
3TRUCTURAL฀(EALTH฀-ONITORING฀OF฀)NDUSTRIAL฀0IPING฀3YSTEMS

5SING฀'UIDED฀%LASTIC฀7AVES฀

&�฀3CHUBERT�฀"�฀&RANKENSTEIN�฀$�฀(ENTSCHEL�฀+�
*�฀&R�HLICH�฀-�฀+ÓTTNER�฀"�฀,AMEK�฀฀
&RAUNHOFER฀)NSTITUTE฀FOR฀.ONDESTRUCTIVE฀4ESTING฀�):&0	�฀$RESDEN฀"RANCH�฀'ERMANY฀

*�฀3CHWENKKROS�฀$/7฀3TADE�฀'ERMANY฀
+�฀+ERKHOF�฀-0!฀5NIVERSITÛT฀3TUTTGART�฀'ERMANY฀

2�฀0ETRICEVIC�฀.EUE฀-ATERIALIEN฀7ÓRZBURG฀'MB(�฀'ERMANY฀฀

!BSTRACT�฀'UIDED฀ELASTIC฀WAVES฀IN฀THE฀FREQUENCY฀RANGE฀OF฀A฀FEW฀HUNDRED฀K(Z�฀GENERATED฀AND฀DETECTED฀BY฀APPRO

PRIATE฀TRANSDUCER฀ARRAYS�฀ARE฀USED฀TO฀MONITOR฀THE฀STRUCTURAL฀INTEGRITY฀OF฀PIPES฀BY฀COMPARING฀THEIR฀ACTUAL฀STATE฀WITH฀
A฀PREDEFINED฀REFERENCE฀STATE�฀&OR฀THESE฀PURPOSES�฀THEORETICAL�฀NUMERICAL�฀AND฀EXPERIMENTAL฀RESULTS฀ARE฀COMBINED฀TO฀
STUDY฀GUIDED฀WAVE฀PROPAGATION฀AND฀WAVE฀INTERACTION฀WITH฀RELEVANT฀DEFECTS฀IN฀DETAIL�฀"ASED฀ON฀THESE฀FINDINGS�฀A฀
GUIDED฀WAVE฀BASED฀MULTI
CHANNEL฀STRUCTURAL฀HEALTH฀MONITORING฀�3(-	฀SYSTEM฀IS฀DESIGNED฀AND฀APPLIED฀TO฀IDENTIFY฀
AND฀MONITOR฀STRUCTURAL฀DEFECTS฀IN฀VARIOUS฀PIPING฀COMPONENTS�฀4HE฀POTENTIAL฀USE฀OF฀SYNTHETIC฀APERTURE฀TECHNIQUES฀
IS฀DISCUSSED฀YIELDING฀SPATIAL฀DISTRIBUTIONS฀OF฀DAMAGE฀PARAMETERS฀ALONG฀ THE฀PIPE�฀4HE฀RESULTS฀ REVEAL฀ THAT฀GUIDED฀
WAVE฀BASED฀3(-฀IN฀ THE฀K(Z฀FREQUENCY฀REGIME฀HAS฀GREAT฀POTENTIAL฀ FOR฀ONLINE฀MONITORING฀OF฀PIPING฀SYSTEMS�฀ )T฀
COMBINES฀IMAGING฀TECHNIQUES฀WITH฀LONG฀RANGE฀DETECTION฀CAPABILITIES฀AND฀THEREFORE฀CLOSES฀THE฀GAP฀BETWEEN฀LOCAL฀
HIGH
FREQUENCY฀.$%฀ON฀THE฀ONE฀HAND฀AND฀GLOBAL฀LOW
FREQUENCY฀VIBRATION฀ANALYSIS฀ON฀THE฀OTHER฀HAND�฀
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-ANY฀PIPES฀AND฀PIPING฀SYSTEMS฀ARE฀PARTLY฀OR฀TOTALLY฀INACCESSIBLE฀FROM฀THE฀OUTSIDE�฀E�G�฀BY฀BE

ING฀ISOLATED�฀ LYING฀UNDERWATER�฀OR฀BEING฀BURIED฀IN฀SOIL�฀4HEREFORE�฀ IT฀ IS฀NOT฀POSSIBLE฀TO฀DETECT฀
DEFECTS฀ LIKE฀CRACKS฀OR฀CORROSION฀WITHOUT฀REMOVING฀THE฀ISOLATION฀OR฀UNCOVERING฀THE฀PIPE฀ITSELF฀
WHICH฀IS฀VERY฀COSTLY฀AND฀IN฀MANY฀CASES฀UTTERLY฀IMPOSSIBLE�฀&OR฀THESE฀KINDS฀OF฀PROBLEMS฀LONG

RANGE฀ INSPECTION฀SYSTEMS฀ARE฀NEEDED�฀&OR฀CORROSION฀ TESTING฀OF฀AREAS฀OF฀ LIGHT฀POLES฀AND฀PIPES฀
ULTRASONIC฀ BASED฀ TESTING฀ SYSTEMS฀ ARE฀ ALREADY฀ AVAILABLE฀ �E�G�฀;�
�=	�฀(OWEVER�฀ THE฀ SYSTEMS฀ IN฀
THEIR฀PRESENT฀FORM฀ARE฀NOT฀VERY฀WELL฀SUITED฀FOR฀3(-฀PURPOSES฀DUE฀TO฀SIZE฀AND฀COSTS�฀)N฀ORDER฀TO฀
COVER฀A฀COMPLETE฀INDUSTRIAL฀PLANT฀WITH฀A฀LARGE฀NUMBER฀OF฀TRANSDUCER฀UNITS�฀NEW฀APPROACHES฀FOR฀
MEASUREMENT฀HARDWARE�฀SENSOR฀TECHNOLOGY�฀AND฀DATA฀EVALUATION฀ARE฀NECESSARY�฀4HIS฀IS฀ONE฀OF฀
THE฀MAIN฀GOALS฀OF฀ THE฀ONGOING฀%UROPEAN฀3!&%฀0)0%3฀PROJECT�฀&IRST฀ RESULTS฀OF฀ THIS฀WORK฀ARE฀
PRESENTED฀IN฀THE฀FOLLOWING฀TOGETHER฀WITH฀SOME฀BASICS฀OF฀GUIDED฀WAVE฀PROPAGATION฀IN฀PIPES�฀
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4RADITIONAL฀VIBRATION
BASED฀MONITORING฀ TECHNIQUES฀PROVIDE฀GLOBAL฀ INFORMATION฀ON฀A฀STRUCTURE฀
UNDER฀INVESTIGATION฀BY฀IDENTIFYING฀AND฀ANALYZING฀SPECIFIC฀RESONANCE฀MODES฀AND฀BY฀CHARACTER

IZING฀THE฀CONDITION฀OF฀MOUNTINGS฀AND฀DAMPERS�฀$UE฀TO฀ THE฀ LOW฀FREQUENCIES฀ONLY฀ LARGE฀STRUC




TURAL฀ DEFECTS฀ CAN฀ BE฀ IDENTIFIED฀ AND฀MOREOVER�฀ CANNOT฀ BE฀ PRECISELY฀ LOCALIZED฀ IN฀ GENERAL�฀ &OR฀
CRUCIAL฀ERROR
PRONE฀PARTS฀OF฀A฀STRUCTURE�฀VIBRATION฀MONITORING฀CAN฀BE฀EFFICIENTLY฀SUPPLEMENTED฀
BY฀USING฀ELASTIC฀WAVES฀ IN฀ THE฀K(Z฀FREQUENCY฀REGIME�฀4HESE฀ULTRASONIC฀WAVES฀HAVE฀A฀SHORTER฀
RANGE฀BUT฀ARE฀MORE฀SENSITIVE฀TO฀SMALLER฀DEFECTS฀AND฀THUS�฀CAN฀SERVE฀AS฀AN฀EARLY
WARNING฀SYSTEM฀
RAISING฀AN฀ALARM฀LONG฀BEFORE฀CRITICAL฀DAMAGE฀OCCURS�฀)F฀THE฀WAVELENGTHS฀ARE฀COMPARABLE฀WITH฀
OR฀ LARGER฀ THAN฀ TYPICAL฀ DIMENSIONS฀ OF฀ THE฀ STRUCTURE฀ �E�G�฀THICKNESS	�฀ THE฀ WAVES฀ ARE฀ CALLED฀
hGUIDED฀ WAVESv�฀ )N฀ THIS฀ CASE฀ GEOMETRICAL฀ DISPERSION฀ CANNOT฀ BE฀ NEGLECTED฀ IN฀ GENERAL฀ �SEE฀
E�G�฀;�=	�

