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1-failure based maintenance 2-preventive maintenance 3-predictive maintenance
4-proactive maintenance 5-condition based maintenance 6- Reliability-Centered Maintenance
7- Total Productive Maintenance 8- Emergency Maintenance 9- Breakdown Maintenance
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Reference
weights

Reference
weights

Strain
gauge

The setup for producing negative strain

Reference
weights

The setup for producing positive strain

the test setup for producing positive and negative strain values on the test specimen.
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(a)

Location of rocker Dedimgs
on which Resensys tilt
sensors are attached.

& Fonels of 2540 I56%5°

. Tea Shee! Noul3 far Faupef
Cantrel i ond Railing soocimg

Fixed

(a) schematic of the bridge per design sheets. (b) a magnified view of the section of the
bridge on which the SenSpot tilt sensor has been installed.



SensingDevice

I ObservationValue |- .

Sensing

mplements some -

observed By only ‘-.

(U

isProducedBy some * %

| SensorQOutput |' -7

1 is ProxyFor only
1

," Se Ehscn'cs onhy
A -"“-?'l Property |
-

= oL r
hasMeasurementCapability only ,
[

[

i
Y

Condition I |

- Entities describing sensors using the SSN ontology

inCondition only

MeasurementCapability |-
it hashcasurementProperty only

-)‘I MeasurementProperty |

l

| l

I Accuracy I

I Resolution \ | |

Monitoring-related information

SSN ontology

IFC object madel

Glabal monitoring-related imformation

Hardware
specifications:

Topology of the
sensor network:

Data storage:

Monitoring
strategies:

Nodes and
Server

Positions (x,3,Z
and story

Type of
darfabase

Seguence of
monitoring
{send-receiva)

ssn. System

ssn:Deployment
fssn:Platform)

[not available]

[not available]

[not available]

IfeRelConnectsElement

[element to which sensor
15 attached]

IfePropertyListValue

[not available]

Monitoring-related information

SSN ontology

IFC ohject maodel

Local monitoring-related mformation fabout the sensor/wireless sensor node)

Twpe of sensor:

Sensitivity:

Sampling rate:

Power range:

Measured values:

Processed
parameters:

Algorithm:

AALATL5 5L
Accelerometer

=2g, +Jg, +8g
Jor 8-bit AMode

I125H= /250 Hz

24V —-36VF

Acceleration [g]
List of numbears
fdoubliaf

AR-ARX
procedure

ssn:Sensor

ssn-Sensitivity
(ssn-AeasuremeaentProparity)

ssn:Fregquency
rssn-AeasurementProperiy)

ssn-OperatingPowerRange

ssn;Observation Value
rs50n: SensorCutpur)

[not available]

[not available]

IfcSensorTyvpeEnum

[mo defined entity]
(IfeRelDefinesByTvpe)

IfePropertvSingleValue
[to be specified]

IfePropertvSingleValue
[to be specified]

IfePropertySingleVaiue
[to be specified]
IfePropertyListValue

[not available]

[not available]
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+* Structural health monitoring system

+* Baseline finite element modeling

< Structural damage alarming

+* Data Analysis of GPS Monitoring System

+* Data Analysis of Wind Monitoring System

+* Data Analysis of Stress Monitoring System

SHM Involves:

»Health monitoring
» Operational Evaluation

»Data Feature Extraction
» Statistical Models Development

Objective of structural health monitoring

| Determination of damage existence I

Determination of damage’s geometric location

| Quantification of damage severity l

| Prediction of remaining life of the structure l




® Infrastructureis expected to provide:
e reliableservice for long periods of time,
e followingmajortechnology changes,

e spanningseveral generations and experiencing dramatic

evolutions

e Conventional cables

e High installation costs

e Vulnerable to ambient signal noise corruption
e Vulnerable to earthquake conditions

e Size and complexity of large structures require a

large number of sensing points to be installed.

® Develop Design-to-service Solutions
e Efficient Monitoring
e DSP strategies
e Evaluation Criteria

e Knowledge bases

® Develop Smart Control Units
e Real-time Feedback

® Centralized (or not)



e Wireless Sensors

» Accelerometers/Inclinometers etc
e Laser Scanning
e RFIDs
e Acoustic Emissions
e MEMS (Micro-Electro-Mechanical Systems)
e Increase of Computation capabilities

® Fiber technologies

Monitoring Metrics

Measure: Identify
¢ Acceleration é @:COrrosion
® Strain ?r )
) ® Cracking
e ClimaticConditions
e Curvature ® Strength
e Displacements e Tension
® load e Locationof
e Tilt/Slope rebar/delaminations
® Scour

® Wireless system architecture
® Integration technology for the sensors

e Software for the structural assessment

e Dramatically decrease the number of required strain
Sensors

e To assess the structural condition of each and every one
of the structural elements, as well as global stability
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Processing
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Traditional Integrated Sensors.
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Environment

Pt/ Sensors

Industrial _|

—{  SelectedBuilding |  peeg

. rarcss N1
FEM Analyses & HAZUS | _I i
Deployment Sirategy gt el |
Fragility
Functions

Data Acquisition & ]
Network Toolbox

; |
Building Health & ‘ | !
Post-Event Assessment | !

