factor analysi :
analysis, rapid clustering and clustering,
mu kctoir r eisnpgonadn al ysi s (opti mal scale analysis

2) Data mining

Data mining involves six common cl asses of
Anomaly detection (outli€héchamrgeideéeviaat
abnobimgl data r ehctorlles, i nthearte smiigng or dat
further i nvestigation.

Association rule learnbegr didependencyel a

bet ween big dat a.

Clustiesi ndhe task of discovering groups &

soean way or another "similar", without us
Cl assiifiisc atthieont ask of generalizing known

Regr eisastitoermpt s to find a function which 1
t hat eisg,i mMadri ng the relationships among «L

Summar iipatoivordi ng a more compact represe.
vi suali zation and report generation.

3)y Pattern recognition



Pattern recognition iIis thedauvuéegmbéaedtiresogn

whi cBhb reltabhaerdt i f o ci al intelligence and ma c
applications such as data mining and knowl ec
used interchangeably wiptalh ttelmers & etcomgms t i Alng @
type of | abel output, on whether | earning i
algorithm i sssaatsstcaehbl i ornabore.

4 Predictive analytics

Predictive analytics d@enacarhp asescehsni ajuear if & toyn
predictive modelling, and machine | earning,
make predictions about future or otherwise

5) Data fusion

Data fusion is to use commutherti tactlhmyolpagy
moni tored data from multiple sensors or sou
derived by optimizing the combination of mu

of data fusion as foll ows:

Data | ayerfdwsisomndisedthley on the <coll ect
synthesis and analysis are carried out b
sensors are preprocessed. Data | ayer fu
system for fusa olHoewredc d susiimoq.. |t i s

Feature | ayer fusion belongs to the inte
the original information from the sensor
processes the feature informaagent oFeatl
considerable information c otmpmee spsrioomes swihr
and to extract the features directly rel

The dentaiksiinogn | ayer fuses different types
targete,achndensor compl et es t he basic |

preprocessing, feature extraction, reco
preliminary conclusion of the observed
deci sion is madertolcresisgdmgas saodi atiinocan | vy
result is obtained.

6.23425#45H#/1.,$) 4)$/%. 4) &) #! 4) |

|t i's Iimportant and necessary to identify ¢
structur al | evelpar ametteerinssdi mfy station/ stres
deformation, stiffness, | oads, piamtaeneneelr,sf or ¢
mo d a | frequenci es, damping rati os, shapes

identification and diagnosis of Abghadgt st



moststofuptaurmaneaer be di r ecttlhye ma fisdodeesedid voen
relationglrpmaftedlachi ew of prhetneat tadplsi ca
secprons edwebrnal cond @reiawdtairomus structural conc¢

6.2.1 $%&/ 2-1 4)$/%. 4) &) #! 4) ] .
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St ct udeaflor mamnmi dre esti mated based on direct

identification. At present, the common tech
include connected tube | iquindealsaiv &lme me as Wi
precision total statplhot ongrasrmametmrey,t , a nlGd® Smi d

photoel ectric e mBgp agtheisimmbased ktauajuyal deflection
measurement has attracted increasing attentions in recentMearse det aouhd can
I Appendi.x C. 1. 2

The main indirect def |l eactcied Abriadeediofnmwali+nc at i on
based meddjdy g aina dneddte haand
1) Accel ebhamageadnmet hod

The acc-bhsedt menhhodel er dtaisend iomt eagrati on. I
categordemai ntiinkemeé ghrmdqmanaoayi ntegrati on.

T Ti pdeo mai n: 88 fewcatiwomali s esti mated hby dou
measured acceleration si genrant,. whoiwehv ewi,| It
t he itntoesgrud t . Some algorithms have bee
cumul ative integration error and the dri

T Freqgudeonntayi n: The ti me domahife esgiugemaly idso ntao
The itniteemr & he foneagiueem c g b tdaoiunr i telme c ompone
coefficient. The cumul ative amgpdmdimat i c

i ntegration can be reduced.

2) St r-basmat hod

Accordisgruot tthalstadeafltlyesadsi dore forba nadidnhded e

i nt egmeatth oothowever, this method requires dis:
me a s uraeamewmrt aMoyr eover, the double integral r e
i ntegr al ampl i ficatn.onA acmammernr oap pa cocawmu | tad
accumul ative errors is to construct a prope

and then calculate the deflection via doubl
3y Conjugat dbdhhskeelamet hod

The key icomaughmmelidisdanneatdi s pl abemeaal obeam
numerically equal to the moment at . A he <cor



presumption on uniformity is put forward to

gauge |l ength e&fl l®d)samrsormomo.ge.neaduisc and only
average moment, average curvature and avera
strain distribution is measured, the curvat
as the bbadndos$tthb conjugated beam (CB) car
that the deflection of the OB is equal to t
the real beam can be achieved finally.
fvavkpvaad a g p yo ey 6 4

1) Rot ati on

Rot aanigdmre of the structural uni t i's direct
equi pment , or indirectly acquired by the de

observed dat a.

T Conjugate KReamt metiohrddssmp baecdt ua,l Wwhkiaenh has
the bemgtolordi nate axes and coo.rTdhenate
| oadde naaitt wmny pvoiirnttu als kepaembr venawhee cr oss
secthitomr esponafi regthtapl o i,bnetesmmeluy viah eiofe f i gur
t hhect uabsbeéeaimtdthiesat ri but ed r b @a@Mc oonr dihreg t o
similar ,tphred nchedresf orce of twi retqwalvalb eaimn
rot aatgloem olfdeam.t ual

T Curvatgral | mewehocdur vat ur eorfdeot y nomi alf ins
const,r uxrceodd fhfeo €i ent vat arogbtfab gneetdiroers si on
anal ymdas witfe @ i. lin ddeart ab o u n d atrhye croamtgld t¢ii corin s
any secti oo o ubheld dieti mbrecwbung hn t feogtrkadd cur vat ur
functi on

2) Ti |t

The process of measuring the inclination of
gravi ty.

The tool for measuring the small wahnglhe isf i
mai nly wused for the -peeel singn weqki mrhe rsto;met |
measure the full angle range of the tilt an
measurement accuracy i s reloatirvely bet mar nt |
into dynamic inclinometer and static inclirt
used for dynamic angle meastiitf emmemand Thabmai
static inclinometer i®acgematalohy anmgée t bdame
continuously with time. The indicators are
The tilt sensor i s often usedAdoortdbidnmg zont a

oper @trii mgt iingelt ee,r can Ione tdireiedead piest solid p


javascript:;

pendul um and gas pendul um. The tildt angl e
i nclination angle with respect to the horiz

6.2.2)$%. 4) &) #1&,) I .$3
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Dead | oaed dfs sat attyipc | oads acting on struct
unable to be -wemghtedof Thbheseostfuctur al me mb
| argest portion of t hset rdieatdu rl aola de lod mean tsst rtulhc
vadwring the service |ife (e.g. parapet s, Kk
in the calculation of the total dead | oad.
noxntructur al el ements that are Irioked ys urof avca
pi pes and wutility services). Cal cul ation of
vol ume and cdoennsstimayt wsiff i thiee case of bridge t e
vehicul ar |1 oads can beclceosnsadardercerdi vaesn sdmtta
crawling -speegdyinggoadpacity of a bridge can
test with standardized vehicular | oads.

1) Prestress monitoring

Prestress |l oss is the promi nreentt hdea nsatgreu d tnu rpa
of prestressed bridges, it i s necessary to
present , fiber Bragg grating sensing techn
monitoring. Fiber BragghggaerngctbEB&rysansdo
traditional el ectrical sensors.

2) Ther mal acti on

For the temperature action in the structur e
monitor the environment and strucdaatr et tee mp
typical section, l ay a number of sensors on
field on the typical section through the
According to the measured tenpdriast usriempfliieflide
uni form temperature action, |inear temperat

fVvavvg 60V 4006 pd dBGpWFUBO , P36 A

I n contrast to static | oads, dynamic | oads
responseisspluzdemasntd, velocity, avceacreil eenrta.t i on

1) Vehicl e |1 oads

The | oad due to traffic is iIimsmemostcecdsedsgte
therefore plays an I mpwmadeadtagodeamdrmtd.rh eWip



monitoring site, specific live | oad model s
assessment instead of | oadsimoa etl safffrioon c¢catda.
axle | oad, axle space, speedgctleanér-iom weedh
mot i sensors depl oyed -imedaurc etdh & olcrail d gree slpma
capt d by strain gauge and displacement
spec m can be constructed.tCadedcnraitheo®nt loe
mo d e is based on the actual | oad model

— —~+ C O
w = = 5
c o

=y
(¢

For
whi
sou
di s
bri
The
met h
i's ¢

t

y4

expressway, when the vehicle enters
aying the fee. Therefore, thetdoad be
of axle |l oad of vehicles. W M system
ce and other information of vehicles,
structur al anal ysis. W iWed sarmrdn arnt &
xed WIM system embeds the sensor unde
-STthaet isoennair y part of data processing a
ried by the staffs adopwe weeghi mgado
ment . The common traditional WI M se
|l ectric type, capacitive type, etc.

o ~ = —
O - ;o T ®» O o
©
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pi e
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eover, the principal of influence | ine ¢
c otnisng utche i nfluence | ine from the measur
hrough a bridge is approximately obtained
ength (the sum of the bridge | enignfhl menrdc @ h ¢
ine on the bridge I ength under the traditic

2) Wind | oads

The anemometer installed on the structure c
Wi nd speed: t h-ei ng adot avbinay thame str uc!H
si nghiep microcomputer i n the instrument
frequenwyndf spbaed sensor. At | ast, t he i
wi nd spmriedyt enaverage wind speendi,nutnest anit
average wind | evel, average wind speed a
Wind direction: itirestcomposeddcaftomwi ndi
(magnetic compass), etc. The wind direct.

of wind direction pointer on the wind di

Wi nidnduced vibrations can be measurreidnghy ac
targets. The wdtnrduiddowadeta ortaitreqgd dory aa basi c wi
factor s, aerodynamic coefficients, and proj
of {dtemgn measur ement s, wi nd droarde gnoadred so fc ainr
These models can serve as a basis for refin
given return period.



3) Sei smic | oads

The gaocedenauiced by assefsmncrecemded by t
pl aceslt medals undBhe ont.r uc tcuarnanld sy ErEams e ous t vy
of sensors such as accelagrnt dimaitakre armdnagter aisrs
be carried out based on the monitoring dat a

Al ternativdypwamscmralno thaes abfgi esdol vi ng an i nver

based on the structural dynamic responses
structure. The identification technologi es
frequency domain met hoodd. awidt ht itnhee ddoenvaeilno pnme
processing and pattern recognition, ot her
machine | earning, etc. have al so been wused

On the ot her haddt, e ramifcnoar diy sglelt joe ctthet o t he d

| oads, t he identificati on met hods can be
det eartaenN d i n d estterruncitnuartees .

The i dentification met hods of deterministioc
| oad iicdeetnitonf met hods, t he met hods can be di
i nversion methods, (1 1) Kal man filter met h

i ntel-bagedcmet hods.
4) Direct inversion methods

Based on the r elcattuiroanls hrieps pboentswee eann ds tdyun a mi c
identified by direct inveroiocrdopeonodt eomn.ofl
i nver se, the regularization method is gene
regul ari zatidoe dnendotdsr equllauri zati on met hod
met hod.

5) Kal man filter (sKF) based method

Kal man filter theory is a very famous stat
forward in 1960, it has beemewiHdwmbgyeusedni n
cl assical KF approach, the eknewmaBumepgdut

br oadband Roercoecnetslsy, Hat mahuiBtUbkebwmwed s has
been devel oped deonrt iofdiddrautciitooe ajl oisntat es and t
Moreowveorder to extend daot at i@sinom | hbanseear egy e
filter with udtkpowmvien pe mealtimasienptanscrdiderftification

of structural systems and umbwn external inputd t appr oxi mates the nonl i

fi-ostdter | inearization based on a Tayl ofrUlseri es
is severely constrained for hiighlhlugeneeleinée r Ry
a direct tehxet ecnosnwens toefonatl Kal man filter (UKF) t

filter with k-Dbwn haspbtereatr(higk Esg arsidddeaarn e 6 u £ at i on
nonl isnearct ur al Syst emsx aintdar v mlkansdnga b @ x mdhenak e



structspahses

Specifically, some identification algorithm
vehicle | oads, wind |l oads and seismic | oads.
filter with RUIKnoOvextiempdueetd (KKal man f4dUll)er wi't
and Unscented Kal man fdUll)ehawiet belemowml i o@ua
6) Probabilistic methods

These methods are used to investigate the p
poi nti eod of probability and statistics, whic
random dynamic | oad.

7) The artificial intelligence met hods

The artificial i ntelligence methods such as
neur al net wor k demei 6gedtructur al dynamic | c

data already contain most of the dynamic ¢
| earning does not need to rely on the stru
net worklyepkbarboedh these data. The trained n
mapping relationship between the vibration
which avoids the difficulties such as struc
and increases the practical operability. Th
the identification of dynamic | oads to str.
uncertainty.