)F฀USING฀ELASTIC฀WAVES฀FOR฀STRUCTURAL฀HEALTH฀MONITORING฀�3(-	฀PURPOSES฀TWO฀DIFFERENT฀
APPROACHES฀ ARE฀POSSIBLE�฀ A฀ PASSIVE฀ AND฀ AN฀ ACTIVE฀ APPROACH�฀ )N฀ A฀ PASSIVE฀3(-฀SYSTEM�฀ONLY฀
SENSORS฀ARE฀NEEDED฀AND฀hNATURALv฀SOURCES฀ LIKE฀AMBIENT฀VIBRATIONS฀OR฀ACOUSTIC฀EMISSION฀ �!%	฀
CAUSED฀BY฀CRACK฀GENERATION฀AND฀GROWTH฀ARE฀DETECTED�฀$ISTINCT฀!%฀EVENTS฀CAN฀BE฀LOCALIZED฀AND฀
CHARACTERIZED฀ AND฀ CAN฀ ALSO฀ BE฀ USED฀ FOR฀ IMAGING฀ PURPOSES฀ USING฀ ACOUSTIC฀ EMISSION฀ TOMOGRA

PHY฀;�=�฀)N฀AN฀ACTIVE฀3(-฀SYSTEM฀THE฀TRANSDUCERS฀ARE฀ACTING฀AS฀BOTH�฀SENSORS฀AND฀ACTUATORS�฀"Y฀
USING฀PULSE
ECHO฀OR฀ACOUSTIC฀SIGNATURE฀TECHNIQUES�฀SCATTERED฀WAVES฀FROM฀INSIDE฀THE฀STRUCTURE฀OR฀
CHANGES฀IN฀ACOUSTIC฀SIGNATURE฀RESPONSE฀CAN฀BE฀DETECTED฀AND฀USED฀AS฀DAMAGE฀INDICATOR�฀!฀SET฀OF฀
TRANSDUCERS฀SPANS฀A฀SO
CALLED฀@SYNTHETIC฀APERTURE��฀"Y฀ TEMPORALLY฀DELAYED฀EXCITATION฀AND฀DE

TECTION฀OF฀INDIVIDUAL฀ACTUATORS฀AND฀SENSORS�฀ELASTODYNAMIC฀WAVE฀FIELDS฀CAN฀BE฀FOCUSED฀TO฀SPE

CIFIC฀ CONTROL฀ VOLUMES฀ OF฀ THE฀ STRUCTURE฀ WHICH฀ SERVES฀ AS฀ A฀ BASIS฀ FOR฀ POWERFUL฀ 3(-฀ IMAGING฀
TECHNIQUES�

)N฀ ORDER฀ TO฀ IMPLEMENT฀ A฀MONITORING฀ SYSTEM฀ BASED฀ ON฀ GUIDED฀WAVES�฀ THE฀ THEORETICAL฀
FUNDAMENTALS฀OF฀GUIDED฀WAVE฀PROPAGATION฀IN฀VARIOUS฀STRUCTURES฀AND฀THEIR฀INTERACTION฀WITH฀PO

TENTIAL฀DEFECTS฀HAVE฀TO฀BE฀INVESTIGATED฀FIRST�฀4HIS฀CAN฀BE฀DONE฀VIA฀NUMERICAL฀SIMULATION฀OR฀LASER฀
DETECTION฀OF฀ELASTIC฀WAVE฀FIELDS฀AT฀THE฀SURFACE฀OF฀THE฀STRUCTURE�฀

4HE฀ SIMPLEST฀ CASE฀ OF฀ GUIDED฀WAVES฀ CAN฀ BE฀ FOUND฀ IN฀ PLATE
LIKE฀ STRUCTURES฀ WHERE฀ SO

CALLED฀ @PLATE฀WAVES�฀OR฀ @,AMB฀WAVES�฀EXIST�฀ )N฀GENERAL�฀ SYMMETRIC฀AND฀ANTISYMMETRIC฀WAVE฀
MODES฀ ARE฀ BEING฀ DISTINGUISHED�฀ 4HEY฀ ARE฀ DISPERSIVE฀ IN฀ GENERAL�฀ )N฀ MOST฀ CASES�฀ 3(-฀ TECH

NIQUES฀ARE฀WORKING฀IN฀THE฀LOW
FREQUENCY฀REGIME฀BELOW฀���฀K(Z฀AND฀THUS�฀ONLY฀THE฀�TH฀ORDER฀
,AMB฀WAVES฀ ARE฀ OF฀ PARTICULAR฀ INTEREST฀ FOR฀MONITORING฀ APPLICATIONS�฀ )N฀ ADDITION฀ TO฀ THE฀,AMB฀
WAVES�฀ ALSO฀ HORIZONTALLY฀ POLARIZED฀ SHEAR฀WAVES฀ �3(฀WAVES	฀ CAN฀ BE฀ USED�฀ )N฀ CONTRAST฀ TO฀ THE฀
,AMB฀WAVES฀THE฀�TH฀ORDER฀3(฀WAVE฀IS฀NON
DISPERSIVE�฀.UMERICAL฀AND฀EXPERIMENTAL฀INVESTIGA

TIONS฀SHOW฀THAT฀EACH฀WAVE฀MODE฀MENTIONED฀ABOVE฀SHOWS฀DIFFERENT฀SENSITIVITY฀TO฀SPECIFIC฀KINDS฀
OF฀DAMAGE�฀4HE฀3(�฀MODE฀IS฀WELL
SUITED฀FOR฀CRACK฀DETECTION฀AND฀FOR฀ANY฀APPLICATION฀WHERE฀A฀
SURROUNDING฀FLUID฀LIMITS฀THE฀RANGE฀OF฀THE฀OTHER฀MODES�฀!�฀IS฀BEST฀SUITED฀FOR฀DETERMINATION฀OF฀
DELAMINATIONS฀AND฀LOCAL฀CHANGES฀IN฀WALL฀THICKNESS�฀3�฀IS฀SUITED฀FOR฀CRACK฀DETECTION฀AND฀IS฀USED฀
IN฀CASES�฀WHERE฀FIRST
ARRIVAL฀TIME฀PICKING฀TOGETHER฀WITH฀A฀CLEAR฀IDENTIFICATION฀OF฀THE฀INCOMING฀
WAVE฀IS฀NECESSARY�

4HE฀MAIN฀DIFFERENCE฀BETWEEN฀A฀PIPE฀AND฀A฀PLATE฀IS฀THE฀CURVATURE฀OF฀THE฀PIPE฀PRODUCING฀
ADDITIONAL฀DISPERSION฀EFFECTS�฀7E฀CALCULATED฀PHASE฀AND฀GROUP฀VELOCITY฀DIAGRAMS฀FOR฀OUR฀LABORA

TORY฀DEMONSTRATOR�฀A฀FREE฀�฀M฀LONG฀STEEL฀PIPE฀WITH฀A฀DIAMETER฀OF฀���฀MM฀AND฀A฀WALL฀THICKNESS฀
OF฀�฀MM�฀4HE฀CORRESPONDING฀PHASE฀VELOCITY฀DIAGRAM฀CALCULATED฀BY฀THE฀APPROXIMATE฀SHELL฀THE