Offshore Platform

Intelligent Agent

Inference Engme

acceleromete
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Building Monitoring

[Sensor Highway

! Ral |

tracks

]
Kl

4 AE Sensors

Hu.ge Real-time
Weight Control
®

O
O 5

Characteristics of
Structural Control

= T
(o] o
@,

O
Frequency

® Develop Wireless Sensor Networks

e Reliable
e Energy aware

e Smart



WIND TURBINES

‘“‘?E‘; B PLC Wind Controller for
Process Parameter Access

Planetary Gears

Compaosite Blodes

« Signal Processing | |
» Feature Extraction
* \ib & AE Data Analysis
* Expert Fault Diagnostics (EFD)
* Trending & Process Data Correlation
* Repaorts
+ Data Backup
o e S Y m— =
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B B7 - Foundationl (Level)
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Types of wireless networks: 1) star, 2) net,

3) rail, 4) circle, 3) tree

i 'T — T ]
(A)
(B)
(©)

& '“:_'--:-':-::I_—-_-:}::* I _;_ ———
(D)

// [ 4% Rail 1
AS wsy W53 D51 W55 Rail 2
WS2 ws4 DS2 W56
AS- Activating Sensor DsS- Displacement Sensor
WS- Weighing Senor DP- Data Processing unit

BS- Bridge Sensor

A scheme of the bridge equipped with sensors
and data acquisition unit



Viscous Fluid Damper

Different kinds of Fluid Dampers Loop of Damping Force
and Displacement

Difficulties in SHM Using Smart Sensors and Approaches

Difficulty Approach

* The Imote2 sensor board, which has a
triaxial accelerometer, is employed.
The performance of the accelerometer
is compared with reference sensors.

» Sensor board customizability is
demonstrated.

Sensor hardware

* Model-based data aggregation is
proposed.

« DCS for SHM allows distributed data
processing, eliminating the need for
centrally collecting a large amount of
data.

Data aggregation

» Synchronized sensing middleware

Time synchronization Ea
service 18 proposed.

» Computational tasks are distributed by
employing model-based data

Limited computational capability aggregation and DCS for SHM.

* The Imote2 has a relatively fast
microprocessor as well as large RAM.

* Power consumption is kept moderate
by employing DCS for SHM and
model-based data aggregation.

Power *+ CPU clock frequency is switched,
depending on tasks to perform.

» Power harvesting is not addressed in
this research.




Desirable Characteristics and Approaches

Desirable characteristic

Approach

Scaluble resource aware system

Scalability

DCS for SHM and model-based data
aggregation offers scalabality.

Power awareness

RF and flash memory usage are kept
moderate through DCS for SHM and
model-based data aggregation, as well
as implementation ingenuity.

The homogeneous hardware
configuration of the network potentially
offers reassignment of roles based on
available power.

Bandwidth awareness

RF communication is managed by
manager node and cluster heads.
Reliable communication protocols,
which wait for longer mtervals in a
congested communication network, are
developed.

Memory awareness

SHM system is designed so that
requests for memory usage do not
exceed the currently available memory
gize of the Imote2, that 15 256 kB.

Computational power awareness

Computational tasks are distributed by
employmg DCS for SHM and model-
based data aggregation.
The frequency scalable processor on the
Imote2 is utilized to make efficient use
of computational power.

Modal operation

Smart sensors get ready to enter sleep
mode.

TinyOS that supports modal operation
1s employed.

Autonomous distributed
embedded computing

Model-based data aggregation

Model-based data aggregation 1s
proposed and implemented.

Collaborative distributed data
processing

DCS for SHM and model-based data
aggregation realize  collaborative,
distributed data processing.




Desirable characteristic

Approach

Autonomous initial configuration
and maintenance

Not realized in this repori.

Fault tolerant system

Message packet loss tolerance

Reliable communication protocols are
proposed.

MNode failure tolerance

The homogeneous hardware
configuration of the network potentially
addresses the node failure.

Byzantine error tolerance

Not realized in this report.

Desirable algorithmic
characteristics specific to SHM
Jor civil infrastructure

Multiscale information

Not realized in this repori.

Collaboration in local sensor
communities

DCS for SHM and model-based data
aggregation offers this collaboration.

Redundancy

DCS for SHM gives redundancy
through overlapping clusters.

Multiple functions

Baseline measurement and continuous
SHM ofa structure are implemented on
SMmart sensors.

Rare  event monitoring,  traffic
monitoring, local weather monitoring,
ele. are noi realized.

Desirable Characteristics and Approaches

Desirable characteristic

Approach

Desirable platform
characteristics specific toe SHM
Sor civil infrastructure

Appropriate sensor availability

The Imoie2 sensor board, which has a
triaxial accelerometer, is employed.
The performance of the accelerometer
is compared with reference sensors.
Sensor  board customizability s
demonstrated.

