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Outline < BAM

« Introduction
« Fundamentals of Fibre Optic Sensors (FOS)
« Integral, Point and distributed sensors
« Distributed sensors and light scattering effects in fibres

« Performance characteristics of different FOS

« Examples application-oriented research on distributed sensors
« Distributed Strain Sensing (DSS)
« Composite materials and embedded sensors
« Distributed Acoustic Sensing (DAS)
« Combination of multiple Fibre Optic Sensors for condition
monitoring
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BAM Division 8.6 < BAM
Our competencies in Fiber Optic Sensing

« Fibre Optic point and distributed sensors for measuring
temperature, strain, pressure, bending, humidity, chemical
sensing, detecting acoustics and vibrations, ionizing radiation

« Condition monitoring of infrastructure (e.g., dykes, hillsides,
bridges, tunnels, pipelines, high-voltage installations)

« Fiber optic sensor applied to surfaces or integrated in
structures and materials (e.qg,, comp05|te materials, concrete,
(geo)technical textiles) :

 Polymer optical fiber sensors

« Development of measurement
instruments

23.02.2018 Distributed Fibre Optic Sensing for Monitoring and Testing of Industrial and Civil Infrastructures 3



Why Fibre Optic Sensing for monitoring ; BAM
applications?

« Distributes sensing possible:
potentially thousands of sensors
in sequence - only single access
needed

» Possible to monitor very large '/
ranges/ installations continuously |
& simultaneously without gap « Can be embedded/ integrated in

materials and structures
* No electricity required at

installation to be monitored « Usable in hazardous
environments (high voltage,
« Can be implemented in tight corrosive, extreme temperatures)
spaces due to small size (<0.5
mm diameter)  Low to no maintenance

requirements for sensor itself
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Fiber Optic Sensor types ; BAM

Point sensors (Fiber Bragg Gratings - FBGs)

high sensitivity, measure strain, temperature etc. on cm scale,
highly dynamic (~100Hz sampling), based on measurement of
signal-induced frequency shift of reflected light

Interferometric sensors (Fabry-Perot Interferometers)
Extremely sensitive (strain, temperature, vibrations), real-time
measurements, integral signal detection, based on measurement of
interference fringes (signal-induced phase shifts)

Distributed sensors

Spatially resolved and continuous measurements along entire fibre
length, no local access needed, very long sensing range possible,
based on change of characteristics of backscattered light in the fibre
DTS: Distributed Temperature Sensing

DSS: Distributed Strain Sensing

DAS/DVS: Distributed Acoustic/ Vibration Sensing
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Distributed fibre optic sensing < BAM

Sensing elements are microscopic defects and material
fluctuation (scattering centers) in the optical fiber core

=

- Fiber itself is the distributed sensor (and signal transducer)

- Insertion of probe light (consecutive single-wavelength optical
pulses or wavelength-tuned continuous light)

- Interaction of light with fiber material results in light scattering

- Backscattered light carries spatially resolved information about
the strain and temperature distribution along the sensor fiber
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Utilization of backscattered light for
distributed sensing

23.02.2018
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Distributed Strain Sensing (DSS) and ; BAM
Distributed Temperature Sensing (DTS)

Long range sensing

« Based on measurement of spatial distribution
of frequency shift of Brillouin-backscatter:
varies linearly with T and €

* Quasi-static measurement (~min to ~hours) -

« Sensing range: up to 50 km i L

« Spatial resolution: 1-10 m €N o Foquency G

« Measurand resolution: ~10 pg, 1 °C

Normalized backscattering
o
g

109

1 ye=1ym/m strain

High-resolution, short range sensing

« Based on measurement of Rayleigh frequency shift
« varies linearly with T and €

* Quasi-static measurement (measurement time ~10-30s)
« Sensing range: tens of meters

« Spatial resolution: ~1 mm

« Measurand resolution: ~ 1 pg, 0.1 °C
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Distributed Acoustic Sensing (DAS)/ ; BAM
Distributed Vibration Sensing (DVS)