ORY฀OF฀-IRSKY฀AND฀(ERRMANN ;�=฀ IS฀SHOWN฀IN฀&IG�฀��฀)N฀ THIS฀APPROXIMATION฀THE฀DISPERSION฀OF฀
THE฀,����	�&�X��	฀�OR฀h0
3�v	฀MODES฀ARISING฀AT฀HIGHER฀FREQUENCIES฀IS฀NOT฀INCLUDED�฀-OREOVER�฀
ONLY฀THE฀FIRST฀FIVE฀BASIC฀MODES฀ARE฀COVERED�฀



&IGURE฀��฀0HASE฀VELOCITY฀AS฀A฀FUNCTION฀OF฀FREQUENCY฀FOR฀VARIOUS฀GUIDED฀WAVE฀MODES฀IN฀A฀FREE฀STEEL฀PIPE฀WITH฀A฀
DIAMETER฀OF฀���฀MM฀AND฀A฀WALL฀THICKNESS฀OF฀�฀MM�฀4HE฀FREQUENCY฀BAND฀BETWEEN฀��฀AND฀���฀K(Z฀SEEMS฀TO฀BE฀
MOST฀APPROPRIATE฀FOR฀LONG
RANGE฀3(-฀APPLICATIONS฀SINCE฀IN฀THIS฀REGION฀ONLY฀A฀LIMITED฀NUMBER฀OF฀WAVE฀MODES฀IS฀
AVAILABLE฀AND฀CAN฀BE฀EASILY฀SEPARATED฀IF฀NECESSARY�฀

)N฀GUIDED฀WAVE฀THEORY฀OF฀CYLINDRICAL฀SHELLS�฀THE฀FOLLOWING฀NAMING฀CONVENTION฀FOR฀THE฀DIFFERENT฀
WAVE฀MODES฀IS฀COMMONLY฀USED�฀

�� ,ONGITUDINAL฀MODES฀ARE฀NAMED฀,���M	฀WITH฀N฀�฀�฀INDICATING฀AN฀AXISYMMETRIC฀MODE฀
AND฀M฀�฀����x฀INDICATING฀MODES฀OF฀ORDER฀����฀ETC�฀

�� 4ORSIONAL MODES฀ARE฀NAMED฀4���M	฀WITH฀N฀�฀�฀INDICATING฀AN฀AXISYMMETRIC฀MODE฀AND฀
M฀�฀����x฀INDICATING฀MODES฀OF฀ORDER฀����฀ETC�฀

�� &LEXURAL MODES฀ARE฀NAMED฀&�N�M	฀ INDICATING฀NON
AXISYMMETRIC฀MODES฀WITH฀N�฀M฀�฀
����฀ETC�฀

/NE฀CAN฀SEE฀FROM฀&IG�฀�฀THAT฀MANY฀WAVE฀MODES฀ARE฀DEGENERATED฀IN฀CERTAIN฀FREQUENCY฀BANDS�฀
I�E�฀ THEIR฀ DISPERSION฀ CURVES฀ ARE฀ IDENTICAL�฀ &OR฀ EXAMPLE฀ ,����	฀ CANNOT฀ BE฀ DISTINGUISHED฀ FROM฀
&��
���	฀ FOR฀ FREQUENCIES฀ �฀ ���฀ K(Z�฀ OR฀ 4����	฀ HAS฀ THE฀ SAME฀ DISPERSION฀ CHARACTERISTIC฀ THAN฀
&��
���	�฀AT฀LEAST฀IN฀THE฀VELOCITY
FREQUENCY฀WINDOW฀SHOWN฀HERE�฀

4HE฀ DEGENERATION฀ OF฀ WAVE฀ MODES฀ AS฀ EXPLAINED฀ ABOVE฀ SIMPLIFIES฀ THE฀ SITUATION฀ FOR฀
F฀�฀���฀K(Z฀SIGNIFICANTLY�฀SINCE฀ONLY฀A฀LIMITED฀NUMBER฀OF฀WAVE฀MODES฀��
�	฀INSTEAD฀OF฀DOZENS฀
OF฀DIFFERENT฀MODES฀HAVE฀TO฀BE฀TAKEN฀INTO฀ACCOUNT�฀)N฀THIS฀FREQUENCY฀REGIME฀THE฀CURVES฀ARE฀VERY฀
SIMILAR฀ TO฀ THE฀ DISPERSION฀ DIAGRAMS฀ OF฀ A฀ PLATE�฀ 5P฀ TO฀ A฀ CERTAIN฀ FREQUENCY฀ THRESHOLD฀ �HERE฀ AT฀
APPROX�฀���
���฀K(Z	฀ONLY฀ THREE฀WAVE฀MODES฀ARE฀PRESENT�฀,����	�฀,����	�฀AND฀4����	�฀4HEIR฀
DEGENERATED฀FLEXURAL฀COUNTERPARTS฀ARE฀&��
���	�฀&��
���	�฀AND฀&��
���	�฀4HESE฀BASIC฀PIPE฀MODES฀
CAN฀BE฀ASSOCIATED฀WITH฀THE฀FUNDAMENTAL฀PLATE฀MODES�฀I�E�฀THE฀FAST฀SYMMETRIC฀AND฀WEAKLY฀DIS

PERSIVE฀3�฀MODE฀� ฀,����		�฀THE฀SLOW฀ANTISYMMETRIC฀AND฀DISPERSIVE฀!�฀MODE฀� ฀,����		�฀AND฀
THE฀ NON
DISPERSIVE฀ 3(฀ WAVE฀ � ฀ 4����		�฀ !BOVE฀ THE฀ FREQUENCY฀ THRESHOLD฀ MENTIONED฀ ABOVE�฀
HIGHER฀ORDER฀MODES฀ARISE฀�4����	฀AND฀,����	฀IN฀THIS฀CASE	�฀SIMILAR฀TO฀PLATE฀DIAGRAMS�฀

"ESIDES฀THESE฀SIMILARITIES฀BETWEEN฀PLATE฀AND฀PIPE�฀THERE฀ARE฀ALSO฀SIGNIFICANT฀DIFFERENCES฀
ARISING฀IN฀THE฀LOW
FREQUENCY฀REGION฀OF฀THE฀DISPERSION฀DIAGRAMS�฀WHERE฀THE฀DEGENERATION฀OF฀THE฀
WAVE฀MODES฀IS฀ABROGATED฀AND฀A฀LARGE฀NUMBER฀OF฀DIFFERENT฀MODES฀IS฀PRESENT�฀4HIS฀IS฀THE฀CENTRAL฀
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DIFFERENCE฀TO฀THE฀PLATE฀DISPERSION�฀7HILE฀IN฀A฀FREE฀PLATE฀THINGS฀BECOME฀EASY฀AND฀CLEAR฀AT฀LOW฀
FREQUENCIES�฀THE฀SITUATION฀IN฀A฀FREE฀PIPE฀BECOMES฀DIFFICULT฀AND฀MORE฀COMPLEX�฀4HE฀MAIN฀CONSE

QUENCE฀OF฀THESE฀RESULTS฀IS฀THAT฀IN฀ORDER฀TO฀AVOID฀THE฀CONFUSING฀INFLUENCE฀OF฀HIGHER
ORDER฀MODES฀
IN฀ THE฀PIPE�฀ IT฀ IS฀ REASONABLE฀ TO฀USE฀ THE฀ RELATIVELY฀ SMALL฀ FREQUENCY฀BAND฀BETWEEN฀��฀AND฀���฀
K(Z฀FOR฀LONG
RANGE฀3(-฀PURPOSES�฀/NLY฀IN฀THIS฀REGIME฀WAVE฀PROPAGATION฀SEEMS฀TO฀BE฀MAN