Sufficient RAM, flash memory,
and RF bandwidth

The Imote2 has relatively large RAM
and flash memory.

The Imote2 has a ZigBee-compliant RF
component. The throughput is larger
than RF components on other smart
smart sensor platforms such as Mica2.

Environmentally hardened

Not realized in this report.

Open-source OS and interface

TinyOS 1s employed.
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Detailed block diagram of the reliable unicast protocol for long data records.



Load Cell
Anemometer

Block Diagram

Accelerometer

Temperature Sensor

{a) Transmitter Side

_

{(b) Receiver Side

Wireless Variations

S ’@
Making

\

Assessment

SHM approach to bridge assessment and decision support.

Bridge monitoring sensors and measurement functionality.

:;:::;’Smsor Measurement/Functionality | Potential Purpose
Accelerometer 7ibration Modal analysis

Strain Gauge Surface or reinforcement strain | Strain/stress response
Anemometer Wind velocity/direction Wind load assessment
Tiltmeter Slope Pier settlement detection
Thermometers Temperature Thermal load assessment
GPS Receivers Displacement/motion Model validation, load rating

Sonar

Pier-tip elevation

Scour detection

Reference
Electrodes

Voltage potential of steel

Corrosion monitoring




SOUTH

NORTH

The Skyway Bridge structural health monitoring system

Sensor types. purpose and addressed risk or uncertainty

Sensor Tyvpe

Measurement

Purpose

Vibrating-wire
strain gauges

Local static strain

Concrete shninkage and creep (R1.01)
Correspondence with FEM (U1)

Local curvature

Loss of pre-stress, creep (R1)

Thermistors

Temperature

Concrete T during curing (01)
T induced deformations (U1.01)

Temperature gradient

Temperature mduced strain (R2. U1)

Linear Potentiome-

Joint and bearings movements

Stuck joints and bearings (B2)

ters Anomalous global movements (R2.U1)
Accelerometers Traffic induced vibrations Excessive vibrations (U2)
Dynamic amplification {U2)
Modal Frequencies Correspondence with analysis (U2)

Dynamic damping

Stuck jomnts and bearings (R2)
Anomalous global behavior (U1)

Corroston Sensors

Concrete resistivity

Water exchange in concrete deck (F.5)

Corrosion current

Corrosion of concrete deck rebars (B3)

Long-gauge fiber
optic sensors

Average strains

Detection of Cracks (R3)
Correspondence with analysis (U1)

Strain distribution

Temperature induced deformations cor-
respondence with analysis (U1)

Average Curvature
Deformed Shape

Loss of pre-stress. creep (R1)
Correspondence with analysis, settle-
ments (R4)

Dynanuc Strains, dynamic de-
formations, mode shapes

Anomalous global behavior (U2)

Topography

Deformed shape, global defor-
mations

Loss of pre-stress, creep (R1). settle-
ments (R4)




Long-gauge SOFO fiber  Vibrating Wire Strain Conc:lete humldlry and
optic sensor Gauge COITOSion Sensors

Accelerometer SOFO Fiber Optic Vibrating wire and tempera-
Sensor Datalogger ture sensors datalogger

Overview of sensors and data acquisition systems installed in the Bridge
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Block diagram of wireless structural health monitoring system
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Data acquisition Data
and transmission processing and

system analysis system

management
system

tructural hea
Sensory system evaluation

Q'UQF'I“

A 4

Decision-Making
and Management

Anemometer (G)
Accelerometer (19)
Temperature Sensor (115)
Sfrain Gauge (110)

GPS Rover Station (14)
Displacement Transducer (2)
Level Sensing Station (10)
Data Acquisition Qutstation (3)

Weigh-in-Motion (7)
By courtesy of HyD

Stanecutlers TaOWer
By courtesy of HyD

The Hong Kong Polytechnic University

Tsing ¥l Tower

B
Wy
S
-

“A Anemometers (24) |
<» Flxed Sero-Type Accelerometers (53)
a¢ Temperature Sensors (388)

— Dynamic Strain Sauges (67&)

4 Static Straln Gauges (158}

& Global Posltioning S ystems {20)
«—=Displacement Transducers (34)

BE Bufer Sensors {18)

8@ Bearing Sensors {12)

@ Electro-Magnetlc Sensors (32)

=% Barometers, Rainfall 3auges & Hygrometers (23]
= Corraslon Cels {33}

= Diglial video Cameras (18)
WIM Dynamic W eigh-In-Motlon Statlons {4)

Total Mo. of Sensors : 1505

Sensor layout of Stonecutters Bridge



Structural Health
Monitoring System

Mo Exceedance Input of Monitoring Index

Comparison of
Monitoring Paramete

Exceedance

Structural Health Structural Health ¥
Evalaution System Rating System

No Exceedance

Comparison of
valuation Paramete

Input of Evaluation Index

Exceedance
L2}
Bridge Inspection & Report of Overstressed or [— Structural Health Data
Maintenance Team Damaged Components Management System
i Inspecl‘junﬂail‘tenanr.a Results *

Flow Chart of SHM for Stonecutters Bridge By courtesy of HyD

Lu'pa:r."l Fin

= L

FBG sensor network



Sensors and sub-stations for in-construction monitoring

Sensors and sub-stations for in-service monitoring

Two-story-high
belt truss

Outer Tabe Inner Tube

Research Milestones

SHM-oriented finite element model of the bridge.