« Based on measurement of intensity variation of Rayleigh-backscatter

« Backscatter from single coherent optical pulses propagating through
fiber

« Detection of dynamic strain (=vibrations/ acoustic signals)

pulsed laser

=N -
« Sensing range up to 40-50km @9 )j @)  sensorfibre ()

« Spatial sampling: ~50-70 cm
« Spatial resolution 1 m - 100 m
« Nominal strain resolution: <100 ng

€[>|— detector

______________ ,l data acquisition

« Acoustic sampling rate depends on sensing fibre length
(max. 100 kHz; for 10km: ~10 kHz, for 50 km: ~2 kHz)
« Bandwidth: up to 50 kHz

trigger
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Application examples distributed sensing ; BAM

Distributed Strain Sensing (DSS)
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Distributed Strain Sensing (DSS) for ; BAM
dyke and hillside monitoring using geotextiles

Contact FOS: Dr.-Ing. Aleksander Wosniok (BAM 8.6) aleksander.wosniok@bam.de

Mechanical deformation

Measurement
ftegn) device

Strain detection Silicaoptical fiber
Components of the distributed fiber optic sensor system.

Sensor cable
(PVCjacket;
PUR coating)
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Smart geotextiles ; BAM

Installation of nonwoven geotextiles containing single-mode
silica optical fibers as distributed sensors:

Geosynthetics incorporating fiber optics sensors do not
lose any of their original functionality.
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POF-based distributed strain < BAM

measurements
POF: Polymer Optical Fibre
Pulse
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Spatial resolution : 10 cm
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POF-based DSS ; BAM
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Application examples distributed sensing ; BAM

Distributed Strain Sensing (DSS)

Embedded/ integrated sensors in composite materials
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Testing and Monitoring of pressure ; BAM
vessels: Project COD-Age

Ageing of carbon fibre/ glass fibre reinforced composite pressure vessels
Project manager: Dr.-Ing. Georg Mair (BAM 3.2)
Contact FOS: René Eisermann (BAM 8.6) rene.eisermann@bam.de

« Aim: timely detection of material fatigue of pressure vessels for
gas storage (e.g. oxygen for firefighters, hydrogen storage)

« Sensor fibres applied to vessels' surface

« Subjecting vessels to pressure loads, mechanical testing and
detection of fatigue using distributed strain sensing (DSS)

« Rayleigh OFDR, spatial resolution 0.5 cm, range: tens of meters
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COD-Age: Embedding of optical fibres < BAM
sensors in composite structures

Distributed strain measurement

Glass-fibre reinforced plastic (GFRP): in axial direction at 150 bar
H . . 500 + &
composite material tube specimen obe Y ]
5004 = & R 1 , 4
10004 . 4
Optical fibre applied onto and Eiol
embedded into composite tube specimen gor
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Radial strain measurement
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Application examples distributed sensing ; BAM

Distributed Acoustic Sensing (DAS)
Distributed Vibration Sensing (DVS)
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Fibre Optic Acoustic Pipeline Monitoring: € BAM
Project AGIFAMOR

AGIFAMOR (Ageing Infrastructures — Fibre Optic Monitoring of Pipes)

Project coordinator: Dr.-Ing. Karim Habib (BAM 2.1)
Contact FOS: RDr. Pavol Stajanca (BAM 8.6) pavol.stajanca@bam.de

DAS/DVS Data analysis

} Sensor application

(0]

Continuous acoustic monitoring (DAS) of pipelines to determine

changes in internal and external conditions of pipelines:

« Internal: corrosion, sedimentation, blockages, leaks via altered
flow noises/ pipe acoustics

« Internal: pressure shocks, cavitation

« External: crack formation and propagation in pipe wall,
mechanically induced shocks&vibrations
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DAS for pipeline monitoring: Field trials ; BAM

Analysis of acoustic signatures of realistic damage scenarios

« Experiments on BAM testing grounds

Pipelines up to 30m length with branchings

Experiments with flow through/ pressurized pipes

Simulation of damages, leakages

Investigations of real damaged pipe segments
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AGIFAMOR: DAS for leak detection < BAM

Detection of 1 mm gas leak from pressurized DN 100 pipeline
« Single-mode optical fiber (SMF28e, Corning) wound around the pipe and
monitored with commercial DAS system
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Dynamic high-resolution strain sensing ; BAM
for SHM applications

Project ,,BLEIB": Development of experimental methods and modeling
techniques for performance evaluation and monitoring of aging bridges

Development of distributed strain sensor for high-resolution measurement
« Own technology developement

« Measurement of change of modal parameters

- Identify loss of stiffness and damage of the structure

(-> Strain amplitude and sign!)