AGEABLE฀AND฀THE฀NUMBER฀OF฀MODES฀IS฀REDUCED฀TO฀THE฀THREE฀FUNDAMENTAL฀MODES฀THAT฀CAN฀BE฀DI

RECTLY฀ASSOCIATED฀WITH฀ THE฀3��฀!��฀ AND฀3(฀MODES฀ IN฀ A฀PLATE�฀&OR฀ THE฀ SAKE฀OF฀ SIMPLICITY฀AND฀
CLARITY฀WE฀WILL฀CALL฀THESE฀MODES฀@PIPE
3���฀@PIPE
!���฀AND฀@PIPE
3(�฀OR฀SHORTER�฀0
3��฀0
!��฀
AND฀0
3(฀IN฀THE฀FOLLOWING฀ALTHOUGH฀THIS฀PROCEDURE฀IS฀NOT฀QUITE฀CORRECT฀FORMALLY�฀

!NOTHER฀PECULIARITY฀OF฀WAVE฀PROPAGATION฀ IN฀A฀PIPE฀ IS฀ THAT฀WAVES฀GENERATED฀BY฀POINT

LIKE฀SOURCES฀ARE฀PROPAGATING฀ALONG฀A฀HELICAL฀CURVE฀AROUND฀THE฀LONGITUDINAL฀AXIS�฀4HIS฀IS฀SHOWN฀
IN฀&IG�฀��฀WHERE฀THE฀TRANSIENT฀WAVE฀FIELD฀DUE฀TO฀A฀POINT฀IMPACT฀ON฀THE฀OUTER฀PIPE฀SURFACE฀WAS฀
CALCULATED฀ BY฀ USING฀ THE฀ NUMERICAL฀#%&)4฀ TECHNIQUE฀ ;�=�฀!S฀ A฀ CONSEQUENCE฀ OF฀ HELICAL฀WAVE฀
PROPAGATION�฀ONE฀AND฀THE฀SAME฀WAVE฀MODE฀CAN฀BE฀DETECTED฀SEVERAL฀ TIMES฀AT฀A฀CERTAIN฀SENSOR฀
POSITION฀SINCE฀DIFFERENT฀TRAVEL฀PATHS฀FROM฀THE฀SOURCE฀TO฀THE฀SENSOR฀ARE฀POSSIBLE�฀

&IGURE฀��฀'UIDED฀ELASTIC฀WAVE฀PROPAGATION฀IN฀A฀STEEL฀PIPE฀GENERATED฀BY฀A฀MECHANICAL฀RADIAL฀FORCE฀POINT฀IMPACT฀ON฀
THE฀ OUTER฀ SURFACE฀ OF฀ THE฀ PIPE�฀4HE฀WAVE฀ FRONT฀ PICTURES฀WERE฀ CALCULATED฀BY฀ USING฀ THE฀ �
$฀ ELASTODYNAMIC฀ FINITE฀
INTEGRATION฀TECHNIQUE฀IN฀CYLINDRICAL฀COORDINATES฀�#%&)4฀;�=	฀AND฀SHOW฀THE฀HELICAL฀NATURE฀OF฀THE฀ELASTIC฀WAVE฀FIELD�฀
&URTHER฀INTERESTING฀NUMERICAL฀AND฀ANALYTICAL฀INVESTIGATIONS฀OF฀GUIDED฀WAVES฀IN฀FREE฀PIPES฀CAN฀BE฀FOUND฀IN฀;��฀�=�฀

)N฀ ORDER฀ TO฀ VERIFY฀ THE฀ THEORETICAL฀ AND฀ NUMERICAL฀ RESULTS฀ FROM฀ ABOVE�฀ VARIOUS฀MEASUREMENTS฀
WERE฀ PERFORMED฀ USING฀ THE฀ LABORATORY฀ SET
UP฀ SHOWN฀ IN฀ &IG�฀ ��฀ 2ICKERS฀WAVELETS฀WITH฀ CENTER฀
FREQUENCIES฀OF฀���฀����฀����฀AND฀���฀K(Z฀WERE฀USED฀AS฀EXCITATION฀SIGNALS�฀4HE฀DETECTED฀WAVE

FORMS฀AT฀A฀SENSOR฀POSITION฀LYING฀���฀CM฀AWAY฀FROM฀THE฀SOURCE฀ARE฀GIVEN฀IN฀&IG�฀��฀)T฀SHOULD฀BE฀
NOTED฀THAT฀THE฀TIME฀AXIS฀IS฀GIVEN฀WITH฀A฀CONSTANT฀OFFSET฀OF฀���฀±S�฀I�E�฀THE฀ARRIVAL฀TIMES฀HAVE฀TO฀
BE฀CORRECTED฀FOR฀THAT฀VALUE฀BEFORE฀CALCULATING฀THE฀CORRESPONDING฀WAVE฀SPEEDS�฀

0OINT฀IMPACT

(ELICAL฀WAVE฀PROPAGATION฀
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&IGURE฀��฀3TEEL฀PIPE฀AS฀USED฀FOR฀THE฀LABORATORY฀MEASUREMENTS฀�LENGTH฀�฀�฀M�฀DIAMETER฀�฀���฀MM�฀WALL฀THICKNESS฀
�฀�฀MM�฀TOP฀PICTURE	�฀$EPENDING฀ON฀THE฀TEMPERATURE฀OF฀THE฀PIPE฀AND฀THE฀INTENDED฀WAVE฀MODE฀USED฀FOR฀MONITOR

ING�฀DIFFERENT฀KINDS฀OF฀TRANSDUCERS฀BASED฀ON฀0:4฀CERAMICS�฀LANGASITE฀CRYSTALS฀OR฀%-!4฀TECHNOLOGY฀CAN฀BE฀USED�฀
)N฀THE฀PRESENT฀CASE�฀0:4฀FIBRE฀TRANSDUCERS฀PROVIDED฀BY฀PROJECT฀PARTNER฀.-7฀ARE฀GLUED฀TO฀THE฀OUTER฀PIPE฀SURFACE฀
�BOTTOM฀PICTURES	�฀4HESE฀TRANSDUCERS฀ARE฀CHARACTERIZED฀BY฀A฀PREFERENTIAL฀DIRECTIVITY฀ALONG฀THE฀PIPE฀AXIS฀AND฀CAN฀BE฀
USED฀FOR฀LOW
TEMPERATURE฀APPLICATIONS฀UP฀TO฀���฀#฀AND฀FOR฀FREQUENCIES฀UP฀TO฀���฀K(Z�฀

&IGURE฀��฀-EASURED฀TIME
DOMAIN฀SIGNALS฀ALONG฀THE฀STEEL฀PIPE฀FOR฀FOUR฀DIFFERENT฀CENTER฀FREQUENCIES฀OF฀THE฀INPUT฀
PULSE�฀!LL฀ELEMENTARY฀WAVE฀MODES฀AS฀PREDICTED฀BY฀THEORETICAL฀AND฀NUMERICAL฀INVESTIGATIONS฀�INCLUDING฀HELICAL฀
MODES	฀COULD฀BE฀IDENTIFIED�฀
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ENDING฀ECHO



)N฀&IG�฀��฀THE฀FIRST฀ARRIVAL฀AT฀T฀ ฀���฀±S฀�!��฀±S฀OFFSET	฀IS฀DUE฀TO฀THE฀FASTEST฀WAVE฀MODE฀PRESENT�฀
I�E�฀THE฀0
3�฀MODE฀�OR฀&����		�฀4HE฀SECOND฀ELEMENTARY฀WAVE฀MODE฀IN฀THE฀FIRST฀TWO฀ROWS฀OF฀&IG�฀
�฀ARRIVES฀AT฀T฀ ฀���฀±S฀�!��฀±S฀OFFSET	฀AND฀CAN฀BE฀ASSOCIATED฀WITH฀THE฀0
!�฀MODE฀�OR฀&����		�฀
)F฀THE฀CENTER฀FREQUENCY฀OF฀THE฀INPUT฀PULSE฀IS฀INCREASED฀TO฀���฀K(Z�฀A฀NEW฀WAVE฀MODE฀SUDDENLY฀
OCCURS�฀)T฀IS฀STRONGLY฀DISPERSIVE฀AND฀
฀DUE฀TO฀ITS฀GROUP฀VELOCITY฀
฀CAN฀BE฀IDENTIFIED฀AS฀THE฀FIRST฀
HIGHER
ORDER฀SYMMETRIC฀MODE฀0
3�฀�OR฀&����		�

"ESIDES฀ THE฀PRIMARY฀WAVE฀MODES�฀ INDICATED฀BY฀RED฀ELLIPSES฀ IN฀&IG�฀��฀ALSO฀SECONDARY฀
WAVE฀MODES฀APPEAR�฀4HE฀LATTER฀ARE฀INDICATED฀BY฀GREEN฀ELLIPSES�฀!T฀ABOUT฀���฀±S฀�!��฀±S฀OFFSET	฀
A฀WAVE฀MODE฀APPEARS฀AT฀��฀AND฀���฀K(Z฀THAT฀IS฀IN฀LINE฀WITH฀THE฀�ST฀ORDER฀HELICAL฀0
3�฀MODE฀
WHOSE฀ TRAVEL฀ DISTANCE฀BETWEEN฀ SOURCE฀ AND฀ RECEIVER฀ IS฀ APPROX�฀ �฀M฀ INSTEAD฀OF฀ ���฀M฀ FOR฀ THE฀
DIRECT฀WAVE�฀4HE฀SAME฀EFFECT฀CAN฀BE฀OBSERVED฀FOR฀THE฀0
!�฀MODE฀WHOSE฀�ST฀ORDER฀HELICAL฀COUN

TERPART฀ARRIVES฀AT฀APPROX�฀���฀±S฀�!��฀±S฀OFFSET	�฀)N฀BOTH฀CASES�฀THE฀SIGNAL฀SHAPE฀OF฀DIRECT฀AND฀
HELICAL฀WAVE฀IS฀SIMILAR฀BUT฀THE฀AMPLITUDE฀OF฀THE฀HELICAL฀WAVE฀IS฀SMALLER฀DUE฀TO฀THE฀LARGER฀GEO

METRICAL฀SPREADING฀ALONG฀THE฀LONGER฀PROPAGATION฀PATH�฀

!NOTHER฀INTERESTING฀ECHO฀CAN฀BE฀FOUND฀AT฀���฀±S฀�!��฀±S฀OFFSET	�฀3INCE฀THE฀DISTANCE฀BE

TWEEN฀EACH฀OF฀THE฀TWO฀TRANSDUCERS฀TO฀THE฀NEAREST฀PIPE฀ENDING฀WAS฀��฀CM�฀A฀WAVE฀REFLECTED฀AT฀
THE฀PIPE฀ENDINGS฀REACHES฀THE฀SENSOR฀AFTER฀A฀PROPAGATION฀PATH฀OF฀�฀M�฀4HUS�฀THE฀WAVE฀DESCRIBED฀
ABOVE฀CAN฀BE฀IDENTIFIED฀AS฀THE฀0
3�฀ECHO฀OF฀THE฀PIPE฀ENDING�฀$UE฀TO฀REFLECTION฀AT฀THE฀FREE฀END฀
AND฀THE฀FACT฀THAT฀TWO฀DIFFERENT฀PROPAGATION฀PATHS฀WITH฀IDENTICAL฀LENGTH฀CONTRIBUTE฀TO฀THE฀SIGNAL฀
�@ACTUATOR฀"฀ RIGHT฀PIPE฀ENDING฀"฀ SENSOR�฀AND฀@ACTUATOR฀"฀ LEFT฀PIPE฀ENDING฀"฀ SENSOR�	�฀ THE฀
AMPLITUDE฀OF฀THE฀ECHO฀IS฀LARGER฀THAN฀THE฀AMPLITUDE฀OF฀THE฀PRIMARY฀WAVE�฀฀

!S฀A฀SUMMARY฀ONE฀CAN฀CONCLUDE฀THAT฀THE฀MEASUREMENT฀RESULTS฀ARE฀IN฀A฀GOOD฀AGREEMENT฀
WITH฀THE฀THEORETICAL฀AND฀NUMERICAL฀FINDINGS฀SINCE฀ALL฀EXISTENT฀WAVE฀FORMS฀IN฀&IG�฀��฀EVEN฀THE฀
SECONDARY฀HELICAL฀WAVES฀AND฀PIPE฀ENDING฀ECHOES฀COULD฀BE฀ IDENTIFIED�฀ )T฀ IS฀WORTH฀MENTIONING฀
THAT฀ THE฀ SINGLE฀0:4฀ FIBRE฀ACTUATOR฀USED฀ FOR฀ THE฀MEASUREMENT฀PRODUCES฀BOTH�฀0
3�฀AND฀0
!�฀
MODES฀BUT฀NO฀�SIGNIFICANT	฀0
3(฀MODE�฀฀

��฀$)2%#4)6)49฀0!44%2.฀/&฀'5)$%$฀7!6%3฀!,/.'฀!฀342!)'(4฀0)0%฀

3INCE฀ THE฀MONITORING฀SYSTEM฀ IS฀USING฀A฀NUMBER฀OF฀DISTRIBUTED฀ TRANSDUCERS�฀ IT฀ IS฀ IMPORTANT฀ TO฀
STUDY฀THE฀DIRECTIVITY฀CHARACTERISTIC฀OF฀GROUP฀VELOCITIES฀AND฀DAMPING฀COEFFICIENTS฀OF฀THE฀DIFFER

ENT฀WAVE฀MODES฀GENERATED฀BY฀A฀ SINGLE฀ TRANSDUCER�฀&OR฀ THIS฀PURPOSE฀ THE฀MEASUREMENT฀ SET
UP฀
SHOWN฀IN฀&IG�฀�฀WAS฀USED�฀4HE฀SENSOR฀ON฀THE฀LEFT฀WAS฀SHIFTED฀ALONG฀THE฀BLACK฀CURVED฀LINE฀IN฀
STEPS฀OF฀���฀%ACH฀POINT฀ON฀THE฀LINE฀HAS฀THE฀SAME฀GEOMETRICAL฀DISTANCE฀OF฀��฀CM฀TO฀THE฀SOURCE฀
POSITION�฀!฀ ���฀ K(Z฀2#�฀ SIGNAL฀WAS฀ USED฀ AS฀ INPUT฀ PULSE�฀ 4HE฀ RESULTS฀ FOR฀ ANGLE
DEPENDENT฀
GROUP฀VELOCITY฀AND฀DAMPING฀COEFFICIENT฀FOR฀0
3�฀AND฀0
!�฀MODES฀ARE฀GIVEN฀IN฀&IG�฀��฀

4HE฀GROUP฀VELOCITY฀OF฀THE฀0
3�฀MODE฀IN฀THE฀TOP฀PICTURE฀OF฀&IG�฀�฀VARIES฀BETWEEN฀����฀
AND฀����฀M�S฀WITH฀A฀MEAN฀VALUE฀OF฀ABOUT฀����฀M�S�฀4HUS�฀WITH฀AN฀ACCURACY฀OF฀#฀���฀THE฀0
3�฀
GROUP฀VELOCITY฀CAN฀BE฀SEEN฀AS฀CONSTANT฀FOR฀EACH฀PROPAGATION฀DIRECTION�฀4HE฀0
!�฀GROUP฀VELOC

ITY฀FLUCTUATES฀BETWEEN฀����฀AND฀����฀M�S฀WITH฀A฀MEAN฀VALUE฀OF฀ABOUT฀����฀M�S�฀7ITH฀AN฀AC

CURACY฀OF฀#฀����฀THE฀0
!�฀GROUP฀VELOCITY฀CAN฀ALSO฀BE฀SEEN฀AS฀CONSTANT฀FOR฀EACH฀PROPAGATION฀
DIRECTION�฀4HIS฀EXPERIMENTAL฀FINDING฀IS฀VERY฀ IMPORTANT฀FOR฀ANY฀3(-฀BASED฀IMAGING฀OR฀LOCAL