The identification methodnfoheumaéheaiamni sal
describing uncertain structure. At present,
dynamic | oad identification of wuncertain str
8 Probabilistic model (al so known as random

Thencertain factors are regarded as random

uncertain are modeled by probability distr]
probabilistic model are-Lopeect exlpamesproeasemtoa!
mehtod, Bayesian method, etoc.

9 I nterval model

The probability distribution function of ur
hard to be established. Il n order to overcom
vari ables are estdi novaripaklseant ama i nterva

study structur al uncertainty.
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The modal Il dent af Beatdi endedt hntdochnequency
met hod, ti me dmonmdtnhdd,eqtuiethecegatdomain identi
and nonlinear system identification method
frequency domain method refers to convertin
t he fr equenicdye ndtoinfayiinnggntdhe modal parameters
features corresponding to the structure of
domai n modal identification methods ar e:

Peak Picking method
FrequencPe®omposition met hod

Enhanced Frequency Domain Decomposition
Leassqgqquar es Compl ex Frequency Domain met hc
Polyrefersgmuaeg else otmpl ex Frequency Domai n

The time domain method directly i dentorfies
structural parameters based on the structur
ti me domain modal identification methods ar

l brahim Ti me Domain met hod

Nat ur al Excitation Technique

Random Decrement Function

Eigensystem Remali zation Al gorith

Ti me series model

Leassqgquar es Compl ex Exponenti al met hod
Polyrefersgmuae else Lotmpl ex Exponenti al met

Most of the time domain and frequency domai
the stationary response signal. However, th
the stationarity requirements. Thdetrled orriemet
frequency domai n anfarlegggu esn dy nacrntaloyns i sT hmee tt b an

Shdr ti me Fourier
Hi | Hlemathg Transform
Wavelramsf or m

For nonlinear systems, traditional identif
s atcitsofray resultdept Wi shudheofi nintelligent c
intelligent par ameter identification met ho
al gorithms, have emerged.

Mo d al analysis has been, fofli apl aongmenmer ea

(or their deri vtaitmev)e.s Twhiet hu sree sopfe cstt rtaoi n s en
the other hand, has been |l efsuscognstatbead,



sl owing down thhmeodadveaemtdl| gtshiestirn®irneased i nte
i nduasntdr yacademi a on assessingomndle ivan u@rn o thg
stages and al s-0i mearStHIM) r, i rhgasi ni erderad@a s e 1 n t h

of dynami c st r ati mee vaeplpd p ceartti oas, | mproved [
me a s urteentcenti ques, as well as to i mproved ser
6.33425#4581 -1 "' Pros %# 4) |
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When damagei devieioantl vy, it not onlyt affect
al so has an i mpact on the sbhteaurcitnug ad a psaacfiettyy
structure. However, maj or deterioration is
structure is already in need of reshakei | ita
mai ntenance strategies is required to prolo
and reduce costs. One potential strategy to

techndloaogireggul ar measur ementl yansdt aagoe .det ect

The objoefctsitvreisct ur alc adna nbaeg ed idveitdeecdt iiomt o f our
Table 6.1

Table 6.1 Four levels of structural damage detection

Leve Object Description

Lev gl DetectTo determine if there is dar
Leveal Locali. To | ocate the geometric | o
Level Quanti f To determinate the sever.i
Lev él Prognc To predict the structur al
6.3.2 $%4 %# 4y 186490 ) #04 2, P! -1 ' %
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The traditional crack ides$ eeatnidoaamhmeng! met hod
acoustic wave detection met hodCursihanhtelnya,i |
commonly wused crack identi.fication technol o

1) Geol ogi cal radar detection

Based on t hetiafmepd g wmearddegytahnesl r et urn el ectr oma
the purpose ofc aradRitdawmegd .t he cr ack



2 Ul trasonic and acoustic emission detecti ol

Based on the propagation velocity of wultras
the first wave afndt hé er eanhg int d caersge @meandys uor ed a
analyzed to determine the crack in structu
relative changes.

3) Longgauge -bsatsread ndet ecti on

The conventional crack detemapaniidnchheni que
crascktcdhe point sensbohecanr ainh ylfehteea slenea lf i ca
of crack monitori nggaaungde wvsitdrtah nb acsaend omo nli a nog
time, the monitoringmomni thomgihhy lRags ognaad cdi =

4) 1 mage processing detection method

Recent advances in computer vision and i ma:
automatic visual monitoringwhyiyddean ndtatr equn
e incorporation of expensive sensor s, an
erefore, crack detection based -oont anatg,e p
gh efficiency, convenience and intuition.
ack i mageyrathedeapeecsthaodrd of iimade®unagmhenitca
scrimination method, and then the crack i
mput er Vision and i mage processing t ech
entification, t hewoeXtdensii tviea tcioowmmslriya antdje dtr
ckground i nformati on from a real struct
ndwriting scripts during human inspection
|l mage processing detection t eec hpnoos soighbyl. e
l uti on thwor hdssimbuatreanl-bhaaedamachitmnyeile
gorithms.

—
>
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the artificial intelligence field, vario
e regul ar artificimdotneeaxtarlacnethvoghk [(eAWeN
armasneggd computer vision can overcome the
sion, such as the r easad meatte dtoar sp,r eadsessu
ack geometry, anadt ¢ dbarslad eisma g eos. cTohmeprl @ fco
arning technologies have received great a
sion and image processing technology. Th
t works (CNN) and zaonaeap masthi net d RBBIQ ar e
ep | earning architectures. B mmteh (tRMBeM) C MiN ea
ery powerful for i mage recoghni tkirems.ol QNN ohna
mages of handwri stam dinglirect €de gRBPMhIhi cal
number of | ager abhbabvseh andod ecno n n e t v arnisa lbled sveweir
the same | ayer. So, it plays an important r
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On the other hanfd,UAVhe rdbdowdlsqgp merrdt sve@ar abl e



some efficient tools for conducting i mage
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i neering structures.
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corrosion of structuraltlse eilenvolsvamertl ed
met al and the surrounding environment (
steel i s oxVadriizoewds tnoi cprroosdturcuec truurset, ¢ 0 mp c
ign issues wil/ | esgd ctoanmainfl fye rmeamti f @t reas
en types: wuniform corrosion, galvanic co
rosion, stress corrosion cracking and de
y models have beenvarivantopedr toms ipanre cpt eereel
ending to capture the actual corrosion
ul ations have been issued for corrosion
roded steel structures. H osr usstuead Il ys tcrounadt
ough visual i nspection. For reinforced c
ied inside the concrete, visual inspect

ecting corrosioan ol e s dzasbtdétrgaiseenistry basad andd me n t

Physical based. These technologies are introduced in detgpendix C.1.6

7

Set
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fve
1) Vi
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me a
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revi3d daadnaodéudya

tl ement and subsidence degrade the perf
ting, and posstsritbhdteurfeai | Marei toofri nige pr ovi ¢
tl ement s, document s changes, and hel ps
trumentation includes rod extensometers,
surface movement sst aatnido nasut(oAMATtSe)d, tboetaam s
ges, til tmetters ,t anmdo rcirtacrk movements abo\
VHAO[EA a

sual I|-Bapedt Mehhod

most widesprebdr mpastutodongndechake Vi suse
se types of inspections are commonpl ace
pections involve the use of divers to in:
sure the dept hi nosft rsuomenrt atsiomg Bawei art.
ociated with this iIinspection method incl
during times of flooding, when the risk
scour mayl et skeoeuredodds tend to be fill

2) Structur al ss-hased mebpedti es

Dev

ices of this typsruseut bk dioh tdeedt eepom gpneer tt



rel ptaed metseudslbcasi on Iisfedit meinnwaetisduralo e, @ s

scoude pitghgw .s plfeheedy wor k on thempasuwmdaimdhe of
material between the probes changes, the ab
This phenomenon canelsencee@antdo diepd ihc atf e stcloe
a device that uses this technology is elect

Most of the instrumentation described eithe
i nstallation, which <cars chreetceolsyt lays, poarr tc aonf ort
These are notable disadvantages.

) tructural dynmansmatphroodperti es

Monitoring the dynamic response of the str
gained significantAcicwtioemeetsetr si nalrleocwe nfto rt itmhees

the structur al response particul asrtlryucttourae c
i nteraction process is complex during scour
the foundatiomadusei ngcseasredwisltliress and con
in the remaining soil. Since the frequency
system stiffness, observing changes in vib
damage i dennd ilfeaealatth omomi t ori ng. The -natur al
foundation system can be determined from act
spectral analysis tools such as FFTs or freq
met hods. ddhesesumaeltlhhy comprise the use of a
properties such as natural frequency in con:

mo d eMosr.e odviesrt,r i bgua gl H BGgsre ntseorissed for ef fi«
oscouasi ngcadf stheaiiwiudhgleaa p iome i de Agtaiufgieed b

strain sensing unit. Since strain modes are
the displacement modes extr actTehtoasf,F ossmcauorce
vbumes can stil] be sudoagagfeu |FIBYG edcaehtmenacbtioegdy . b

rvevirovthoy6adawgpy po6 3Ayypaa

The structural supports represent the subgr
i's general Ifyolclomwiisg thhyr eaenepart s:

T the support component which is directly
the bearing, the cushion, etec.;

T the foundation through which the main si
subgrade, suchpad epifeunsridatt ilonisdgesaft f ol
roads and railway | ines, etc. ;

T the subgrade through which the structur a
t o t he rocks or soil s. The deteriorat.
degr adataboonv eo ft htrheee part s.



Specific monitoring methods and means can b

structures and force characteristics. For e
be monitored by using di pl ca@aeameéret ussemds aros .n
inclination of piers. The subgrade defor mat
static force | evel gages, optical sensors o
e mbeddle fnrgr mati on sensors in borehol es.

At epent, the support performance can al so b
structure corrosi on, rubber aging, et c. Fol
generally wused to measure the | ongietudinal
structures, especially suspension bridges,
| arge, which is easy to cause severe wear o
in steel support sticking and tlledre dciamne abse
calcul ated indirectly by monitoring the bea
reflect the | oad | evel of the bridge supers
bridge state evaluatiom. the bgausuoungl rgaposse
sensors in the internal Sstructure of the su
purchase intelligent supports Mormndoweeracttiloe

pressure sensor meneh b di ¢ oa ewiatd elayeus éd@ st
performance.

fFvev&awvag oAb

Fatigue problem is typically a process of
repetitive or cyclic -tbpadksUndestegt!| strsatt
i nmacroscopic cracks, which will eventually
is a very progressive and complicated met al
accurately and model precisely ontitehse, ntiwor o
maj or fatigue analysis theories have been d
design of components and structures, as fol

T Cumul ative fatigue da@GlDet hdeoyyi $§ CBR}) e

framewor k f or sfeastsingeunet .s tSpeencgitfhi caasl | vy, CFI
fatigue damage in a component increases
manner .

1 Fatigue crack prdgLPgathieomy( FGPpatskreooyn f |
FCP theory equatwdadh frattiegue® cryadhk cgrel asti

which is relating to crack condition at
value of cyclic stress.
These two theories | ay a foundation for me
Among t hem, t he most applied andli r-B-pi(&sent
based)-l,i fsea ramaec fracture mechanics menhodol o

information of a component/structure. There



becoming an indispensabl e approach to condu

I n practice, strain gauges, Il ncluding optic
the component/structure strain wunder stat.i
i nstructions on-ssipgmalcat icen matdhddatiigme det e
reference.

1) Si mul ati on Met hod

The simulation is to dsfabitsehefamegte mbdat
analysis, adopt certain stress counting met
det ai | s, and finally carry out fatidue i den

curve aneJvimelrmgirddg eirmmlnement ati on steps of
i nclude:

T Stepl: The fatigue || oad modeHdt wast uorbatla
monitoring dat a.

T Step2: The finitsetrediccdmeensdt anbd deslh eodf t he
Step3: According toadt hd hmodelresfs fpawicgse
details is obtained.

T Stepd4d: The stress spectrum of structur al
counting met FHdd wW scwoaum ta sn gr arient hod) .

T Step5: The total damage adafegtrleee stnrdu atewsrn a
cal cul aN ecdurbvye Safvd nRRal mgrigrer i on.

2) 1l #8itu Test Practice
|l 3itu test method is to get the stress spec

measuring poi ntsstriumc thekrye tphaer tmse apsfurtehde str ai n
|l ocations within a certain period of ti me,

carried out according to the following step
Stepl: According to the measuring laceat i
classified.
Step2: The strain data that remain uncha
to eliminate the small strain data in th
of small strain data is caused by measur
Step3:esflshedatta for fatigue analysis are
and Hooke's | aw.
Stepd4: The stress amplitude and the corr

a certain stress dduwmticroginme tnlgo dne(ten.od.),.

Stepb5: SN ncdurtvhree and get the action ti mes
di fferent stress amplitudes.