Project plan:

 Measurement of intact/ damaged/ repaired structure

« Use sensor data to develop methods for performance+damage analysis
« Use for existing structures

Aim:
High resolution-> mode parameter analysis from ambient excitation
(wind, traffic)
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Dynamic Strain Sensing (DVS) for SHM: ; BAM
Large Scale Bridge Model

Shaker f <80 Hz

[ .
12 m A 12 m »A

> -

>
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BLEIB: Measurement of vibrations in < BAM
bridge model

~White noise" excitation by shaker in frequenqgny range < 80 Hz
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High-resolution Dynamic Strain (vibration) measurements

Contact BLEIB:
Project coordinator: Dr.-Ing. J6rg Unger (BAM 7.0)
Contact FOS: Dr.-Ing. Sascha Liehr (BAM 8.6) sascha.liehr@bam.de
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BLEIB: exemplary results - ; BAM
vibration modes of bridge model

Spatially resolved vibration modes in frequency domain

10 20 30 40 50 60 70 80 —60
frequency (Hz)

power spectral density (dB re ng)
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Industrial roller monitoring using DAS < BAM

« Industrial heavy-duty conveyor belt systems: up to many km long
« Large number of passive rollers support conveyor belt
* Rollers prone to wear-out damage,

ageing roller have to be exchanged
regularly

conveyor

« In case of unnoticed failure of roller:
eventually extensive damage

&

* Need for remote condition monitoring of large number of individual
rollers arranged over long distances

Aim: trigger timely replacement of rollers approaching failure as
determined by their acoustic/vibrational signature measured by DAS
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Industrial rollers: Laboratory
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< BAM

heavily damaged roller, belt velocity 6 m/s, pulse width 30 ns
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Clear differences in acoustic/vibration
spectra depending on roller’s condition
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Application examples distributed sensing ; BAM

Condition monitoring utilizing
combination of multiple distributed sensors
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Submarine power cable monitoring: < BAM
Project Monalisa

Project ,Monalisa™: Development of different distributed fibre optic
sensors to be embedded in submarine power cables for condition
monitoring, fault detection and threat detection (in progress)

Joint research project: 3 academic partners, 2 industry partners + BAM
Contact FOS: Dr. Konstantin Hicke (BAM 8.6) konstantin.hicke@bam.de'

Installations:
« High-voltage power cables, buried 1-5m in seabed

Project plan:
« R&D of different custom long-range distr. sensors
« Optimization of sensor embedding for optimal signal transfer

Aims:

« Spatially continuous monitoring of entire length of power cables (50-
100km) with 10 m spatial resolution

« Central monitoring unit combines measurement data from all sensors
and accordingly classifies critical conditions/ defects/ threats etc.
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Monalisa: power cable monitoring using ; BAM
different distributed sensors

Sensors and application:

- Distributed Temperature Sensing: Brillouin scattering, detection
of hotspots, dynamic line rating (electrical load), flush from seabed

- Distributed Strain Sensing: Brillouin scattering, detection of
mechanical strain on cable/ bending

 Distributed Vibration Sensing: Rayleigh scattering, detection of
threats (anchor drops, fishing, nearby construction), cable faults

« Water ingress sensor: detection of water ingress in cables/ cable
joints via detection of water-induced strain

Challenges:

« Extremely long sensing range required

« Measurand resolution and sensitivity

« Necessary minimization of measurement time to enable timely
reaction to critical conditions

Further information: sichere-stromnetze-durch-monitoring.de
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Thank you for your attention!
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