IZATION฀TECHNIQUE฀WHERE฀GROUP฀VELOCITIES฀IN฀VARIOUS฀PROPAGATION฀DIRECTIONS฀ARE฀NEEDED฀FOR฀RE

CONSTRUCTION�



&IGURE฀��฀%XPERIMENTAL฀SET
UP฀AS฀USED฀FOR฀THE฀MEASUREMENT฀OF฀THE฀DIRECTIVITY฀PATTERNS฀OF฀0
3�฀AND฀0
!�฀MODES฀
GENERATED฀BY฀A฀PIEZO฀FIBRE฀TRANSDUCER�฀4HE฀SENSOR฀ON฀THE฀OPPOSITE฀SIDE฀WAS฀SHIFTED฀ALONG฀THE฀CURVED฀BLACK฀LINE�฀
%ACH฀POINT฀ON฀THE฀LINE฀HAS฀THE฀SAME฀GEOMETRICAL฀DISTANCE฀OF฀��฀CM฀TO฀THE฀SOURCE฀POSITION�฀
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&IGURE฀ ��฀ %XPERIMENTAL฀ RESULTS฀ FOR฀ ANGLE
DEPENDENT฀ GROUP฀ VELOCITY฀ AND฀ DAMPING฀ COEFFICIENT฀ FOR฀ 0
3�฀ �DARK฀
BLUE	฀AND฀0
!�฀MODE฀�MAGENTA	฀AT฀A฀CENTER฀FREQUENCY฀OF฀���฀K(Z�฀4HE฀GROUP฀VELOCITIES฀CAN฀BE฀SEEN฀AS฀ROUGHLY฀
CONSTANT฀IN฀EACH฀DIRECTION�฀7ITH฀THE฀EXCEPTION฀OF฀LARGE฀ANGLES฀����฀THE฀RELATIVE฀DAMPING฀COEFFICIENTS฀FOR฀0
3�฀
AND฀0
!�฀ARE฀SIMILAR฀TO฀EACH฀OTHER�฀&OR฀THE฀RANGE฀BETWEEN฀ ฀���฀A฀DAMPING฀OF฀ONLY฀�
��฀D"฀IS฀OBTAINED�฀฀฀฀฀

!CTUATOR3ENSOR

'ROUP฀VELOCITY฀FOR฀0
3�฀AND฀0
!�฀ ฀���฀K(Z฀

2ELATIVE฀$AMPING฀FOR฀0
3�฀AND฀0
!�฀ ฀���฀K(Z฀

!NGLE



4HE฀ANGLE
DEPENDENT฀DAMPING฀COEFFICIENT�฀AS฀GIVEN฀IN฀ THE฀BOTTOM฀PICTURE฀OF฀&IG�฀��฀SHOWS฀A฀
SIMILAR฀BEHAVIOR฀FOR฀ THE฀0
3�฀AND฀0
!�฀MODE�฀/NLY฀FOR฀ LARGE฀ANGLES฀ABOVE฀����฀ THE฀RELATIVE฀
DAMPING฀OF฀ THE฀0
3�฀MODE฀SEEMS฀ TO฀BE฀HIGHER�฀&OR฀ THE฀RANGE฀BETWEEN฀ ฀����฀A฀DAMPING฀OF฀
ONLY฀�
��฀D"฀IS฀OBTAINED฀FOR฀EACH฀WAVE�฀4HAT฀MEANS฀THAT฀AT฀���฀K(Z฀THE฀FIBRE฀TRANSDUCER฀GEN

ERATES฀A฀RELATIVELY฀WIDE฀BEAM฀OF฀GUIDED฀WAVES฀WITH฀A฀GOOD฀ACOUSTIC฀COVERAGE฀OF฀THE฀PIPE฀AREA฀
TO฀BE฀MONITORED�฀&URTHER฀INVESTIGATIONS฀USING฀A฀STEEL฀PIPE฀MOCK
UP฀OF฀-0!฀REVEALED฀THAT฀WITH฀
APPROPRIATE฀PRE
AMPLIFICATION฀PROPAGATION฀DISTANCES฀OF฀MORE฀THAN฀��฀M฀ARE฀MANAGEABLE�฀

��฀).4%2!#4)/.฀/&฀'5)$%$฀7!6%3฀7)4(฀$%&%#43฀

4HE฀INTERACTION฀OF฀ELASTIC฀WAVES฀WITH฀STRUCTURE
RELEVANT฀DEFECTS฀REPRESENTS฀THE฀MOST฀IMPORTANT฀
ASPECT฀OF฀GUIDED฀WAVE฀BASED฀MONITORING฀SYSTEMS�฀)N฀GENERAL฀ONE฀CAN฀SAY฀THAT฀THE฀HIGHER฀THE฀
FREQUENCY฀THE฀BETTER฀THE฀SPATIAL฀AND฀TEMPORAL฀RESOLUTION฀OF฀THE฀MONITORING฀SYSTEM฀AND฀THE฀BET

TER฀THE฀SENSITIVITY฀TO฀SMALL฀DEFECTS�฀(OWEVER�฀FOR฀HIGH฀FREQUENCIES฀THE฀NUMBER฀OF฀EXISTING฀WAVE฀
MODES฀IS฀INCREASED฀AND฀STRONG฀DISPERSION฀LEADS฀TO฀A฀COMPLEX฀SITUATION฀AND฀A฀SEVERELY฀LIMITED฀
RANGE�฀4HE฀LOWER฀THE฀FREQUENCY฀THE฀SMALLER฀THE฀NUMBER฀OF฀WAVE฀MODES฀�AT฀LEAST฀IN฀PLATES	฀AND฀
THE฀ LARGER฀ THE฀OBTAINABLE฀ RANGE�฀(OWEVER�฀ THESE฀ ADVANTAGES฀ ARE฀ CANCELLED฀BY฀ A฀ SIGNIFICANTLY฀
LOWER฀SENSITIVITY฀TO฀SMALL฀DEFECTS�฀4HEREFORE�฀TO฀CHOOSE฀A฀SPECIFIC฀FREQUENCY฀FOR฀THE฀INPUT฀PULSE฀
ALWAYS฀MEANS฀TO฀MAKE฀A฀COMPROMISE฀BETWEEN฀FLAW฀SENSITIVITY฀ON฀THE฀ONE฀HAND฀AND฀OBTAINABLE฀
RANGE฀AND฀DISPERSION฀OF฀THE฀CORRESPONDING฀WAVE฀MODES฀ON฀THE฀OTHER฀HAND�฀)F฀USING฀TRADITIONAL฀
ULTRASONIC฀.$%฀SYSTEMS฀WORKING฀IN฀THE฀-(Z฀FREQUENCY฀REGIME�฀VERY฀SMALL฀CRACKS฀IN฀THE฀±M฀
RANGE฀CAN฀BE฀FOUND฀BUT฀THE฀STRUCTURAL฀INFORMATION฀IS฀USUALLY฀LIMITED฀TO฀A฀SMALL฀AREA฀OF฀THE฀PIPE�฀
)F฀THE฀WHOLE฀PIPE฀MUST฀BE฀TESTED�฀AN฀APPROPRIATE฀SCANNING฀DEVICE฀IS฀NECESSARY�

)N฀ GUIDED฀WAVE฀ BASED฀ 3(-�฀ A฀ LARGER฀ PART฀ OF฀ THE฀ PIPE฀ CAN฀ BE฀ EXAMINED฀WITHIN฀ ONE฀
MEASUREMENT฀CYCLE�฀$UE฀TO฀THE฀FACT฀THAT฀MONITORING฀CAN฀BE฀PERFORMED฀IN฀NEARLY฀ARBITRARY฀TIME฀
INTERVALS฀OF฀A฀FEW฀SECONDS฀UP฀TO฀A฀FEW฀DAYS�฀THE฀CRITICAL฀SIZE฀OF฀DEFECTS฀THAT฀HAVE฀TO฀BE฀FOUND฀
CAN฀BE฀INCREASED฀COMPARED฀TO฀TRADITIONAL฀.$%฀WHICH฀USUALLY฀IS฀APPLIED฀IN฀PERIODIC฀INTERVALS฀OF฀
MONTHS฀OR฀YEARS�฀3TATEMENTS฀FROM฀INDUSTRIAL฀PARTNERS฀$/7฀AND฀27%฀REVEALED฀THAT฀IN฀A฀TYPI