Predominating wind loading.
Predominating temperature loading.
Predominating highway loading.
Predominating railway loading.
Criticality and vulnerability analyses.
New bridge rating method.
SHM-based bridge rating system.



Road 'H.]]H:" | P g

Long-span Suspension Bridge under Railway, Highway, and Wind Loading

(1) Dynamic stress analysis of long suspension bridges
under multiple loading

(2) Fatigue assessment of multi-load suspension bridges
over design life

(3) Fatigue reliability analysis of multi-load suspension
bridges



Monitor Structure ]

o =2 Mo
= Damage ~
~—__ detected? _—
=i gl
. R l:‘j'“
Out of Service = eSS

Mo

0 o~ P,
—Is structure fault

Requires absolute — R
. i : B 7 —
confidence in detection “xmtfjerant;_,f’ ¥
method y \I’ i Location of damage
MNovelty of damage
Assessment or Diagnosis |« ty g
} Type of fault
- l Magnitude of fault
Damage Model a.and Prognosis \
Usage Information l :
A
[ Future Life Prediction
hysical quantity [Sensor Typical sensors used in structural monitoring

Linear variable differential transformer (LVDT)
Displacement Long gauge fibre optics

Optical

Laser

Piezoelectric accelerometer
Acceleration Capacitive accelerometer
Force balanced accelerometer
MEMS

Electrical resistance stram gauges

Strain Vibrating wire sensors

Bragg grating fibre optics

Long gauge fibre optics (Interferometry)

Electrical resistance load cells
Force Piezoelectric load cells

Electrical resistance thermometers
Temperature Thermocouples

Thermustors

Fibre optics based sensors
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Image capture Image processing Real-time visualization
Pulsed light
<[]
—» | BOTDR

Optical fiber

Scattered light power

Principle behind the BOTDR in which segments of the fibre
with different strains scatter light at different frequencies.

Input Signal Transmission Signal
- : . . o
il i —————

Reflected Signal -

5
/N |

Input Transmitted Reflected
spectrum spectrum spectrum

Scheme of a FBG, and ifs effect on the spectra
of transmitted and reflected light.
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Monitor Structure

detected?

Damage

Yes
Out of Service
: Is structure fault
Requires absolute tolerant?
confidence in detection ‘
method Location of damage
N Yes
L4
: : Novelty of damage
Assessment or Diagnosis |<
Type of fault
’ ' Magnitude of fault
Damage Model gnd Prognosis \
Usage Information
. v
Future Life Prediction
Data processing
° L]
25V |m=:'~
000000000000 0000000000000080 -;o;’.olnn;o.‘o.oioo;o;.o\oo‘;c;o
Data acquisition Data acquisition & processing

Centralized data acquisition approach.

Independent data processing approach.
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Sensor Networks
 Wireless vs. wired

» Advantages of wireless systems

— Scalable

— Ease of installation

— Portability
— Lower cost

* Challenges

— Potential signal loss
— Communication barriers

Steps in Damage Diagnosis

Collect data

=
==

Extract
features

Classify damage

Statistics Based
ARX
AR
GMM
Wavelet
Change point detection




' Determination of damage existence I

. =

l Determination of damage’s geometric location l

| |

Quantification of damage severity

(i o)
. B
————

Prediction of remaining life of the structure
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/ Film
§ Developer
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Dye Penetration Test Radiography Test



Transducer generates

Coil

- and receives Sound path
Flux Defect
Lines
Defect Generating / /
signal Receiving
Edd i o £
Carrent il J=-y
V Paths A — @
STl i (
J\_/f_/\_ —
Eddy Current Example
Eddy Current Test

Sensor

Stress or Other Stimulus

A 44D

Acoustic Emission Test

Thermal Infrared Test

Static-Based SHM

Based on the premise that damage will alter the static
properties of the structure.
—e.g. displacements, rotations

Considerable static deflection requires large amount of
static force

Vibration-Based SHM
» Based on the premise that damage will alter the dynamic
properties of the structure.