St ep6: The tot al damage dedli @eer wa s nearl



cumul ative damage criterion.

3) Fati gue Crack Detection

Crack i1 s not onlryf or manmacrmwds csapeied psea ructur
effective index to evaluate structural fat.i
of fatigue cracks can be detected regularly
magnetic peaenteicecli enfliswgenerally adopted, an
can realize the detect-bhbasedfmachkhichkedle@ahni M
especially the deep | earning technologies h
based computer vision and i mage processing

identi.ficati on

6.3.3!, /1 2)4@-Bb -1 Bwsnnd) .
During the past decades, structur al damage
far, various algorideammst havteurbaelend amagd ogpet

common algsruthmsafodamage detection are su
and functions.

f vévmopodyld ' GpfAdd !yyapsao+oA
1) The lappalbach aicscuusaecd!| tyodet ect ,dalmacyfet e an
speci fi c bcaocsregdoonmoahretss r uct.iTh@ophvwbhhuouat oocal ap

i i sual measur ement , rebound met hod, stain
emi ssion,,uft ay amethinmd ogy and so on.

2) Thd odagplpr oaclhappl i sedrtot dealksidtehgea gceh abnyges o
structur al parameterdhkefsorecdmud adf tdeamatglee
based on modal parametehsdesidambgel aseinc af
of r eqthearsaenddo dhea s e d

Ho we vheer ,laohcda | gal popbraolsardidén t e qurt a tl @ dztelde iheal t h moni
of Isacragdee structural engineering
[ V&VBA 0 82000A Y p YyOANO 6 ! 0bpaga=+iA

Theti foféntersusct ur e wihlesint rbuecdamacy gvelli c hstamasa t h
and other parameter of the structure are c¢ch

the structure is reabetwtdheda yc alhceulraetseidd uaan d
reponishee. st atibasddamgen sdeme &€ b b d odneapi emlrdys t h e
change of pareaansentdeerds ttahg ¢ i nediusiplhgcement , S

def | eacntgiuolna,r , ceatn. ale,d awirigeht detdeée r michn dtyi amd si

1) Static di-sgpdead ement



The static displacement i ncludes the obser

structural joints. Based on the static disp
structur al damage i destiafti catdiiosnpl|l metemeact b &
established

2) Static deafsleecti on

Di fferagmnttiiscpt &b @asreadtt hsodt | ¢ dafsheac besd v me d
that structur al damage is the ohhys hRemason |
ddfecbaemedt hodndensation met hod can be i nt
rotationhbh dandéefneeasfs.cati on pr oc esos,meocarsluyr et |
el ement node

Infl uenltaesed ne

The el astic daosmggEelsdobe cibddlalebegti on before
damage has t hei rsfalmeepydomdplad eeds btyhd he concentr
damagei hortlce)danMhgienkel eewaont .Hd nuesed i n damag

4) St r abians e d

Strailnociasi ameasurand which is sensitive to
measur ement s of structur al static strain d
damage can be detected.

Fvéavws Cydiligo OdadiRddoaAopasga+uA

1) Modal frequemayed aal @arn iot hms

't is easier to obtain structural mo d a | fre
However, structural modal frequency is a gl
| ocal damage based otni sn.ructural frequency

2) Mode sbhaaspeed al gor i t hms
Di spl ame dheanste d

Y Modal assurance criterion (MAC)

Y Coordinate modal assurance criteria (C¢
Y Mode shape curvature

St rain modea g@anme s t-raasend mode

Y Modal strain energy

Y Strain fesegoeseyfunction

Y Long gauge strain modal vector

3) Structure phy$iaceld padgamet ddms
Stifhaesd



Modal fdhasiebi |l ity

Da mp c h g nbgaesse d

Sensitivibagednal ysi s

Re s i du abla sfeodr c e

Frequency redmesregsle functions

Tr ans mi sfsuinbclilaisoeedf:f ect i veness i n damage
independency to the excitation records

fV&ve po B AG G -DWAAADG G OpDEOSa DB OABd O paga~iuA
1) Mod-based asgorithm

Thetruct ur aslpemcoidieileaemgnt henodiehi, t provi des st

and property informatiormiisplBlbeméont mrefati d
materi al constitutive properties. The predi
measurements. Whem mngasememeéntbedatea and mod
satisfactory, measurements are used to dcal
smal | number of model parameters that may h

in design.
Some popusiac exdmpibaeasacladd o modiems ar e

Di spl am®dbearste d

Strain madd -goabm@e stlrased mode
Sti fhaesd

Modal fidasiebi | ity

Dampi ng -bcahsaendg e s
Sensitivbagednal ysi s

Re si du abla sfeodr c e
Frequeenscpyonsebdaseadti ons

Kal man-bRisleder

Mo d e | Updaedng

T h e nmopddealteitnhgo dmpidéahteo f i ni t e el ement model by
from the structural experiment, and elimina
mat taemc al model, the measurement error of t
the order of the model and the error cause
di fference between the structural afsiumietde el
data response results in a more accurate f|
damagemetThmdd smoddhait s ngnai nl y fdigcwitcegd rii mtso di
me t hcoodn,d e nbsaasngedd m o d , and 4bea syspodcesitee tostiusr f a c e

Kal man filter obtains the opti mal estimat.
observations distur bedlhkey ex&KizdnenaeidOEKERETr St
approcashmul t aensetoissaltye t umald stauet ur al unkno



par amedeed poanr othlme r sdaattwdninc h Ekakiedel v used i n
strustystalim i dentifdebécbnomandMdmrel@aglemant he
fillUKKkFgs proweff ¢ ot befeoara ptphreo aicdhent i fi cati on of
l i mited output measurement s.

2) Measur ellla deadad r) e gor i t hms

ModkBtakgorarnehmsef i-pleysiassedonumeri cal model s
cases allow data c¢comdeunssiantgi oan lainndi treedc onnusndbr el
The mordeed approaches dobebamodély, owhitdbhke she
have potential to be appfloi edleoniVvyriamwsnat yp

or detect damagen béeestbmbligeshedetaccaorediemg
data analysis on strain ratio and deflectic
characteristic parameters, i . e. frequency
di fference., and modal ity

Mo d-Bt®legoriintchhhusde can beec dbag e di ,mebdqluaesh cty
d o meiars e d mie mfdnroedg uck o gpiars e d met hoidt eldritgiefniccei
al gorbashemts met hod.

A mass bHfamgdehiatshnbseen proposed Sdmei pgplbhat
and basic exaBameplegesr iotf hmo.dedne | i st bel ow

70300064 4aoyAdpau -~ 74"

The continuous Wavelet Transform (CWT) i s

frequency enemgycaeéogirayn oyl dedomposi ng a s
that are simply dilations and transl ations

the signal

(pGfidoaa (AdyO6 4adyAdpau ~( (47

An alter-hateguentiymapproachdewhlieclh mpoess te mnmi
or ensemble empirical mode decomposition (E
(1 MFs) .

Agi6 AdawbAs! AapadoadAAgpy UO6a<+pOA

For damage detection or feature extraction,

out puts awrt pamen@re of i nterest for perfor
predicted val ues are imMeasurcedparaedesit AT he
assessment I's then determined if the diffe
measurementtsheadgfewdadhi nhreshol ds. For mo st
pol ynomi al approximation is sufficient. How
a process may not be adequate, and the model

of -hnocenar i ti es.
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Bl ind source separatespni meeitphaold amammd nye nitn cd
indepewrgodnepnotnae a bt yWehiesn Btlh@odre@ar atsiean i n damag
det edcdthieon denti fied sour cee osfi gtnhael siyss ttehne, naond
mat si x hie modal mode of the system.

| YidAo6 oyaolleooyad dGopagd=+uhk

Il ntelligent damage detection is one of the
monitoringhmeaBased oomonitor etde dsa,t ai tf rioan &EHIMe s
di agnosticians with artificial intelligent
automatically recognize structur al heal t h c
an irreplaceabl e rolaggei Memederi mnstespetcuraal
monitoring data are availabl e.
Structural damage based on machine | earning
based meadwuireenfd@gemeyel ntell i gent DD algorit|
Machine -basedi amggArittif i ci al newur al net wo
bag@khk opagati on neouwrgalnirdtnwo rnke,ursadl fnet wor |
function neur al net wor k) , and support ve
structur al d a ma g eb adseetda dutrribcars ewdi tshh udi ®iso n
mai nly uses supervised | earning to obtai
damage conditions, namely <classification
to judge the categories dff dresdamagme|llesc
identification, while regression is to f
for input data, which is generally used
new data, and is often used for damage d
However, traditional ma ¢l hel vneel |celaarsnsiinfgi eirs,
damage features extracted by data anal ys
t hat although the neural net work has a
training parameters wil/ i ncrease expone
SHM systems;f iand ntgh @ heweormenon i s easy to
Deep | darsreidngl:gdrti tnhenesds a | ot of ti me a
extract t he camabgye tfheea tturraedsi tuso n al mac hi
The emergence of deep | earning can sol ve
with traditional machine | earning such
vector machi ne, deeprreeuwcroanpl et Waryleri st
i nnovative training algorithm have made
ability and comput aatpomalsupéfvicsedcy.ay8
pretraining is deep | earninddeprt Waykr sto
artificial neur al net work have strong fe
can realize the | earning to get more ess



classification accuracy of neur al net wor

Therefore, aregpi deatriny ngomrduct structur a
from the original data of the sensor wi
evol uti omorarnadc tsieolnf based on big dat a. Ci
net wor k ( CNN), r¢cur( RENMN) , neesalrice¢etewomBol
( RBM) , a n de nsctoadcekr sa U(tSOAE) arsec htelonde sdemmo n |
| earmasnegd structur al damage detection. W
neur al network (CNN) and réeeni ated i Beldt
detecting fatigue <c¢crack, structur al | oc

algorithms based on CNN and RBM have be
detection using only the measured struct

f V&V AGCAEY 0 ®OAdO ! 0dpaga+iuAs

Generally, only an individual type of dyna
acceleration, -mentuisermed ns ttihcki easbotvee det ect t
could I'imit the seamaigtei vidteywtandd cadd wrnac yl ha fs

detectiontype nmeanutements may perform bett
type of response quantity.

1) Phase space

Any dynamic system can be described fnom ph
the measured time domain responses. Il n a p
represented asdiame nasxiioshadf sg amwel.t iThus, syst
mu Htyipe vVvi bration measurements witipl e memnt e
velocity and acceleration respectively.

2y Data fusion

I nformati ohnffasmamni on fusi on i s t he | owe st
coll ected dat a. The fused data must i n same

Feature Featone rhpurselensiisvea aomal ysi s and t

extracted feature from row dat a. The featur
data, but al so makeée met peasiessi hg wealhi he ghe
Deci si on C[Cfeucsiisoinoeng rfausei oanl Il nltoc al decision r
observation dat a, to final deci sion result.
sever al sensor failures, but with relativel

fvévw) yaolGlgooya )idoAYaHe d diddadpy

I nt elildegretnitdli gat i omm mainly solves two ki nc
i nversion analeyngiid izad i otnat e



1) Optimi zation probl em

the function optimization problem of sol
wi t hmitnhielhwmcti.on value

combinatori al otimMmimi izmitgh @ nv plrwoed | efm t he
funcandnfimeli ogti manl as slod.tuitomn space

2) Pat tiedrennt i procht e mn

Patidemtidlicsatkoown as padnebe dcf apdedi cad o
classification and .0Omeuprearivni seidf fcelraesnscief i lxtat
whet her the categories of Reagrhe sseamipdtei vaer eme
i nucdle arti fici al neur al net work and support

FVveavws y 0 62 4 GidRdGopaga-iA

Considering the influenaeceorft av anrtigdkuwesse tthrbade r
damage chandamage satse gurneceer t alh a ¥ aesse ambaibrsl.y
focutsheenuncertain mapping relationship betwe
damage.

1) Dat a fbuassi eodn:

ProbabiltstPirobtabsi ostic methods rely on th
functions uocexpoewmbgdadbne of these met hods
which enabl es datsa,onherfc e itelcee snaomie 66 Bayesi @

Evidenti al b e IBieféuinecfte aosnosnitnlgeory i s a popul @
uncertaimptrymcawgdt® a t heoreticall yramewacki ve
De mp &Sthearf e r t heory i ntarsesduymnesngt thel hefsomndf

possible megpothemenst al ong with the required
't camndviedered as a gener al idzeaatliso nwittoh tphreo bBa
mass functions

Fusion and fRuzyy reatsonhegry introduces the
member shi p, which enablesasmpregise (rather

Hyrid fusi olnhe pmpaiomcihdkecesa behind devel opment
i's that di fferent fusi on e tehvoiddse nxwec ht haeo r 1
probabilistic fusiomsshadhwelyd alpe rmoatc hb enatt amp aut
(possibly complementary) perspectives.