CAL฀PIPE�฀CRACK
LIKE฀DEFECTS฀NOT฀LARGER฀THAN฀THREE฀TIMES฀THE฀WALL฀THICKNESS฀AND฀NOT฀DEEPER฀THAN฀
���฀TO฀���฀OF฀THE฀WALL฀THICKNESS฀HAVE฀TO฀BE฀FOUND฀BY฀AN฀3(-฀SYSTEM�฀&OR฀THE฀STEEL฀PIPE฀DE

SCRIBED฀IN฀THE฀PREVIOUS฀SECTIONS฀�WALL฀THICKNESS฀�฀�฀MM	฀THIS฀MEANS฀THAT฀THE฀MONITORING฀SYS

TEM฀MUST฀BE฀ABLE฀TO฀FIND฀CRACKS฀NOT฀LARGER฀THAN฀��฀MM฀AND฀NOT฀DEEPER฀THAN฀�
���฀MM�฀!S฀A฀
ROUGH฀RULE฀OF฀THUMB฀ONE฀CAN฀SAY฀THAT฀A฀DEFECT฀BECOMES฀DETECTABLE฀IF฀ITS฀SIZE฀IS฀AT฀LEAST฀COMPA

RABLE฀TO฀THE฀WAVELENGTH฀OF฀THE฀SPECIFIC฀WAVE฀MODE฀USED฀FOR฀THE฀MEASUREMENTS฀AND฀IF฀ITS฀DEPTH฀
IS฀LARGER฀THAN฀��
���฀OF฀THE฀WALL฀THICKNESS�฀!CCORDING฀TO฀THIS฀RULE�฀GUIDED฀WAVES฀IN฀THE฀FRE

QUENCY฀ RANGE฀ BETWEEN฀ ���฀ AND฀ ���฀ K(Z฀WITH฀WAVELENGTHS฀ BETWEEN฀ ��฀ AND฀ ��฀MM฀ AS฀ DE

SCRIBED฀IN฀THE฀PREVIOUS฀SECTIONS฀SHOULD฀BE฀ABLE฀TO฀MEET฀THE฀REQUIREMENTS฀OF฀DEFECT฀SENSITIVITY฀
ON฀THE฀ONE฀HAND฀AND฀SUFFICIENTLY฀LARGE฀RANGE฀ON฀THE฀OTHER฀HAND�฀

)N฀ORDER฀ TO฀ INVESTIGATE฀ THE฀ INTERACTION฀OF฀GUIDED฀WAVES฀WITH฀ RELEVANT฀DEFECTS�฀EXPERI

MENTAL฀MEASUREMENTS฀AT฀THE฀STEEL฀PIPE฀USING฀TWO฀TRANSDUCER฀ARRAYS฀WITH฀�฀0:4฀FIBRE฀TRANSDUC

ERS฀ IN฀EACH฀CASE฀WERE฀PERFORMED�฀&OUR฀ TRANSDUCERS฀AT฀ A฀ TIME฀WERE฀COMBINED฀ TO฀A฀�
CHANNEL฀
SENSOR�ACTUATOR฀NODE฀AS฀SHOWN฀IN฀&IG�฀��฀%ACH฀OF฀THE฀��฀TRANSDUCERS฀CAN฀BE฀USED฀AS฀SOURCE฀AND฀
RECEIVER�฀ )F฀ ONE฀ TRANSDUCER฀ IS฀ EMITTING�฀ ��฀ TRANSDUCERS฀ �INCLUDING฀ THE฀ SOURCE	฀ CAN฀ DETECT฀ THE฀
SYSTEM฀RESPONSE�฀4HAT฀MEANS฀THAT฀A฀TOTAL฀OF฀�฀!฀��฀!฀�฀�฀���฀TIME
DOMAIN฀SIGNALS฀ARE฀AVAIL

ABLE฀FOR฀DATA฀EVALUATION฀AND฀FOR฀SYNTHETIC฀APERTURE฀RECONSTRUCTION�฀(OWEVER�฀ IN฀ THE฀CASE฀PRE

SENTED฀HERE฀ONLY฀TRANSDUCERS฀�฀AND฀�฀ARE฀INVOLVED�฀



&IGURE฀ ��฀ �
CHANNEL฀ SENSOR�ACTUATOR฀ NODES฀ FOR฀ 3(-฀ OF฀ PIPING฀ SYSTEMS�฀ 4HE฀ NODES฀ CAN฀ BE฀ COMBINED฀ TO฀ A฀
MULTI
CHANNEL฀MEASURING฀SYSTEM฀���฀CHANNELS฀IN฀THIS฀CASE	฀THAT฀CAN฀BE฀USED฀FOR฀BOTH฀ACTIVE฀AND฀PASSIVE฀MONI

TORING�฀4HE฀PRESENT฀NODES฀ARE฀BASED฀ON฀A฀#!.฀BUS฀INTERFACE฀BUT฀WIRELESS฀INTERFACES฀ARE฀ALSO฀UNDER฀DEVELOP

MENT�฀$ETAILS฀OF฀THE฀HARDWARE฀IMPLEMENTATION฀CAN฀BE฀FOUND฀IN฀;��=�฀฀

฀฀ ฀

&IGURE฀��฀$ETAILS฀OF฀THE฀SET
UP฀SHOWING฀THE฀DISTANCE฀OF฀THE฀NOTCH฀TO฀THE฀RELEVANT฀TRANSDUCERS�฀&OR฀THE฀MEAS

UREMENTS฀SHOWN฀IN฀THE฀FOLLOWING฀&IG�฀��฀TRANSDUCERS฀��฀AND฀��฀WERE฀USED�฀
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&IGURE฀��฀2ESULTS฀FOR฀THREE฀DIFFERENT฀NOTCHES฀�RED฀CURVES	฀USING฀TRANSDUCER฀��฀AS฀ACTUATOR฀AND฀��฀AS฀SENSOR�฀4HE฀
BLUE฀CURVE฀REPRESENTS฀THE฀REFERENCE฀MEASUREMENT฀�BASELINE	฀WITHOUT฀NOTCH�฀฀฀

!฀NOTCH฀LYING฀PERPENDICULAR฀TO฀THE฀LONGITUDINAL฀AXIS฀OF฀THE฀PIPE฀WAS฀ARTIFICIALLY฀INSERTED฀ALONG฀
THE฀CONNECTING฀LINE฀BETWEEN฀TRANSDUCERS฀��฀AND฀���฀IN฀A฀DISTANCE฀OF฀��฀CM฀TO฀TRANSDUCER฀��฀

��฀MM฀NOTCH฀

��฀MM฀NOTCH฀

$IRECT฀0
3�฀
WAVE฀

%LECTRICAL฀
CROSSTALK฀

�T฀�฀�	฀

0
!�฀NOTCH฀
REFLECTION฀

-ODE
CONVERTED฀
NOTCH฀REFLECTION฀
0
!� ฀0
3�฀

$IRECT฀0
!�฀
WAVE฀

0
3�฀NOTCH฀
REFLECTION฀

���฀MM฀NOTCH฀



AND฀��฀CM฀TO฀TRANSDUCERS฀��฀AND฀���฀RESPECTIVELY�฀4HE฀NOTCH฀WAS฀ENLARGED฀IN฀TWO฀STEPS฀SO฀THAT฀
ALL฀ IN฀ALL฀ THREE฀NOTCH฀SIZES฀WERE฀AVAILABLE฀FOR฀ THE฀MEASUREMENTS�฀ )N฀EACH฀CASE฀ THE฀WIDTH฀AND฀
DEPTH฀OF฀THE฀NOTCH฀WAS฀�฀MM�฀THE฀LENGTH฀VARIED฀FROM฀���฀MM฀OVER฀��฀MM฀UP฀TO฀��฀MM�฀4HE฀
DETAILS฀OF฀THE฀SET
UP฀INCLUDING฀THE฀RELEVANT฀DISTANCES฀TO฀THE฀NOTCH฀ARE฀GIVEN฀IN฀&IG�฀��฀