— e.g. structural response, frequencies, mode shapes, damping
or modal strain energy change



— Laser Displacement Sensors (LDS)
— Velocity Transducers

— Seismometers

— Piezoelectric Accelerometers

— Strain Gauges

Accelerometer (Acceleration)

Strain Gauge (Strain)



analytical or numerical

model
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\ Forward Problem (analytcaitumerical model exists a priori) 3
Time domain
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Sensors
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Damage detection
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Ultrasonic Sensor

Fibre Optics Laser Vibrometer

dDevelop Design-to-service Solutions

¢ Efficient Monitoring
¢ Digital Signal Processing strategies
¢ Evaluation Criteria

s Knowledge bases
dDevelop Smart Control Units

** Real-time Feedback

¢ Centralized (or not)



— Wireless Sensors

* Accelerometers/Inclinometers etc
— Laser Scanning

— RFIDs (Radio Frequency Identification)

— Acoustic Emissions

— MEMS (Micro-Electro-Mechanical Systems)
— Increase of Computation capabilities

— Fiber technologies

2 *
Satellite & ........................... .-

Vibration Source — ‘(/ﬂ

- e
[ 3 Telepresence
L "‘ :".‘ ",l ) b SCW“

Mobile Command Center




The deterioration of pre-stressed concrete structure

—> Creep
Wire breakage
|| Grout defect — Concentrated
Stress
| Fatigue >
Stressed
. Corrosion
| Salt damage »
T Hydrogenated
p Carbonation 5
brittle failure
Alkali silica
N response | Stiffness reduction
(ASR) due to

Frost damage o

defected cross section

Defects of pre-stressed concrete structure

Monitoring items and their techniques

Pre-stress loss

Detertoration
Phenomenon

Deflection
increasing

Deflection
anomaly

Crack

ocoarrence

Vibration
properties change

Maonitoring item Technique Principle

Concrete Stress Slot stress Mechanical deformation

: Load cell Electrical resist
3 Steel tendon stress chaid sttt e
£ EM sensor Elasto-magnetic
g Wire breakage AF sensor Acoustic emission
o] Deflection LVDT Mechanical
2 Visual i ti :
a Crack T T e Visual

Photometry
Vibration Accelerometer Forced vibration
- Impact echo test Elastic wave
© . ; :
) —— Drilled d t1 r'

% Grout nigidity & C cl%gms ¥ Visual
E : g
B X-ray Electro magnetic wave
8] : :
= : : Elect tential ;
2 Corrosion el Electric current
= Polar resistance
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/" Strain area /S~ Flat jack

Principle of the strain relief method combined with the flat jack technigue

Pre-stressed concrete

Pre-stressing cable

e Baa i,
AT

£

| |
Acoustic sensor (I I | #
e 1|
> o ;; % ™
0 Time (Zxc) 015 a Time (Zec) 015 0 Time (Sec) 015

Acoustic energy propagation mechanism at a PC beam

General evolution of materials/structures used by man, and place of smart
structures, including strucitures with SHM.




System health
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Structure and
environme ntal
conditions

1

Maintenance
activities

t

Data
interpretation

1

Data post-
processing and
interpretation

Sensors »> Am!og deta
conditioning
A
1 - l
Sensing > Multiplexing
system
modifications l
for improved
performance Analog to
digital
conversion
¥ v
Data logging Data
aad preprocessing
and feature
transmission
extraction

Flow Chart Showing Data Process in SHM

Optical fiber
network

Lay-up

Curing Operation

Usage and health
monitoring

/ 'Temperature,‘
/ flow and/or cure
monitoring

Non-uniform _
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Life cycle <
- - Deformation™ <3

| monitoring
Cooling and\demolding

Damage

Assembly, .
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monitoring monitoring
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Life Cycle Monitoring Usage and

A
- health
| Lay-up and cure ! monitoring

.

Optical fiber

Through-

sensor
Tool = thickness / 3
tensile failure
|Coollng and dne‘mo!dlng| Assembly Srra.f'f'? |
Spring-in —7 /| | monitoring
Mating_?,

compenent

Residual Assembly
strain = force
monitoring

Transverse Cracks

Typical Thickness
of CFRP Prepreg
Layers: 125 pm

Diameter of Carbon
Fiber: 5-8 um

Delaminations

Static |

_I Stresses I I Electrical |
| Loads I | Optical |
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Parameters

I Dynamle |
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Others Propagation
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Processes

Classification of Surveillance Techniques and Operational Strategies
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Deficiencies
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Variables Distribution
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Variables Distribution
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CSHM Reesistance (R)
Variables Distribution
Material properties Stochastic
Betore | Geometry of structure Deterministic or Stocastic
Carry capacity tunction Stochastic
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Material properties Deterministic
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Long-term monitoring

Continuous

Time

Frequent periodic D |-| |-| n |-| n n

Time

Triggered periodic [0 1[0 []

Time

Objectives of monitoring

Y Y

Vibration Modelling of structure
measurements

Y

Identification of
vibration charateristic

Y

Structural Dynamic

identification analysis

Y

Evaluation of data

Flowchart of bridge vibration monitorng

SHM and reliability assessment in a value chain (Wong&Yao 2001)
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The snake-oil effect in civil SHM

Benefit to
Owner
Steward

Conception of
Paradigm
(technology
transfer)

Overly optimistic Overly pessimistic

A |

. “Bubble” fueled by
Perception excitement and over-

selling (snake oil)

~J_ “Backlash” fueled
,’ by lack of tangible
' benefits
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Corrosion Corrosion Replace /
Initiation Phase . Propagation Phase Failure
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Crack mode identification