2) Statistical p abtatseerdn r ecogni ti on

Consi dtgre change of eawvd p ernarteind md |h ¢ aaradniatgieo n
sensitive features of the structursailsdaimage
the time history datafstmoudtdemdli f yThihe Iidegc a


javascript:;

di agnosis method based on statistical patte
) Intervalbasedry

The boundary of e&adbtlk paraméue a loche seammaaloetaerr | s
physical meaning. Therefore, the wuncertain
represented by the .Upoptelre ainndt elrovwaelr abnoaul nydsairs
i ntroduced to quantify urhdkeer riwmtftireaafned en go fs aunmpd

4) Grey rel at i-maasedbefficient

Gr ey readalty ins , an essenti al partpodr tdre g
i ncompl ete dat a, or unceTheai gr ey obekati ofi
essenitndiildyt es the abpt wadc hgienognede greeur ves
relational oeaffercitdmet gieosmettimé c curves are

6.4% 2,8 2.)

The primary purpose i s tearsleyr vgearadse hagnteesc b
shoul d kBeesf to0t organizations responsible f
gui delines, and regulations for emergency r

Thmaj or chalréygevargemgr al \WMa@arisifotrs eafr |l vy we
(iWh)ere to obtdgiwhemfoomassod?@awl yowaespaog:¢
after earTlhhegewabpbmigifese chan | ke dgféeauunde i6n 1

v

() What forearly warnin@ Determine index

(i) Where toobtaininformatior? Information surces

v

Threshold setting

v

(i) When to issueearly warnin@

Management measures

v

(iv) How toresponsafterearly warnin@

Figure 6.1 Major challenges in early warning

Early warning is one of the iimgogyatad m.f udicn
monitoring system i g o0i Mmofuiematiirdahcetailndhnest, h e t
ovenaldl fespbbmsteruthermpnitoring system can
when abnor mal state r esulrtesmiimgheabmanagé menot
department to t.ake measures in ti me



The early waootcdogoptynwiitantéeles:foll owing pro

@t t shal It i hmeveanrde ad unwaormaitnigc feumrxlrtyayo ni ng@nd

i nformation shal/l be displayed on;, the soft
(2)The war ni rmngulcdocnltuednet tshhe warning | evel, the
| ocation, the alarm monijtoring value and t
B)War néd amgi brued, adjedted and remov

The earltyhrwasghblndgg duséengi tbdepeéeni od shall be
on the structur al perforimanme dand aocmbimoéat
di fferent war ni negv ell opelds cohowelspobdi mdg t o t
applicability and durability. The warning v
current structur al design standar ds. When |

valuesphespgdsshibdomenduct ed

Dur ihreg ctonstructi ohhpecoodempohntdongnbs mitat.i

are considered for monitoring targets. The
At he deformation and stressemoficatiog Valm
design requirements,;

2t he moni toarn&iggnr ds wclatnt |y | ar garoft htahne t h e
construction process (generally more than
Bthe structure may experience extwmuemeé olnoadi
process, such as typhoons, strong earthqua

The early warning shoul dede deéeVvenmaukiharhe m
| arger than ¢« hdhenabpegsi §icevalues sdepandt dr
recommended adhemeshe® |l tdhan 30%~40% of the exp:
specific provision in design document s.

Early whouolpegl eursmménbgMb asseducpgeu f @lr amaari aueat i on
Structur alnadmnosmal yand ear |l yngvad nmogi bhesisieng od
the firstraeteef oomanc.e Tehwea | dimartt-&a eosisrl uocft utr a |
perforemanaahtdoscahomar ayl gnsdusct d cacaain be found
i €lusse 7.1.3 and Clause 7.1.3.1, respectivel



/ STRUCTURAL PERFORMANCE
EVALUATIONS , DAMAGE PROGNOSIS
AND HEALTH RATING
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St

gu
du
cu

ruceémufr atf evgan cueaSttirounpteu rfaolr mance refers to t|
antitative behavior of the static and d
rability of struPeufesmander eweatad autait ten It thee
rrent safete,stamparef wat st a witdad cearviatliucaatle fi

safety |l eyebpnefdiadctiivvist f uture peStfrouatanrcael |
performancei nesalteatewal uati on of Sstructur a
servi ceafboirlmatnyce perdur abil ity perStorruncatnucrea | a
performance evalwuation | st aoataurpglemant pAacC
mai ntenance.

712 3 ( -1 3B825#45D%28&/ 2-! Y&'% 5! 4) /.

Al t hough structur al performance evaluation
common phactfiocenance evaluation i s whaiscend on
are mainly carried out manually andt hHer pr e
exi stence of a | arge wvol ume of research (
performance evaluationuyt vl iaz ehteiadt hofmonh ¢ o e
practical engineering applichhi opsa&ms, swiitlH
the advancements in the devel opment of stru
expansion and application in practical engi
a viable and promising tbwsledt ostbreu cctounmbailn epde r
evaluation methods. Subsequentl vy, the eval
prediction can be carried owtsitinfgg omagmi taor iSn
dathadt hbbghe3HMtyistn@gms cahhobhepessadg data fo
eval yahgonng research for the devel opment

de

tecting, assessment and identification o



promisilhg dexmpéet edvel opimgent ob HMmM$ wértoevmsd e
compr elsternssdpref arevan uahdosulggeap pran@rgieante e t
anmai nt snamdegi es.

7.1.3 4( 2 %% %6 BA25#45D%28&/ 2-! Y&'% 5! 4) /.

As shaowmng dit,rdh ¢ tlherveeel adterr d otrumra n c € o re tvtahl rueset 1 o n

par(tisf:ructur al anomaly anal ysing nan dnoea rtloy i we
dat(ai,cgrrent perf or mance eval uati on based (
structuralandiagtaimedteursal deterioratuenngnaly
hi storical monitoring dat a.

Firtshte abnor mal ndathae onbotnaiitnoerd nfgr osystem ar e
abnor mal conditions are found, early warnin
occurrence of disaster accidents. I f the ab
cause acceddieanttesl yi, mm t wlii ¢ Vie.l&emeter a &thuer esretc o n c
perfor manceBaeswal ucant idldet sed¢triuean uand moni tor |
strapbuametber ss deeannt i fi ed, thus a more caref.
structure camrbhy ovarmied oGtdet Euvaicwedli nfgunc
to the resultabk per Borlofianncoe setvrau cutautriaoln .abnor r
the data anmnalhysifs rptodesvsel , 106 eanemrl sbe bege
|l evel periodsctmnluéyafFabht denhat bedope with the
by sl ow performance degradation of the stru

I n the second | evel of evaluati on, i f t he
bai cal | yansteot iosbfviieodu s | owc,prresd lotrhmanmghe s ome de
performance is found to be | ow but not seri
functional warning.

At the third Il evel, for spgewaicalurreee dvd ,t hf wsrptetl

performance degradatiomsandi e@sodadmuahi dgtidrei ¢
moni toring dat a.

eviovydwygw il wS 33daAocaAadwybypinsob&eobydaChaldali

Structur al anomaly ananybeé sdianwidddd nichi onthe
si tugtiDjornescrtniwvnig according to the abnor mal d ¢
serious degree of the abnor mal monitoring

dangerous sta@médhowhnirtng modgunaltli @ed arle fvearsmitnog
findbngr mal monitoring data but cannot det et
of structures. Thus, on sstleogyeud gent e itmwue P
of the structure through cometedred sdivael ymeian
I f the result shows that the serious struct


javascript:;
javascript:;

f unatiacomi ng shoawdtd. be carried

Functi onal alarm based on structur al heal th
by corresponding evaluation criteri a. Det ai
can be divideddependfogrooateghb®bsetawtu cetviarl aula
functional alarm and performance evaluation
criteria can be applied to carry out struct

based on the data cottldmcted by the monitordi

1)

2)

Health Monitoring
Data

Y

Data Preprocessing

>Harly Warning A/Lev : : =< Early Warnin
el l

Abnormal-.(M 5 >—’Valuc Data Recordr
Alarm - Data Anomaly Analy}l

=

>Abnormal Value

A 4

| Structural Detection Abnormal Structural Bridge Historical
Data /\na]}'sis Data

h 4

Structural Parameter Identification and Damage Identification

Simple Parameters (Frequency, Damping, Vibration Mode)+Deep Parameters (Flexibility Stiffness)

>Early Warning //\ >Abnormal ’
_ Level 2 | Value |

Value

Performance
- wotmance Asscssme/n() P Alaem

~

l

Performance Level 3 ] B
Degradation Mechanism e Performance Life Prediction P

v

J Maintenance Management
’{ Methods

Figure 7.1 Schematic diagram of the three  -level structural performance
evaluation

Evaluati on baWkan omonihtrersihrod di ndexes have

performance can be determined as nor mal ofr
data has exceeded the threshold or not. M ¢
results from tnhde tnhoen jtthoere sntga tddast aofa st ruct u
and its safety can also be judged.

Evaluation based @anamrgfe eaa sppdradrhaeatadviabmei ®r
by comparison of monitoring dataomweth the
acceptable ofanglkeost vatuere



3) Evaluation based on the original or t he
comparison between the current valwue of th
data and the ®habuathieocanharm c {tehde rUesfuearl d nyc
value for the selected whaethhemesérucsurcédobkaea
compl eted and before it is placed in servi

4) Eval uation basesdfompatraenet empa it slam fvfieerne nt
of t he deterioration of t he structur e, o]
reinforcement, the monisthoruilundge lndeaftoar oefv adli uf af
By measuring the value of a few selected g
as he structure deteriorates, and watching
deterioration through the data <collected
monitoring data in different periods, this
seteon or airdkesperodiihoan st ate of the structur

Structur al fault alarm is mainly achieved I
actual engineering applications, i siome el e
ot her methods. When some index or the overa
then warning wil/| be sent out. Structur al f
warning. Depending on what | evalcceptdkblhbeade
unsafe, different threshold | evels can be e
heavy | evel of degradat-wannand maysbkeioaftege¢

EVIOV, VAR T 33aA0ANRDDDOAOPRUSYOO %adUAdEshyYy - 0

Struct ulreeMeldemper formance evaluation methods
met hods based on test dat a, evaluation met h
and evaluation methods based on reliability

1) )Fot he eval uasthiacre d meotinhaqgtdeas t ismd etdyat and f ur

performancesyp$temauctalkey investigated thr
Subsequentl vy, a rating system for the ov
evatliulmn. St andaske er ddaswdltovmadr thhasaddon t hi
igsed to carry out a comptrrelhetnAsm e/eex peevratl usayts
has al so been established based on this a
bes utilizing the 1 nformation provided by e
reasoning. Computers are wmakd ngomesihmal g m

experienced expertsapprcmridatng €t enxpieosn ea
beonducted.

2) For etvlmd uat isobnasmat hoond fi el d t e,sat sseand smorfi
specialized field Bestiapgtaedamphefothegod
of changes in structural stressedg,hroumgdi n
considering truck |l oads as static | oad for
I n addtituomnyr al performance evaluation 1is



vi bration and other field tmotnhiet orreianlg pdhaytsai,

of the health of structures. Effective dat
i n this approach to precisely extract t h
structures, for i nst ancreon otchaet i coonl loefc tierdv it
data, for effective evaluation of structurt

3) Foaval uat iso rb amssdtdhumodt ur "alh ensedl hemebl Uatteg struct
safety performance through strucatsurvael If ai

taking into account the wuncertainty quant
Mor eover, remaining |ife estimation can be
I n recent years, advances in monitoring met
coll ectimg meal toring data and thus, devel c
achievement of structur al safety evaluati or
structur al comprehensive identi fnisciantg o(nar ebaa
di stributed), can result in various types o0

can be combined with testing data for mo r
evaluation and ranking.

o

eviov,edvaed 0 e¢ 3 aaAocaAadabdwdmaibdyyyod , 800

The structur al performance | if éippreadicdt ioon
met hod based/( opnr)eedxi pcetriioenn cmee,t h o d( ibpaisgedd can otnh
met hod based on(imre Gdiccteil @ m arhenichht dhee sMiagtsiecda o t
modeéip)redi cti on met hod bagedrnedi theomembthooc
on probabi(lvpryg daincatliyosn smet hod based on stru

1) The prediction met hods braspmperde dinc teixmpg rti een cl
structures. Based on a Itsartgee enxupnebreirmemft |Irae
the accumul ation of previous experience,
reasoning, thesequmenthiotdat imbae ep raeedigancieo n i d fe

2) The prediction methods based on the analo
adjunct to the expert eval uati on. For exa
within a certain period of rnmenet, wiilmi |hav e
same | ife.

3)y The prediction method based on the accele
degradation mechanism of accelerated test
tests are often usecteorstducabirlesty sueét
concentrations of erosive material s, hi gh
degradation process.

4) The prediction methods based on mat hemat.
evaluated straicdwailes f fiadrer etdhebyr eest abl i shi
esti mahtei ng fe and combining with the test



5  Prediction methods based on mechanics the
damage mechanics and the methods based on
damage mechanics is to adopt the M ner |
curve metédovtdi mate the fatigue | ife of str.i
mechani cs mainly takes the fracture <crit
comprehensively adopts the fracture meche:
estimate témaismifreg yseamwdi ce | i fe of the str

6) The prediction methods based on probabilit
statistics method. The distribution chara
estimated accordi ngzsuroed datrageomutmbe rstodt im
parameters in the mathemati cal model , to €

7) The prediction met hods bas eedf foenoddithvredc tf wrr a |
evaluating t he tsuerrev.i cTeh e inmeet hoofd sa -asrtereubca s e d
relationship and the time when the struc

mi ni mum or the probability of failure inc
structureb6s service |ife.
723425#4581-1'08/"' ./ 3) 3
7.2.1 #1 . #%0434/2&#45%1 ;1 '0/ " ./ 3) 3
| €1l aBseructural state identifiacathean adids da:

Strudtamaale detreecftetrbse t@oD Ddpacntaigoen tohfat has occu
strubduedemomittioe ed r es ddn s es sadtfed taigvr ealey ;

t per ocess of damage byomaansesnof nsptrhoagensotisriast t d
St r ucdtawmraagle prognosi s (DP) refers to the pr
conseguéehmhaéeé have not yet occurred or may oc
of structural(DDdgmage detecti on

Structur al damage prognosis (DP) attempts t
the <current damage statdi matitrhge tshyest emt Uri
environments for that systein,thaeadr emaidmnichgn

l'ife of the system. The successful devel op
devel opment and i ntegrationi nafl udmargy btod
measurement/ processing/telemetry har dwar e

probabilistic predictive model i ng capabil i
uncertainty in these predictionsc Dama@d upeck
unl ess the future | oading and operational p

StrudOttouaialbewsn teeigti oni odgn fiurtawrme ntoaadnd st
perforamadeé¢ resi dual servi cenulmefra caf B hewulse
technol ogy and hihssompiocali oexpdér itehreceDP pr oc
Level 3: Structural iPertfo€ maleee Li fe Predict
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The DP problem starts by first asking five

T What are the damage cases of concern and
cases?

What f Wtiwmrge clomali ti ons will the structure

What techniques should be used to asses
SHM i mpl emented) ?

What type of model s wil/ be used to pred
What i s t pa ogmaolsicsf? t he
For each potenti al failure mode, the | oadi
coaliemstcoe some observable damage and its subs
general <categories.
1) Conti nuoluesv ¢ lowleo ogpiem pa nomeanei r onment al | oa
over | ong periods of ti me, vet | t hpi owl It yc

t hought to cause rapid damage propagati on.

2) Predictabl e AMithougthe t e eomdl snigesrp ¢ cefal ddwwwae b hl
some accuracy, the severity of each event
within some range that can be defined bas:eé

3y Unpredictabl enddinseovmetaemdepo®nstss bly severe |
systempraetdi ct abl e ti mes. Many natur al pher
and hurri camensa dees hvaezlalr dsss associ ated with
produce such unpredictable discrete event s

After identifying the tympeandftdemhgaditmat
potentiahkeyioantusel defects to evolve into d
i nto failure,t o tdeitsertnmienne iwrhpiocrht atnetc hni ques s

assessment

A final guesedoastpabt ahsweke DP process i s
pr ognnPoesrihsalpes most obvious and desirable type
time remains until mai ntenance i s required

The meotihReédn be genegadh-ffadvenamedd dodds e d
met htchdbugh typically a combination of the two wil

As structur al heal th monitoring (SHM) t ecl
i ntegrated i nto dmageasnt eamg DeHhenDPve s baser
of model s that devel op behavioral predict.i

monitoring; SHM; past, current and anticip



conditions; t he original | odaedsiinggn aansds upteir @

environments; and previous component and sy
723 $1-1102/ ./ DpB# B3

The general component s FPifg @2 whPe rper otchees sp raorcee s
been divided into t-hedpwatdaodnsThded abDP apreo péy:
coll ecting asst emmucihnfiorimaitalonsyas possi bl e, i
t hat wer e performed during the system des
information that might be available.- This i
based numeribal smetdeins asf wel | as to develo
monitoring operational and environmental <co
As data become available from the sensing s

the plhygsed smodelad.onTgh ensie hd aotua fpats efdr ono dteh s @&
al so used to perform SHM where the existenc

guantified. Data from the operationad and e
based model sf dthane psestem Iltdhhedi ng. The out pu
SHM model , and tbhaes eudp dnaat deedl paryesiicrsput I nt o
estimates damage propagation and the remain
operati Aneky c¢comegonent of this process is t|
propagation as a function of future | oadin
avail able from a system that has experienc

gr owt h moedeblassecdanonb a regression analysis aj
physdsdiassed models can be developed for such p

A key pointFiigJuesst rtat ®etd vaaxri ous model s must
prognosis procesandMp-bgperdseporheodataf the
independent. Thi s-anamblagmetdiedns ofs pthhyes ikcesy di
attribute of a prognostic rather t han a he
process is iterative, relying on the assess|
predictions.

DP has the peespegtappl eogti on, amahlnliltosw succ
the structur al management to take measures [
in order to reduce the damage or repair the
fai Aear wi t Rr oSgHMebsd sHWaan a ghe( nPeHhtpbse e v e It mp € d )
Moni tor structur adtofeswtfuertey esntvaitruosninasndteasls ¢ o n ¢
structuralanpder# masnmtanices r emaiinTankge stehreviccoes tl
effective mai.ntenance measures



physics
based |

data
based

initial system
information: design,
test, maintenance,
operator ‘feel’

: [ future )
operational and .
environmental |—  loading
measurement Tredkl
system \ /
étmctul"al health ( structural
monitoring
measurement health
\_ system \ model
1 prognosis
] b e R model
¥
initial updated
physics physics
model model

estimate:

remaining
service life,

time to failure, or
time to maintenance

Figure 7.2 General components of a DP process.

7.33425#450%!, , 420 4) .

The

appropriate

i nv
Sys

T

structur al

entory

and

tem ar e:

he

rati

a l

ng

t h

dat abase

r at
and

wor ks.

ing system
analfyotri cead e chuitd roanr

The

funct.i

S

ons

condit

an

P

C

structur

o
n

i o

| €

compo

Coll ection and -lannael yisnifsoronfatti hoen hboabsteai ned
trials and vi bration measuof @rhé st si su ptome
preparation work for subsequent
Criticality and vulserammelmbely sr daisngyg
out pudtsa odcqui andi oel syanémstructur al
Coll ection ngndofprtohcee ssst ruct ur al

resul stsr ufcrhosinp a tetainmg n

Synthetic rati n2gsa@podahkdcawe raets udanp dmemt
and system | evel wi t h avpepirgohptrii mg ef d cetvoer| s
applicabl e;

Prioritization of rated structur al

of i nspection and maintenance acti vi

Aut omat i

perfor mancey ®tvearbh,patt onmel y;

For mat i

on

ca uatnodmast & nci
for obmeawndt ieovathuaat i aocquticsianiddmr usctysit &Im

i nformati on

of

updating

dat abases

generated i

and

and

ti

for systematic

n | tems

above.

e s

f orwardi

S



7.3.1 #2) 4) #12)4)9.-'] $5, %

Theritiraaliintgy modul e is customized to carr)
components based on five factors:

T CIiAlternative Load Pat h, which coul d be

the structur al componemtr riamgleanealt sanandgl
Finite El ement model s.
T C2i Strength Utilization Factor (SUF) , |

performance evaluation system.

1T C3IDesign and/ or Measured Faatguacgufsitm
sysaagsnt rupeufal mance evaluation system

1 C4i Def ect s, whi ch shoul d refer to the k |
recorded -ciomst hectasd records and/ or ma i
applicable) of the structure works.

The foThbMehgws the definitions, range and
and

Tabn2e hotwlse criticality ratings each range of

7.3.2 65, . %21 ")21)449-'/ $5, %

The vulnerability rating module is customi:
structure or structur al components based on

1) VAiDeterioirathi eohrepuadd ed in three conditions

VA1l refers to exposure or degree of prot
VA2 refers to |ikelihood of detection in
VA3 refers to |ikely influence on struct
Deterioration i n sttrsucntourrnaall |cyo nrcerfeetres ctoomptc
in the first | ayer of embedded steel reinf

2) VBiDamggevhi ch should be rated in three con

VBl refers to exposure to damage;

VB2 refers to | i kel i hionosdp eocft idoent;ecti on i n
VB3 refers to |ikely influence on struct
Damage normally refers to the potenti al ri

| oads.

3)y VCiwear which should be rated in three cond

VCl refers to relative wear per annum;



VC2 refers to |likelihood of detection in
VC3 refers to |likely influence on struct
Wear normally refers to articulation compc

Table 7.1 Critical factor (CF) default va lues and definitions

CF Definitic Range Poi n
N o 2
Cl Any alternat Yes, affect gl obal 1
Ye s, not af fect glokt O
Design Nor ma High: > 75% 2
Cc2 Live Loads Nor mal-7535 % 1
Utilizatio Low: < 35% 0
. . High: < 200 ye 2
Design Fati ¢
C3 , _ Nor mal : bB80Wegmnalt 1
Design Fat.i
Low: > 300 years o O
Known or di An repairabl e 2
defects but v o _
C4 Any, repairabl 1
enough to
None 0
perfor man
Catastrophic Co 2
C5 Failure Mode Partial Collap 1
Structur al Dam: O
Table 7.2 Criticality ratings
Scal e Criticality Range of cumul a€5% v
A Hi gh 810
B Medi um 57
C Lo w 2-4
D Not criti 0-1

The details of vulndabmBehWabn.edati ngs are gi

The first vulnerability ratings should be
structure construction.

Table 7.3 Vulnerabil ity factor (VF) default values and definitions

VF Definition Range Poi nts
VA. Deterioration
I nternal o 0
VA1l Exposure or Dec Parti al 0] 1

Extreme o 2




Li kel 0
Likelihood of o PRetly
VA 2 i . . Possi bl e 1
Superifriscgeadt i on _
Unl i kely 2
Lo w 0
Likely influenc _
VA 3 I ntearit Medi um 1
g y Hi g h 2
VB . Damage
No n e 0
VBl Exposure to Dan Medi um 1
Hi gh 2
Li kel 0
Likelihood of I R
VB 2 ) ) Possi bl e 1
Superficial I ns
No n e 2
Lo w 0
Likely I nfluenc i
VBsInte Cit Medi um 1
d Y Hi g h 2
VC. We ar
Lo w 0
VC1 Rel ati ve Wear F Medi um 1
Hi gh 2
Li kel 0
Likelihood of I ey
VC 2 ) . Medi um 1
Routine Mainter .
Unl i kely 2
Lo w 0
Likely i®Btruehnc )
VC 3 I ntearit Medi um 1
g y Hi g h 2
Table 7.4 Vulnerability ratings
Scal VMul ner abi l Range of cumul a3 j veBDb Bt
A Hi gh 19-2 4
B Medi um 13-1 8
C Lo w 7-1 2
D Nowvul ner a 0-6

7.3.33425#45H) ,$) 421 4) -1 $5, %
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relevanthedlrtuctdattdbase management system.
damag e

condition factor (SCF) of expressing
member s ar e:

SCLGogdno significant damage or defect;
SCkSati s,facmdtormoremabgad 6% déef dat ed

or number ;

SC3Marginal ,Sa%%stact0eroy of damaged

|l ength or number;

sur f

or d

SCaCritiega® to 50% of damaged or defectec

SCHhl nadequmthean 50% of damaged or
number .