Tensile (flexural) crack Shear crack
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Aggelis, D G, et al (2012), Ohtsu, M (2010) Japan Construction and Material Standard (JCMS)
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B Carbon laminate
[l Carbon sandwich

Other
Steel  ga
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B Aluminum 15% [ W":;;ﬂm
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: Resonance
L GUIDED

< e

WAVE

. Resonance
\,_‘ GUIDED

Detection (corrosion / cable breaks)
» Visual inspection
» Half-cell potential
» Time-domain reflectometry
» Linear Polarization Resistance (LPR)
« Magnetic flux leakage
« Microwave imaging
* Acoustic emission
<+ Guided Ultrasonic Waves —>—

Monitoring stress levels

» Fiber-optic strain sensors

» Modal analysis

* Magnetic permeability
<—*_Guided Ultrasonic Waves

Estimating cross-section loss
* Modal analysis

<+ Guided Ultrasonic Waves =
« X-ray scanning



Application of smart materials in structural design

F 3
MH Austonite
Sha pe [ aremmn s Superelsiic
M Shape Memory
emory o SREE .
——— - &
Alloys i 2
3 i H
| } £ ol
o1 e e E eeling
B f e e m——— e
0 | g o=
1.7 Loading
§ —_—
, a T & Mf
/ Unioading lesves & Twinned martensite Deformed martansite
# resislnsd strain
- HEating recover iniied Shape Ly, &
i & Load ’
Strain
{7 AA .
BoltNut  Rib Curved Pan v
! | ) Rib Exi o A T I T o \
Colursy gt st Fen Lt I I |
i T 1| 1 — -y :’: ryﬂ "
@ . o+ | |- F—n—B
= = — pro—t— & §| SAE 7
4 1|} - | i 1% H
| — =4 Z ) B %
'E E\E " ] i | = :{‘: : AN ¥l )
| Px \ - A | B e .
Column \_ShA Bolt '«?‘5 Las| vo lss]
y 4 1 L ; i
(] b

cracks, (width and pattern|
surface pitting—
spalling,
delamination,

wear or abrasion, Pattern
concrete color change, ...

Cracks

Helical wire | Core wire

iy A - 25
\
Loy oy s | =———— " el He
A = Axis of reference Earadsyslawy
\\ af cylinder 20 © Mass measurment
Wire cr U.\'.\'-._:_ —
section ‘O\Q\ A o
e iy "
— 5 L m_—[f(:)dz p
z ZF -
Axial line of ko il
X helical wire 7 10 | S ®
\ = @
] -
= -
B=Lay angle of helical wire 5T "_‘@
F=Radius of curvature of the o
axis of helical wire o n”@‘@ F; 5 = i i L i
s=Arc Lengih of helical wire
R=Radius of strand (radius 0 2 4 6 8 10 12 14 16 18 20 22
of reference cylinder) Time [dﬂy]

p=Pitch of helical wire
A=cross sectional avea of wire
d=Wire diainerer

Subseripts ¢ {core wire)
and i thelical wire)




Options for Foundations

Gravity Base Mono-Pile Mono-Caisson Multi-Pile Multi-Caisson

Hamburg Offshore Wind 2009
12. May 2009




Evacuation of water

I
LU

—— 0§

Offshore wind turbines: Challenges
Dynamically sensitive because of tall and slender nature

(1 Offshore wind turbines are placed in adverse environmental
conditions with strong wind and wave loading

WWide range of cyclic loads with different forcing frequencies
(IMonitoring the short term and long-term performnce

U Departure of the overall system dynamics from the design
assumptions



Long Term Performance of Offshore Foundations

ULack of data concerning Long Performance

U To Predict the future performance of such structures

UArgubly, this prediction can be carried out using small scale tests
and numerical simulations

UThe cyclic nature of the loading on the wind turbine placed in advers
environmental conditions

dPerformance based design
1 Damping

U Stiffness

1 Pore water pressure build up

1 Fatigue analysis

I Loading frame 1
i B T A i —
Vertical _
F beam q
i i s
Load
cells LVDTs
Electric [
motor =N i
: Weight-
hanger 2
a I=
. o
S =
Ew'ei ht- .
L.naji ng Pargir | Weighi-
heam - o hanger 3 el

Main Frequencies for wind turbines

Rotor frequency (1p): 0.115-0.2 HZ
Blade passing frequency (3p): 0.345-0.6 HZ



Aerospace joint

®®@®?@

CP decreases as resistance to slip decreases

Schematic representation of relationship between ultimate and service conditions
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SC: Service condition

POF,.: POF — UC: design case
POF,.: POF - 5C : SHM case
CP: Contact Pressure

JV: Joint vibration

Us: Ultrasenic

MS: Microslip

TC: Thermal conductance

(Resistance to

(Launch conditions)

Y
Thermal effect

POFy#0.0
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Schematic representation of different SHM measurements
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See Figure [b]

Slgnal Ceneralor

MFC sensors/actuators

Oscilloscope
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=N | Joint Interface
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= e
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1 ;
Distance

(d)

Schematic tests setup, (a) ultrasonic test, (b) joint detail
(c) pressure distribution, (d) thermal contact resistance
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Data
Acquisition
System

Load Cell Holder

Load Cell

Heater Unit

Applied Torque
for Tightening

Fujifilm

_Aluminum sample

/

Insulation Layer

Function generator

Water and Ice

Function
Generator

MFC
Sensors

Ultrasonic test setup, setup sketch test apparatus

Bolt

MFC Sensor:

.

Oscilloscope

Test

Specimen
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Materialintegrity Environmental corrosivity
Impacts Cyclic inputs (e.g. traffic)
Bridge deformation Load distribution

- ]

Load dynamics
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SHM
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[ I
Analysis of Diagnostics of Monitoring of MNumerical Damage Dualification of
actions structures structures analysis identification test personnel

[ L 1 I 1
e Specification of Experimental Data Review of parameters
Objectives S 5
monitoring task design management and consequences
] | | 1 1
Preliminary Data acquisition and Measurement and Sensors and sensor Measurement
procedures signal analvsis service conditions characteristics equipment
; 2
Sensors 1 Selection criteria |
7 o
I I I I [ I I
Strain Fiber bragg Piezofilm Displacement Minimal change Measuring Type of
gauges gratings SENSOrE SENsOrs of measurand range measurement
- Resolution - Static
- Linearity - Dynamic
- Accuracy
== — temperature sensor String pull patentiometer B-B
Linear potentiometer R
Ty Jd UMY Y YN VYMYTTY Y YT |
EU _— [ Vj & ,+  Suspended o
= F ' span 11

West

E L
ast ;

H . West
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Roller

Y

Cantilever
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Total station I : ; G /

Temperalure sensor
Leica TS30 '\ \ Tatal PHTCT
atalogger

Meteostation

. GPRSAG/EDGE Comet MS6D
g / Reinhardt DFT 1MV // Satdes | l—
‘-‘_. -

Accelerometer
HEM B12/200

Q

Tilt sensors

Leiea Nivel220 \\

AN
& 6 6 6

Amplifier
HEBM Spider 8

Time server | .:
Mobatime LTS -

Subsystem of sensors

GPRS/AGEDGE
router

Subsystems of the AMS

mg_lg_I:anW

Acceleration

Water level Thickness

Corrosion




s @ measuring paints - prisms
@ measuring palnts - accelerometers, it sensors, tamperature sensors

FLYOWER - PETREALKA

T — < Sie. BRIDGE GIRDER FLYOVER - BRATISLAVA
 —l7y S <) o S S S S——
PHO1 PHO3 PHOS - ‘l’ — —F
TR PN A PHO8 —— v
Measuring points configuration
Camera array
Vision module
Camera array * Motion analysis Vehicle features
| Camera 1 interface * Segmentation « Position
i —>Images * Shadow suppression * Size
' < Camera control * Tracking * Speed
[ * Event extraction

h A

Multiple sensors §
and camera Video o Classification
synchronization compression Bus, Car, etc.
and coordination
[
Y
Bridge structure monitoring
Database > using vision and sensor
outputs
Contact y
Sensors: .| Sensor interface
Seismic, and processor(s)
accelerometers
Lightpole
Rectiinear PTZ
i camara
CVRR Computer CVRR Computer
High speed video access High speed video access
[ —]
=
D g
u\j‘ =
ks AXIS 2
OOVS contio 401
e Video Server
= SRS 2001 Cisco Switch fmpe ] Cisco Switch

(up to 16 video streams)

] o, Video Server
PTZ control AXIS 2401 . 168
video Video Server sthamat Fiber Optic Network



Voigt Bridge

/

Omni + PTZ Camera

/

-/S{:ih;mic Sensor

Array
/ I-5 Freeway
7
Firewire PTZ
Cameras
Camera 2 Video Data
Strain Gauge Capture
Sensor Array
Seismic Video Data
Data Capture
Camera | E
w
l | Data Storage
and Analysis
Video from N JPEG Event
network Decompression Determination
y - Y Statistic
Background Update Histogram Extraction
Back-projection
3
L Shadow suppression, Kalman
Background subtraction Filtering
¥ 1 T
Hysteresis Mean-Shift - Vehicle
Threshold Association
Connected Blob area
Component & location
Analysis constraints
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Sensor
under
deformation

g c

I = 4-10 pA

16-bit ADC

High Resolution Camera

Clamps for substrate

Force-Controlled Mator :
deformation

Copper strips to
ensure contacting

CNT-based sensor




Experimental Technologies

Geometry Controlled _ NDEand Continuous
Monitoring Testing Material Characterization Monitoring
Analytical Technologies
CAD- Analytical Modeling| | Linear Non-linear Analysis
Reverse CAD | | Macro- ElementFE Analysis Push-to-Collapse