Table 7.5 Structural condition factor (SCF) default values and definitions

SCF Extent of Defe Severity of Def Poitrs

New condition o
Goad ) L
SC1 _ _ _ significant effe¢0 Q.
no significant _
component (visua

Satisfactol Early detgaersi of at
SC 2 not more t han defect/ damage, 2. 4 .
sur face ar ea, functionality of

Mar gi nal Sati Moderate defect/
SC3 5% to 20% of d functi onal ictoympoofn 4. -6 .
area, | ength could be expt

. . Severe defect/ da
Critical ) )
of functionali i~
SC4 20% to 50% of 6. -8 .
component and/
area, | ength

failure/ coll

l nadeguate
. The structur at

SC5 morntéhan 50% of I '8.10.

functi onal or
areal/lengthl/

Table 7.6. Structural condition ratings

def ect e

S al e Structural con Rangeuarful ati ve

A Hi gh 8.10.0

B Medi um 5. 8. 0

C Lo w 226.0

D Not critica 0-2.5
The first structural condition ratings shou
and before opening. The r ewhuiildbhs ood!| Isecrtuecd ufr
I nspection I nventory, should be input into I



8 SHM SYSTEM MAINTENANCE

81" %. %2B#/ 0%

Inorder to ensure the safety, stability, rel
symfethe daily management, regular inspect.i

Daimaynagement scheme should cover the manag
coll ection stations, and monitoring centers
Fi g@8ite Regul ar inspection and maintenance sc¢
mai ntenance of response mecha&mciosnang nalc e ssmer
can be FfiogguwBrR.de Tmhe amecnoennttent shoul d i nclude wo
equi pment mai nt enancae ndand amrceet. e cTthiev enadcheawiearee
and report should be completed regularly an

-

( SHM system daily \

management 1.')]'0(2(355//

Working status inspection of
monitoring system

v

Working status inspection of
acquisition and transmission system

7*{ Report
Visual inspection

Management of operating

environment +
‘ Anomaly dispose

‘ Management of system safety [ Condition check after disposal ‘

'Mmm.'”}al Fill inspection and

disposition forms

Fill in the
record form to

i

< judge whether -y
the system is [ E— Anomaly
- ) ' 4 c "
normal or not. | dispose
]
I
I
)

procedures

Daily management
procedures

Records

. [ e —
\_arc}uved ) /

Figure 8.1 SHM system daily management process

Normal



/" SHM system regular inspection and \I
K maintenance scheme /

T

v

Inspection of display equipments

T

v

‘ Inspection of monitoring software

¥

‘ Inspection of data storage equipments

¥

Record the anomaly
information and report

v

Further inspection and
status analysis

Anomaly dispose

v

l Inspection of data acquisition system ‘

2

‘ Condition check after disposal ‘

Inspection of sensors and protective facilities ‘
v

‘ Inspection of the data transmission facilities ‘

Abnormal

Fill in the
record form to
judge whether
the system is
normal or not.

e

Normal (

Records

. -
\\amhned}

v

Fill inspection and
disposition forms

Figure 8.2 SHM system regular inspection and maintenance scheme

Theoll owing subsections will hi gthhisciegqlstor t he
system, data transmission system and data m
8.2 3%. 3/)230%#4!)./$="1).4%. ! . #%

8.2.1 3%. 3/)230 %#4) /

The sensor | naspppeeca ri aonnc elamgmhesuplieecstmaonnc e Thepect
sensor status should be checked regul arly,

prepared

accordingly.

For se@mpeoarance inspection, it i's suggeste
conducted by technicians with relative qual
carried out i f abnormal situations have bee
and uploaded to the SHM data management SY ¢
include the foll owing aspects
Check whether the sensor position meets
the position is misaligned due to extern
Check whertehearda dirt or unexpected items
may aff éepesanhsaoag conditions.



Check whether the sensor cover I s sealed
device is in proper condition.
Check whether Bhd sense@rwipemfiyvase.t
Check whether the sensor wires are in pr
aging signs.
For the sensor performance inspection, It s
status inspection.

The physichkeckgrepeutdg cover the following a

Check whether sensor internal components
Check whether sensor connections and cha
Check the high and | ow voltageepdmoamaker s
sure the sensor and sensing device opera
The working statutshfeohéoki sgoakgerchs!| ude

Sensor accuracy check. The ratio of maxi
measurement range sdowul sipeoitf iexzteieadns he
Sensor | inearity check.-outhputdeoh arta otne roif s
from the ideatitplut nelaar aotpeaiti stic curve s
specified by the sensor technical specif
Sensoreshysstemeck. The deviati on of t he
characteristic curves shoul d not exceec
specifications.

Sensor repeatability check. Repeatabildi
specified inftbetsensor spec

Sensor sensitivity check. Sensitivity er

the sensor specifications.

8223%. 3/-21).4%. ! . #%

The proper working environment should be gu.
temperatury raamamdgé,umilde tproper magnetic field

and no strong acid and al kali corrosi on.
For the sensor i n speci al working environm
temperature, strong nmaglnwettiiand iarlea sr,ecguicr.ed j

such as:

For the sensors operating in dfthghbht empe
temperature resistance should be selecte



devices should be utilized.

For sensors operating in dusty and humid
moi sture and dust proof.

I n corrosive environment, such as wet an
the sensor should be plastiandgpthgedeaso

high corrosion resistance and high air t

I n the electromagnetic field environmen:
strictly <checkeelde cttor oemmasgunreet iict si natnetrif er e n

Appraotpeg i protective measures should be take

variations. The internal dust within sensin
sensor cover should be wiped periodically.
guatreeend not to cause sensor functional fail
82302/ 4%#49%6H #%) . 4%. | . # %

When thesseas®peci al environment with prote
Sshould be inspected and maintained periodic
8.3$!4!42!.3-)3$%6’).#.%0%#4!)./$-.!).4%.!.#%
The inspection of data transmission device
ter minal equi pment , data transmission intert
medi um equi pment. The devi ce napymedardarnyce Thteo
of interconnected devices and transmission

net work should remain conmdecvtieed phopmédl yp.e T
unoded and unfhef corpreerda.t i ng eenmpwirrad umeen ta,n di .heu.
shouliaspaeotdetthe test | og should be accurate

I f the anomal ous conditions are uncovered,
and r eAfotrelredt he equi pmennt einsannai notpaeirnaetdi,o ntst
recorded.

84 4+ 1 1" %- BIBA4Y-30%H#4!). /S ). 4%. ! . #%

The operatingthdeavabasmeshoofd be a physicall
processing of dat abase management system
controll able devices Sgspeevbat dwanaet hodi ge
be protected from physical modi fications by



For the consideration of safety control, t h
users ge dmatnhaabase system. Administrators sh
and efficient management operations. Author
requirements of the system administrator's
desyrthe database management system, and sh:
procedur es. The dat abase management syster
configuration of the system administrator,

I f the sywdebmggenggi pepocess, t hel ydeasttaebda saef tseh
debugging process is completed. During the
backed up and restored.

For regul ar dat abase mai mttesn amnttey !l dt hkee f od
Di fferent data backup plans for different arfg
the database and eldopg rfad klsy sthgmil Tuh ebter dtacrk s
grant different opeaeshbtaisemalonprétuireaguetd nutad t

appropriately adjusted when necessary. The
system running status and deter mine whether
state. The systemddemiarbil ot rtaoct om e osrhgoaunlidz e an

dat abase when necessary



APPENDIX A. SHMS FOR SOME MAJOR
STRUCTURES
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The integrated SHM sysctoenns tfrourc th roind gnmeesn iitrmocrli L

service monitoring.

I n general, the bridge with following
peri od:

The bridge should be monitored if

f eat u

Large temporarydéddlamengantdebuwiolntstomucai on

Compl ex loading conditions on the
constructi on;

Ma s s concrete structur e;

whol e

Largef apprée cated components ofr bridges
environmennutcahl afsactteomrpsersat ure changes,

sunlight.

An i mporttahmasbsiydggem transformati on

A bridge is sensitive to and with

strict

A bridge Ds beeagquwiniegdred by the constr ucd

provi sions.

The bridge with following featsersi ¢a
The bridge i s an especially significant
The bridge Iis ageimpth aumpontegdabroder
The bridge is a continuous bridge
The bridgset aywed ktraibdge with a main
The bridge Iis a suspension bridge
The bri dghkriidgeaeanwiatrlc ha main span over
The bridgeoirmpastempghtexe or in compl ex

B engige



The recommended monitoring contents of wvari
TabAlspeci fically forTabARS b rsuecrnvi iocne pphtlaassee , afnc
by some descriptions.

Foundationi sethéemehtection of | oading effe
the following conditions:

t he strucitsurtarlanssyfsoorectmed during construct.i
piers of continuous girder bri-dgagedarct
bridges or suspension bridges and towers

peri od;

t he abut ments -ofgereadi |l wayp g i @fgetsi gthoul d b

Table A.1 Monitoring contents during the bridge construction phase

Def or ma Environmen
monitor monitor.
Found Stra 4 .
settl] < = |monit ®
moni t ® ° s 3 it
- — 5 o ~
_ N o @ >
o - o
(@] [a}]
Si mply s ~ ~ ~ ~
beam br a a e a e a e
Arch br a a a, a 3 a 3
Cabdteaye 5 5 y 5 5 5
bridge E
sSsuspensi t a a y a a a 3
Note: aa: targets should be monitored; y: target
monitored. The horizont al di spl acement should b
Table A.2 Monitoring contents during the br idge in -service phase
T Def or me Environ :' 0
o ; wn O c
c monito| J |effect n o < |ag
3 - — 3 3 .
O: _| — o ©
5 o < T ) o S"D” . )
o o - _. 3 |o =
- C_I: - S g _g — o L -
—_ - _ S —* (@) [P J—
SO _ N 3 a 2 =) - 2 o 5
- > ~ = N o © - D
Si mpl
suppo ~ ~ ~ ~ ~
a a a a a
veam Y 2 y y | Y
brid:i
Arch t v a y a a a y a y y




Cabl ¢
staye Y a Yy a a a Yy a Yy Yy
bri dg
susper 3 y |alalaly]| s vy | v

bri dg

Not etardget s shoul-d ab g esusgndaer setreed ; t o/~tbaer gneda rsi tcoarne db;
monitored. Traffic monitoring means transportat

Deformati on amomsi tmomiingri ng, defl ection mon
moni tomouwmlgd be includedThemnfgallomwingi omst ishn
considered:

when constructing a tower with a height

greater than 15m, the |l evel and vertical
the horizont al and vertical d eofud rdmabtei o n
monitored,;

t he mechanical operation on the bridge t
be avoided during the deformation monito
the effect of sunlight and solar radiat:i
process eamsgicthi e et temperature variatio
cantilever construction;

famoni toring frequency, the deformation n
continuously during the conversion proc
seadagdwmrecmygstructi on, or at | east two ti me

and 100% of the whole structur e.

The-séenvice deformation monitoring shal/l i n
di spl acement and inclinati qoro.si Thenesed onmime
di spl acemespaaf fbe mrdh bridge, vertical h
the arch foot, and vertical di spl acement of
cabslteayed bridge, ptheetmemthorfi 2det alowagirs anc
of key position of each span; for suspensio
of the main cable, and horizont al di spl acen
di spl acemevretr, ofandheetovi cal di spl acement of
expansion joint. The monitoring frequency s
characteristics of the bridge structure but
Mor edavheer ,especially i mportant bridge shoul d

I n t esrtmrsaionf mo ntihteormomg t ori ng target shoul d |

such as booms or slings, stay cabl es, mai n
changesngduonstructi on, key positions refl ec
in the hand, ande gampil ex tlloe amomwinsori ng fr

system shall be monitored continuousiownw duri



of
| ea

the segment construction. The overall po
st once at | oads increased by 50% and 10

Theseéenvice strain monitoring position shoul

c ha
reg
cab
me a
ste
str

Con
mo n
cor

racter ii gltgiecs Tonfe tsthe abm monitoring of cab

ulations: (1) the maximum cable stress st
l e with the | owest safety factor shoul d
figripoints should includsepapstandamj ddowp s
el structure bridges, the fatigue monito
ess and steel temperature.

sidering t he i mportandéemvi rominegnd abncef
itonchgdes wind, temperatur e, humi dity a
rosion, r asihmfadlslo &red momo gioo re d.

For wind monitori-inmdudeéedc mwe nngo msnaed mva andu r
be mged at the main span deck and the to
any direction. Iimaduweand rasigplo neiends houl d
corresponding warning values in combinat

The measuring pei anmd dfumi edmpegr athoul d be
deck, steel box girder, cable tower and |
temperature and humidity variations are ¢
to temperature andpahwmmiedietrys. sMamnil tdo rii maog
temperatur e, owtlaitd e etahhel ndi tdrs ut ayteu r e . The
monitoring results should be compared wi
resul ts.

The measuring points ioofn eraerstphognusaeck emoann dt osr
be placed in a relativelgucd¢hxadgapbeidtian
top of the bridge cap, the root of the t

For wsahblyed bridges, the eairmafal lgavgr ka
pl aced at the bridge dechk aamd vtilbe att o @ no fi
anal ysi s. At the same ti me, it shoul d |
environment al monitoring equipment such
shoul dt ireail nufdael | intensity.

Scouring monitoring is required in the f
rate Is greater than the results esti mat
depth has reached thiengealisggah evdeasedar vah
(1rii) the construction work has changed t

rul e of the stumgyetod ekt elrtmiinse alhseo ar ea wl
rate or the s cmobuarsiendge odne pitilt ei se | leanreq e mo d
Monitoring parametshsesuhdtudeoscomondept h
and water | evel



Theynamic respodsei mgsneirtiveirciengphase shoul d t.
the dynamic chararcitteariisntg ctsartgetts mniehye iCfTmcec |l u
frequency, vibration mode and damping ratio

Theupport froeaet ischmul d be monitored, or ecce
should be arcahgmd boirdgesgl éurivede sb,r if doguensd,a
t hat are prone twespaewvebtrudgiesg,wiamdnlegragi ve
monitoring targets should include téared bear.
the | ateral inclination of the bridge.

Thteraffic condishioonhdmodetbrahfic fl ow, vehic
vehicle speed and headway swiptalti hgr gdotr afthfe
comparati ve analnyamisc orfe sgptoantsiec arnydhadany ¢ t r &
should beTberriaedgeowtf. the dynamic weighing
according ton ehlebcil @gé oladmand the esti mat e
while the | aneewidlle amhdditeb acsoenss dewladhi c The
wei ghing monitoring system should record d
hardware and software intefMhacemsmacfurohpbernsy
Sshould be | aofd tome trheaei rselntiidge with | ess vi
and the camera shoul d dbe esbhDomdd hesd fedl ttloe
i ncoming vehicle.

My 998! -0 108 ( -3934% 2"2) $" Wl /. '+ .

The following fHMusgstembusdephbgetthenSt he -
Kap Shui Mun Bridge, the Ting Kau Bridge,
Stonecutters BrTihdeg enoidrul Hhan g okhacregp.t has been
the SHM systems that sarremcguwrrpds eed ntdd tmomi taa

degradation as it occurs rather than to det
of the devised SHM systems is compogedeof ¢
Al

T The Tsing MaFBghRgei,s s@esungpensiecrksbridg

carry both road and rail traffic. The ma
in 1997. The SHM system for Tsing Ma Bri
span in Ma Wan side considering the sym

adopt elshsa df idlag a management system.

T The Kap Shui MEiIng B8 € d gesat acyaebdl relgr i dge. Tot
l ength is 750 m 43@ mhewhionlyeiss cspramyi g
traffic and opened in 1997.

T The Ting KauFBgékdges, a-s 8 We p-g ma h tsctaabyl eed
bridge with two main spans and two side
which is opened in 1998.



T The HKomgpbhenzhen Western €ogAbdsrabcabdbe,
stayed bridge, which is 5500m | ong with
T The St onec(Ftitgeh,® sb raisdcgaeg,ed br i dge. The t
1,596 m and the | ongest span is 1,018 m.
for the Stonecutters bridge consists of

heavily dnbtrdogente the worl d. sirhied M s
uses a data repository system togeter wi
/ Wind and structural health monitoring system (WASHMS) \
'S
Module 2 Module 3
£ data acquisition and data processing and
2 % transmission system control system
>
2cq Module 5
228 structural health data
§ §§ management system
0 =
£ .% Module 4
£ Module 1 structural health
sensory system evaluation system
- /
( Analytical models:
. y i Bridge data & information:
* Finite element models A . .
» Surrogate models « Bridge design criteria
- T * Bridge monitoring criteria
\ * As-built bridge records
} * Bridge inspection &
Measurement quantities: \ Monitoring reports: maintenancs records
* Environmental status * Instant display reports ‘|
* Traffic loads * Detailed reports e :
* Bridge characteristics  Special reports
» Bridge responses ) * Bridge rating reports
~ System inspection —— Data & information transmission — — = Updating of data & information

Figure A.1 Modular architecture of SHM systems for bridges in Hong Kong



Tsing Yi

/ Anchorage

.......

Total No. of Sensors = 282

/A Anemometers (6)
@ Accelerometers (19)
3¢ Temperature Sensors (115)
e» Weldable Strain Gauges (110)
(@ Global Positioning Systems (14)
<«— Displacement Transducers (2)
< Level Sensing Stations (10)
#» Dynamic weigh-in-motion stations (6)
9 Data Acquisition Outstations (3)

Total No. of Sensors =272

A Anemometers (2)
@ Servo-type accelerometers (3)
Temperature sensors (224)
e» Dynamic strain gauges (30)
(O Global Positioning Systems (6)
<«— Displacement transducers (2)

< Level sensing stations (5)
=9 Data acquisition stations (2)

Figure A.3 Monitoring systems on Kap Shui Mun Bridge in Hong Kong



Tsing Yi Tower

Total No. of Sensors =232

A Anemometers (7)

@ Servo-type accelerometers (45)
¢ Temperature sensors (83)

@» Dynamic strain gauges (88)

(A Global Positioning Systems (7)
<«— Displacement transducers (2)
(=3 Data acquisition stations (3)

Ting Kau Tower

Figure A.4 Monitoring system on Ting Kau Bridge i n Hong Kong

Total No. of Sensors = 425

/A Anemometers (8)
€ Servo-type accelerometers (44)
3¢ Temperature sensors (118)
e» Dynamic strain gauges (212)
¢» Corrosion cells (24)
<«— Displacement transducers (4)
“. Barometers (3), Rainfall gauges (3)
& Hygrometers (3)
* D> Digital video cameras (6)
3 Data acquisition stations (3)

Shenzhen, China

L

Figure A.5 Monitoring system on Western Corridor Bridge

110



Total No. of Sensors = 1505

/\  Anemometers (24)
@ Fixed servo-type accelerometers (58)
3¢ Temperature sensors (388)
@ Dynamic strain gauges (678)
<~ Static strain gauges (158)
(O Global positioning systems (20)
2 Buffer sensors (18)
o Bearingsensors (12)
Electro-magnetic sensors (32)
¢» Corrosion cells (33)
<«— Displacement transducers (4)
. Barometers, rainfall gauges & hygrometers (28)
> Digital video cameras (18)
wiM Dynamic weigh-in-motion stations (4)

Figure A.6 Monitoring system on Stonecutters Bridge in Hong Kong
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Sutong Yangtze River Hi ghwaystBryiedlgebriisdgtehe
secondary navigable span bridge witihgiadl eng

frame bridge in the word. Moni toring of th
performed by usi ngautghee FB& ed opeadr |amd t he
monitoring method. The secondgdmyssatdi gamice
cotinuofisamegbox gFirgdsede. bt t dgenaf{ nwaplileerd i s
rectangul ar holl ow reinfotbedbcodgeetechies
twoway six | asesti Omeo€érose girder is a sing

widths of upper plate and bottom plate are
the end of girder is 15 m.

Nantong Suzhou

548m
160m 268m 140m

45m

B T, o Y R e —
: Port dedicated channel ;‘7 :
1 220m = |
[ towlvenionl oy | |

%1_1,50", == 1.000m

Highest water level

ZZzZ Lowest water level /Z7% 77



(aBl.evation view

(b) Bridge ove (c). FE anal

Figure A.7 Sutong secondary navigable span bridge
Finite el ement model i ng amd datrca legdei sr mif n e ht
critical areas for distributed monitoring.
ANSYS soFRitgomuair@) .( The el ement type of the mo
total el ement number is 548. The elasticity
N/ mfm 250%) lko/dmépect iemedlsy.ofTwohe bridge are
Figar@ei |l l ustrates the stress dwasitghtoutCmoaclo
and ovellatgendefare two typical probl ems o
analysis results indicate that the upper pl
is easy to crack and the bottom plate at t
ovegé adefl ection. Thus, those areagaage det

FBG sensor network are ing$t glhBedTyomi ctahlo sset re
responses measured during the ambient vibra
Fi gABe in whi dhlntgotgalulge FBG sensors are useo/

The sampling rate of employEdgaB@asnedh¥sors w
illustratgatutgpiacal tioeg hi stories measured |
during the ambient vibratidomds ET&6s2p ¢éarigestky
The deformation distributions of tFheguspan a
Al @ a)n(dds)hdawe cal cul ated deformation ti me hi s

as shéwgail g aajndb) I't i s seen that the maxi mu
di spl acement -LR2m69hwmaat. eldemm.arTehe def or mati o
of the span is small breiciuBiec Kihreg rupm i tdh & r dair

values of alal odegf 6 hma tsipaams a't the same tim
def ormati on Fd¢d ym.Ltlipd optlso tttheed . bri dge def,or mati o
tc,antdmar kdd gidhe It i s seen that the5md@Bmum
mm,7. 366 mmh0.anhd tmmaatdrespectivel y, but al |
def ormations appear isedrhet hmatddtl ee ode ftdirematpi
of the Sutong secondary navigable span bri dc¢
gauge strains, whiehowmbaiti pmoviodebvéaldge eng
mai ntenance and mdgagement of this br
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Figure A.8 Sensor layout
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Figure A.9 Typical long - gauge strain measurements and their spectra

20+¢ : 2 20
wW
=
10 1 — 10-
©
o 4 b of |
-10*- e e r e E -10 1 3 e e
0 100 200 300 400 500 0 100 200 300 400 500
[ i3
(a) Sensor il: (b) Sensorij2:
1 1
1 E 1
10: : : : et i S . . . .
"\/ = 10 S
£
1 | 1 © 1 | :
1 1 1 E_ 1 1 1
1 1 1 0 1 1 1
-10}- H . A -10F H T
1 I I o 1 H H
1 1 1 - ] 1 1
1 1 E
ookt RS L § 20 : ’ ; ; ‘
0 100 200 300 400 500 % 0 * 100 200 800 400 500
Time(s) Time(s)

(cSensor 1: di sp (d) Sensor 2: di



Ot
da
| o
wa
re
pr
i n

A.l
fr
i d
t h
Wi
ag
s h

Figure A.10 Typical long gauge strain and displacement time histories
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Figure A.11The bridge deformation shapes

her than deformation distribution calcul a
mpt atgi ®t rain mode shapes and displacement
nNg gauge strain measurements tAo prafclte ctal s
yidentify mobdgl spampametpercki ng the peaks

spfomseti ons (FRFs) in modal thpadaeins i procp
oceasyi $ os opetrhbaotr dighee engi neer s without exp
engineering practices. |Its procedure 1is

Step 1: m#Memsudgnamic strain data by pertf

with |l ong gauge FBG sensor s;

Step 2: Estimate strain FRFs from measur
cross correlation function betweea strai
reference channel, then performs- Fast F

correlation function to generate strain

Step 3: Pick the peaks of the strain FRF
mode to generate a preaikn vrad dlee snad péa x; t o

Step 4: Cal cul ate the displacement mo d e
shapes.

e first and second frequenci esr eosfpdchtei Sallt
entified from the speatma ofmn tthe me &3 Wr ¢ &
gWAr.® Picking up the peak values of al | S
equency, the | ong gauge st FaghALlBrodgeursehape
Ja)llustrate the strain mode shape in the
om the FE imddaol pdmaltyedi § or comparison. On
entified, the displacement mode ssameg can
e modified conjugate beam method. The cal
th the FE anal yBiighir&bpullt s ssepl ohbedt he)
reements. Therefore, not only the strain
acpaéne i dent i f-geaeuwgd rsotnt diosngmeasur ement s.
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Figure A.12 The process of identifying long gauge strain mode shapes
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Figure A.13Identified strain and displacement mode shapes

I n summaryaugdeFBGngensor with high perfor m;

merit to reveal not only | ocal butgaallgeeo gl ¢
FBG sbased moynstemi hgs sbeen designed and p
secondary navigabl e span bridge. Def or mat i
calculated fromThbesheasuded osmatai ns. i nduce
has al so been montshatertelde peak svdlowe of t he
general ambient | oads is 15 bmm.dgMo rheaowee ra |l sm
identified from the | ong gauge strain measu
I

n parytismliladement mode shapes have also be
train mode shapes by wusing the modified co
ong gauge FB-Gusenhsonals mul ti

- O



'vi 3 ( -3934%&324! ,'5), $)L.'$8) ' @) 3%
3425#452 %3
I'\a Vol . )47 202). #)0, $%B/ . 4%. 43

Tal | buil dirngse @sndubtghes with foll owing
monitored during the construction period.

The stswhicthra&r e lodiaibd0 anbeotveeres birc aahoster vc
components have signifjcant compressive

Tall bui |l driinsges satnrdu chtiuwgrhes wi th | ar;ge t emp
Tal | buil diinges @athrdu dtiwgrhes, whi ch has com
no mgt oeoarl Ilyocal | y;

Mass concrete structures which woul d
variations, such as temperatur e;
Structurelsowgmpmhosemptes or speci al Cross

The tal $anbduifidgédngstvhoseunineaternal force
significantly affected by constructing

Tal | bui |l driingges satnrdu chti grhes wi t h ri gorous
andsgpl acement ;

Tal | buil dirnigsse antdr ubht ghes whi ch ar e
construction wor ks

Tal | bsua nl tddiignihgs e starmegureed to be monit
construction documents or other provisio

The talsorbuhiiglengtructures wr®ilgdgfeositleodwi th@

monitor eeg edwriicreg piemr i od.