. |
| | | i | .
Static Moving Dynamic | ]
Geometry Material

Information Technologies

Acq. and

Control

Communication

ata Quality
~ Assessment,

Processing and i -interpretation
Correlation ol el and Decision




Long-Term Monitoring of
Short-Term Controlled . Operational and
Geometry Structural Testing Localized Structural Health and
Monitoring ki Security
Methods
Pseudo-Static Dynamic Slow-Speed kgl
Speed
Surveying Mondestructive: | Modal analysis: | Material Fabrication Vibrations
sampling
GPS Static trucks Impact input testing Construction Traffic loads
Photogrammetry | Crawl tests Harmonic input | Thermal Wind Operations
Laser Special loading Falling Weight | Magnetic Temperature Incidents and
devices Deflectometer accidents
Remote sensing +Response Ultrazonic Movements
Weigh In Motion Impacts
+Response Ambient Acoustic wave | Displacements
vibration . Earthquake
Destructive: monitoring: Electrical Intrinsic forces
_ _ Security
Progressively Wind ElectroChem Deterioration monitoring
loading to _ y
damage/failure Operation Optical Changes in:
Progressively Muclear Geometry
inducing local :
damages Other Moisture
Electro-
chemical
propertics
Sensor selection criteria
Sensor performance Environmental Economic
characteristics constraints considerations
Sensitivity Temperature range Cost
Resolution Humidity range Availability
Discrimination Size Reliability
Range Packaging Ease of installation
Linearity Isolation Data acquisition needs
Hysteresis Thermal effects
Accuracy
Error
Precision
Stability
Response time
Frequency response
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Power
Input

Power

Supply

Automatic
Amplitude
Control

Carri
J L [~ Demodulator —

Amplifier

IN

-%— Resistive
Film

COMMON

Schematic of an angular potentiometer

Spool & Potentiometer

Extension
Cable

Cable extension displacement transducer

Vibrating Wire Temperature
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T Member Surface Temperature
(Ts)

Qutput



Vibrating Steel
Wire

Sensor Body Gage
\ / Standoff

Electromagnetic Coil

Assembly
Sensor
Cable

.......

Surface of Component Being Testing

Schematic of surface mounted vibrating wire strain gage

Tension Increases
+ ——-

Resistance
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C

Resistance s Measured _ :: | Gage Insensitive To
Between Leads A & B ir ) Transverse Effects
C
[El
Compression Decreases
i y Fesistance -
Bonded foil resistance strain gage
CENTRAL
PROCESSING
{Logger or Server)
|
1
I T—
NETWORK BACKBONE
(Wired or Wireless)
'Y & A
DATA ACQUISITION - INTERFACE
L W W
(Etherret, GPIE, Senal, R5232, other)
. A A A A
INSTRUMENTATION - SENSING
W W W W W
Strain Temp Weight Vibration Location
Tilkt Wind Image
+ [ 2 L2 ] L] L3 + L3 *
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Centralized collection and data warehousing architeciure



Element

Sensor Base
Structure

N

Schematics of shear type piezoelectric sensor

i A [@
B . i e ]
Collection System Storage and Sharing
Field Collection a Secondary Data Check
Measurement sys. calibrations I_b Time-seriés analysis p—
Installation quality Frequency analysis >
Operator training Data Transfer Visualization tools 4
== Synchron. and formatting tload Pattern detection EE
jm| H ars =
E DY e Handshake Database Safety E
3 FQE(prEil Integrity .
“SElementary Data Checks gati ma?}%‘g U?Dk'"g -
Time-range validity H AEGLUR AN SAlEW -
Sensor-range validity 1 Authorization protocols (T
Repeated readings E g
Sampling frequency = Tertiary Data Check ¥
Data smoothness ‘8 Data presentation s
= Other E Data visualization
& £ Multivariate correlation
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Sensor layout

Characterize the structure and
the monitoring

'

Identify the phenomena to be
measured and characterize the
individual parameters that will be
measured

:

Select the sensors and data
acquisiton (DA) components

:

Measurement system calibration
to verify suitability of selected
sensors and DA components

Devise methods for data quality
assurance, processing and
archival

:

Develop presentation and
decision criteria




Sensors according to Channels according to

Sensor Loge Specifications Sensors
Sensors Channels
Structural temperature T 20 24
Strain gauge boltable S 10 10
Strain gauge weldable/ S 10 10
_glueable

Wind sensor 3D W 1 +
Wind multi-sensor (Wind
2D direction and speed,

ambient temperature,

precipitation levels, wE 4 ¢
barometric pressure,

relative humidity)

3D accelerometers, cables Adw 18 54
3D accelerometer, deck & A 8 24
pvlon

Seismic accelerometers As 4 12
Displacement sensor DI 4 +4
Inclination, tilt 1 4 8
Corrosion C 3 6
DV Camera V +

Traffic analyzer TA 8

Electromagnetic sensors E 9 9
Sum 104 171

1 Conrectihity among control room and bndge
compeer will be independent of ilemnet

e < >
of few kms (4 or Skms) with Private
sj 'P
Data transmission

Monitonng Bridge Computer Monstoning Control Room Office Server
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