Tall bui |l driingges satnrdu chtigrhes over 300 meter s
Tall bui |l driinsges satnrdu chtiuwgrhes whose f i nal
designedideaf dumat o construction process,;
Tall bui |l driingges satnrdu chti grhes wi t h sei smic
Tal | buil dirngse a&asnd ubt ghes whi ch ar e

def ormati on;

Tal | bsa infdidg mge sdmeeqtuu meanittoomwed duri ng

period by the design documents or other



Table A.3 Construction monitoring targets of tall buildings and high -rise

structures
Deform Environ
Found{ Monito effect MEeExcav{Found:
Str a — m )
sett| I , o suppo pit
< o}
_ o o monit| s . ,
monit{ Z = = |3 | - |monit{monit:
— N o 2 >
Tal | - - - v - - - -
. a a a a a a a a
buil ¢
Hi gh N - - - - - - -
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l nnovative structur al heal t h eval uati on
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Figure A .14 Integrated in -construction and in  -service monitoring system for

Canton Tower

Table A .5 Sensor deployed on Canton Tower for in -construction and in  -service
monitoring
N o Type of se MonitoringNsuemr?seclfzznzl
Temperatur e,
1 Weat her st , 1 1
air press
2 Anemomete Wind speed, 2 50
3 Wind pressu Wi nd pres: 24 50
4 Accel er ome Accel erat 22 50
5 Sei smogra Earthquake g 1 100
6 Vi bration v Strain and 404 1
7 Ther momet Temperatur e 136 1/ 60
8 Optical fibe Dynamic st 144 50
Optical fibe
9 Temperatur e 56 50
sensor
10 GPS Di spl acem 2 10
11 Digital cam Di spl acem 3 60
12 Laser plur I nclinat.i 1 50
13 Optical fib Il nclinat:i 2 50
14 Corrosion Corrosion of 2 - -
15 Total sta Levelling 1 - -
16 Theodol it El evati ol 2 - -
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EISEY 35 Temperature sensor (8)
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Temperature sensor (8)
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173.;
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L
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Sub-station (1)
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Temperature sensor (8)
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121.2
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Strain gauges (12); Accelerometer (2): | ,,,
Sub-station (1)

GPS; Digital video (3) ; Substation (1) i
Seismograph (1)

Figure A .15 Sensing system configuration

3 ‘ Temperature sensor (8)
Vibration wire strain gauges (16)
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As s hdeigureAilhh a fi ber optic sensing system ba:
has been i mplemented on the steel outer str.
provi deerlngtnigmealstrain and temperature monit
towerricoenp 120 FBG sehigue As7( aAd iivlel g torugptse o fi
sensors are deployed to monitbBachhgr owp eof s
24 sensors is -hBGasngreslon narnr dyur Bour of th
for dynamic strain measurement . Li kewi se, a
on the ant ennkBkguedsd7 bg sT hseh mamn einma mas+4 i s we
tube columns of the innetubtrootumes awe Ise
i nstrumentatimnsewigdr sc.BGOmse rias bel otw btehe we
columns between the inner structure and ant
l ine. At each Il evel, 32 FBG straintsbpsors
col umns rwistetmsfoos each. On each col umn, t ow
l ongitudinally at t wtouboep poslidtmn.si Sliemi loafr Ityh e
tangent to the surface. At the upper | evel,

t hef saaweas of thdeeicphtumntseeni th one sensor at
64 FBG strain sensors and 16 FBG temperatur
Both the FBG strain and temperaturetsieddnesor s
environment outside the tower.-mAdlithit bk BEBS&OS
stainless steel to protect-téehmmr élrioabihlaindy .
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Figure A .16 Wireless transmission system
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Figure A .17 FBG sensors for dynamic strain and temperature monitoring
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Figure A .21 Measured acceleration responses during Tohoku Earthquake
(11 March 2011).
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The saafyge spati al strucdmparsr gteineuladt ¢d i anlce
grid strucispraea wi itdr |sasurigeiye, which provide

structur al solutammi n@ Itdregerwril retme rorf u pstpe d
of reticulated spherical domes has been gen
sl ender members, and more and more partial!]l

me mber s .

The actaregnesaloen slpati al structures can be div
|l oad, temperature | oad, ground movement, Vi
commonly us®dalfeorspatrigelr structures include
miidsd eel , stainless steel or all oy-edatédmint
textil e rabteeeriinaflo,r caendd pl ast i c.

The ssamnfgge spatial structures can be cl assi f

Form active syst emst,enstucsht rausc tcuarbd se, spmreuwcn
and arch structures.

Vector active systems, such as flat trus:
Section active system, such as beam stru
Surface actiwveplsygtse egnt, r satcthhr @as, f ol ded st
The saaye spatial structures with foll owing

construction period.

The grid ststuotyreedbrcmbbhted shelils struc
over 100m.

The single story reticulated shell struc
The -$pag complex structure, whose | onges:
The steel structure with a cantilever ov
Ul thriagh, oV e rrsweaing fto,r mmomr ky stuggmpowi t h a hei
or a span over 18 m, or a t o@QWEIl ocomstruc
concentrated | i nd&adrsmooualdd obfe moo nei ttohraend .15
The structure iIs required to be eonitore

provisions.



The saagge spati al structures with foll owincg
operational period.

The grid ststtotwreevbrcmbbhted shell struc
over 120m.
The single st orty urcdtuircewsl, atwehd sehdlolngest s

The steel structure with a cantilever ov
Ul thriagh, oV e rsweaing ftor mMwomg support system
or a span over 18m, or a toBAI ocomstr uc
contceated | inear | oad of more than 15KkN/
The structure is required to be monitor e

provisions.

The monitoring targets fesrerwomet rmiocntiitoonr i ma
gui ded bwi hdylel6d nMa b l.7e A

1) Foundation settlement monitoring

The foundation setttdreamknd ursihrogu!l dh e eumomadi
statically indeterminate structure.

I n the settl ement monitoring, the working b
measurement points of the settlementesghoul d
points of settl ement shoul d be <consistent
di spl acement monitoring.

2y Def ormati on monitoring

Deformation monitoring during construction

center axis offbodetwebdri ghe i gheséncaend | 0\
di fference between adjacent supports, axis
tilt deformation monitoring. When the spat.i
main span sboettd Ber mbhetspan no more than
can be placed in the mid span. For the span
and quarter span should be monitored. AboL

monitoringtosbsuggested out continuously du
the deformation monitoring should be condu
increased by 50% and 100% of the whole stru

Forsemvice monitoring, bhhel eeeti sbatudebtoe ma
by monitoring the end deformation of the cal
structure, tent structure, pneumatic struct
can be moni tsogrne,d aantd tthhee nhiodr i zont al def or mai

supporting ends.

3y Strain monitoring



During the construction and installation pr ¢
stress parts, continuously celtbhet mteheumed:i
with the calculated results in time. Report
the measured resul ts and expected resul ts.
moni toring, t h el Svmail nusa bd fet edrantgma githso k@ wrae t o
structure in a stable condition before rea
necessary. When monitoring the tent sur fac
monitoring phase shoul d beucdteitoenr np rnoecde sasc.c oAl
monitoring frequency, the strain monitoring
during the construction period. Or the def ol
two times when the | oad% icf itnlce emls@lde byt r5uW
monitoring frequency should increase during
4) Wi nd monitoring
The wind pressure on tent or pneumatic stru
Table A .6 Construction monitoring targets of large -scale spatial structures
Defor nm Environ
: effec
moni t g .
Found:; moni Lo Suppo
sett | T St_ra — < |displ a
, < o moni t LI .
monit| o ° 2|3 monito
-2 N
- N Q 2 ®
Grid st y a 3 y 3 | Y | 3 3
Shell S y a 3 y 3 | Y | 3 a
Suspensi ~ N
strouct y a 3 a 3| Y |3 y
Tent [ p ~ .
strouct y a 3 a 3| Y |3 3
Cantil ~
strouct Y a | z y g | Y| 2 g
Tempor ¢
support 3 a 3 a 3 3 -
struct
The ot
Strouct y y | 2 y g | Y|z £
Not etadigets shoul-d abgemeniarer sdpgg¥saedets banmb

monitored.

Table A .7 In-service monitoring targets of large

-scale spatial structures
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struct
Tent
pneuma y a 2 y : Yy 3 2 |3
struct
Cant il ~
y a 2 Yy Yy 3 3 2
struct
The ot ~
y a 2 Yy Yy 3 3 2
struct

Not etardget s shoul-d abgemeniarersdggdsaedet s banmb
monitored.
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The New Headquarters of Shenzhen Stock Exch.
i s arihsghbuil ding withFiaghe=aQnhkt soafl i 208 nfi,e ad
NHSSE is its huge $héwgung At aBBomamsteel tr

assembled with a total of 14 sd emdinrtucwers
m al ong the | ong axis and 22 m along the sh
As a result, the huge floating platform has
a total height of 24 m,vemkshguctuoes bh th

I n view of the uniquenestsermf sthectiuoati hgap

( SHM) system has been designed and | mpl e me
Polytechnic University t o omiat or, t leenp esrte
di spl acement, and acceleration) of the cant

and service stages. The SHM systemadfor NHS
Sensory SystemD@¥%&8) AchNaodsei ei @n mandDAT&)n,s mi
ModubdPatBa Processing and CondDatla SMamntagre njeDP
System (DM®)St rMcdwlreal5 Heal th Evaluad®dion Sys
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|l nspection and Maintenance System (I MS). Th
i Riguké4 Ahe SS and DATS are | ocated in the ¢
are inside the monitoring cenm.er room, and

Figure A .23 Skeleton diagram of erection of floating platform
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Figure A. 24 Modular architecture of SHM system for NHSSE

Di stributed Strain Sensor Net wor ks

Af ter examining the | oadantmrywyined ec hanea htaer is
cantilever thésses t-oakcatNHEBHEsen key structur
cantilever trusses have been selected for s
the instrumented cross sections are alloca

bottom chords of four muUn andelTRBGgumalas t (
di agonal brra hi fdsooon twhe ch are bisymmetri c:

pl atfor m, aBi gu®Ré&Tshher ad el oiynme nt sections of
divided into four monitoring zones, that is
and northwest zone. E alcdhn srornu meorrteendd seeaastéi ocn
i nstrumented sewitrieonsthrasi @ gawbwgead. nhISs a r esL
wire strain gauges have been permanently 1in

I n this projewitrre adtls aéhmred gt be@arivomagglsl ar e pr o

by stainless steel covers which are screwed
sealed with a sealant to prevent water see
Figuké By these means, t hewisrug v tvradi m ad @&u gd

project reaches tovbbr@aBpaegent gi @ Qgatges wé
construction stage).

The sampling rawer é€osteach gabgati asagset as
process of dismantling the temporary suppor
nor mal service circumstianee. f 6t danermentadp!
signals frowl rtehestvridbirmtgaowgges are first tral
the structure through coaxial wires and the
thecamstructi on ebwislsdiwmag) tihm ocasgwi ra pair of
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wireless LAN-thirmed gmeosn)i tfoorri nrge ailn FcioghuwsPtE.uAct i on
By mgpiso, the sitm arien@miéi & wvmosnu & |dirtzesedd etlr heamaittne | y
construction monitoring and ctointheg omoniFtoar iir
system has played an i mportant role in instrHt
of the flaating platform

® Vibrating-wire strain gauge

““%g

Figure A .25 Deployment sections of strain gauges on floating platform

Figure A .26 Installation and protection of strain gauges
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Figure A .27 Wireless data acquisition and transmission system

I n this-yetaudy,f rtowmo 3 Apr i l 2010 to 3 April 2
the installed vibrating wire strain gauges
and saf eotny oefv alhueatfil oati ng pl awifpoemstifhenl ga
is denoted-Mad WIBXXANNXX represents the moni

pl atfor m, for i nstance, SE stands for the
pl atf oirgn;t NeN i nst rMuinse nttheed ssedndstpiud® Bh;UAnbetr at es
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Figure A .28 Tow -year monitoring of structural growth
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Table A .8 Gas concentration limit value and overrun treatment
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Table A.9 Safety monitoring item s for the lifecycle of Tunnel

Monitor
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A B C D
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I nternal forces of n a a
Il nternal forces of n 4 4
I nternal stidésns ngf s n 4 4
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Figure A.30 Xiamen Xiang ‘an subsea tunnel
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Table A.1 0 Safety monitoring

item s of Xiang "an subsea tunnel
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Contact pressur
surrounding roc
support
I nternal forces
Hydraulic press
l'ining
Contact pressur
support and sec
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and concrete
Table A.11Monitoring section s and monitoring items in the tunnel
; Monitoring item
Tunn No Mon':fGeologdmmH
sectl A B C D E F G H 1 3
1 |zK705( Soft rock a
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— Soft and h =
2 ZK715( Shallow I a
_ weat her ¢
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Figure A.32 Selected locations of monitoring items
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Some types of corrosion sensor are used to
monitoring i nd@tnhe ubiseemern uXinaeng as:

1) The OCMartrsdansompl bcboeensifsdesnodeneat hoovdemeand
reinforcememnbhbeceomoees i ane placed bota joi
known distance tocahkodengéspbatedansi nThae
Sshowki Bn3I &) TheW&obchoprobe i s mowinttlkedan n ¢
ERERO ref-erentcreo d e efacnrdc eemeent as os h B wAy.i N

(b)

v\E RE

ref g

Figure A .33 (a) Corro Watch on reinforcement , and (b) Corro Watch with ERE -
20 reference

2) Laddédrape el ect r oThhee mi-acbad p es ecnosrorrossi on sensoa
reference electrode, four pairs of cat hod
height s. Compared with t-Bhapemmensobal caans
i nst amidl iithyy omp ar alhe d a U yye off It &a hdpuwabdbdesa nadr e |
onteone correspondence with each other and
them are estabHRiugAldd, as shown in



























































































