&OR฀ THE฀MEASUREMENTS�฀ AN฀2#�฀ INPUT฀PULSE฀WITH฀A฀CENTER฀ FREQUENCY฀OF฀���฀K(Z฀WAS฀
USED�฀4HE฀MAIN฀IDEA฀OF฀ THE฀UNDERLYING฀3(-฀SYSTEM฀IS฀ THE฀COMPARISON฀OF฀ THE฀ACTUAL฀STATE฀OF฀
THE฀PIPE฀WITH฀A฀CERTAIN฀REFERENCE฀STATE฀�hBASELINE฀APPROACHv	�฀4HIS฀REFERENCE฀STATE฀CAN฀EITHER฀BE฀
THE฀PIPE฀WITHOUT฀ANY฀DEFECTS฀OR฀ALTERNATIVELY�฀A฀STATE฀WITH฀SMALLER฀DEFECT฀SIZE�฀&OR฀THE฀PRESENT฀
INVESTIGATION�฀A฀REFERENCE฀MEASUREMENT฀WITHOUT฀ANY฀DEFECTS฀WAS฀PERFORMED฀FIRST�฀!FTER฀THAT฀THE฀
MEASUREMENTS฀INCLUDING฀THE฀DEFECTS฀WERE฀DONE฀AND฀COMPARED฀TO฀THE฀REFERENCE฀STATE�฀

&IGURE฀ �฀ SHOWS฀ THE฀ TIME
DOMAIN฀ SIGNALS฀ FOR฀ THE฀MEASUREMENTS฀ AT฀ THE฀ THREE฀ DIFFERENT฀
NOTCHES฀USING฀TRANSDUCER฀��฀AS฀SOURCE฀AND฀��฀AS฀RECEIVER฀�RED฀CURVES	�฀)N฀THIS฀CASE฀A฀SPECULAR฀
REFLECTION฀OF฀THE฀WAVES฀AT฀THE฀NOTCH฀CAN฀BE฀EXPECTED�฀&OR฀BETTER฀COMPARISON�฀THE฀RESULT฀FOR฀THE฀
REFERENCE฀MEASUREMENT฀WITHOUT฀NOTCH฀IS฀ALSO฀GIVEN฀IN฀EACH฀CASE฀�BLUE฀CURVE	�฀4HE฀FIRST฀STRONG฀
SIGNAL฀AT฀ABOUT฀��฀±S฀IS฀AN฀ELECTRICAL฀CROSSTALK฀WHICH฀SERVES฀AS฀THE฀TEMPORAL฀ORIGIN�฀T฀�฀��฀!T฀
ABOUT฀���฀±S฀�I�E�฀��฀±S฀AFTER฀THE฀CROSSTALK	฀A฀WEAK฀CONTRIBUTION฀APPEARS฀THAT฀CAN฀BE฀ASSOCIATED฀
WITH฀A฀DIRECT฀CIRCUMFERENTIAL฀0
3�฀WAVE฀BETWEEN฀SOURCE฀AND฀RECEIVER�฀4HE฀DIRECT฀0
!�฀WAVE฀IS฀
EXPECTED฀AT฀���฀±S฀�I�E�฀���฀±S฀AFTER฀THE฀CROSSTALK	฀AND฀IS฀REALLY฀FOUND฀THERE�฀)TS฀AMPLITUDE฀IS฀
STRONGER฀THAN฀THE฀DIRECT฀0
3�฀WAVE฀WHICH฀IS฀IN฀ACCORDANCE฀WITH฀THE฀ANGLE
DEPENDENT฀DAMPING฀
CURVE฀IN฀&IG�฀��฀4HESE฀DIRECT฀SIGNALS฀ARE฀EXPECTED฀TO฀REMAIN฀CONSTANT฀FOR฀INCREASING฀NOTCH฀SIZE฀
AND฀IN฀FACT฀THIS฀CAN฀BE฀OBSERVED฀FOR฀BOTH฀MODES�฀

!T฀ABOUT฀���฀±S฀�I�E�฀���฀±S฀AFTER฀CROSSTALK	�฀ THE฀SIGNAL฀BECOMES฀SLIGHTLY฀HIGHER฀THAN฀
THE฀REFERENCE฀SIGNAL�฀$UE฀TO฀THE฀ARRIVAL฀TIME฀IT฀CAN฀BE฀IDENTIFIED฀AS฀THE฀0
3�฀NOTCH฀REFLECTION฀
ALTHOUGH฀ITS฀CONTRIBUTION฀IS฀PARTLY฀SUPERIMPOSED฀BY฀THE฀DIRECT฀0
!�฀WAVE�฀4HIS฀SIGNAL฀IS฀ONLY฀
SLIGHTLY฀ INCREASING฀ WITH฀ INCREASING฀ NOTCH฀ SIZE�฀ REVEALING฀ THAT฀ THE฀ 0
3�฀ INTERACTION฀ WITH฀ THE฀
NOTCH฀IS฀RATHER฀WEAK�฀!T฀ABOUT฀���฀±S฀�I�E�฀���฀±S฀AFTER฀THE฀CROSSTALK	฀A฀STRONG฀SIGNAL฀APPEARS฀
THAT฀ CAN฀ BE฀ ASSOCIATED฀ WITH฀ A฀ MODE฀ CONVERTED฀ NOTCH฀ REFLECTION฀ WHEREAS฀ THE฀ INCIDENT฀ 0
!�฀
MODE฀IS฀CONVERTED฀INTO฀A฀0
3�฀WAVE฀DURING฀THE฀SCATTERING฀PROCESS�฀)N฀PRINCIPLE฀ALSO฀THE฀INVERSE฀
PROCEDURE�฀I�E�฀MODE฀CONVERSION฀FROM฀INCIDENT฀0
3�฀TO฀0
!�฀WAVE฀IS฀POSSIBLE฀SINCE฀THE฀ARRIVAL฀
TIME฀IS฀THE฀SAME�฀4HIS฀MODE
CONVERTED฀ECHO฀LEADS฀TO฀A฀SIGNIFICANT฀DEVIATION฀FROM฀THE฀REFERENCE฀
CURVE�฀EVEN฀FOR฀THE฀SMALL฀NOTCH�฀7ITH฀INCREASING฀NOTCH฀SIZE�฀THE฀ECHO฀IS฀ALSO฀INCREASED฀SHOW

ING฀A฀NEARLY฀LINEAR฀RELATIONSHIP฀BETWEEN฀NOTCH฀SIZE฀AND฀ECHO฀AMPLITUDE�฀

!T฀APPROX�฀���฀±S฀�I�E�฀���฀±S฀AFTER฀CROSSTALK	฀THE฀DIRECT฀0
!�฀ECHO฀FROM฀THE฀NOTCH฀AR

RIVES�฀4HIS฀ECHO฀IS฀ALSO฀STRONGLY฀INCREASED฀WITH฀INCREASING฀NOTCH฀SIZE฀AND฀THUS฀ALSO฀SERVES฀AS฀A฀
SENSITIVE฀INDICATOR฀FOR฀THE฀NOTCH฀GROWTH�฀)T฀IS฀REMARKABLE฀THAT฀THE฀MODE
CONVERTED฀NOTCH฀ECHO฀
IS฀LARGER฀THAN฀THE฀PURE฀0
!�฀ECHO฀BY฀ROUGHLY฀A฀FACTOR฀OF฀TWO�฀

"ESIDE฀ THE฀ MEASUREMENT฀ DESCRIBED฀ ABOVE฀ VARIOUS฀ OTHER฀ MEASUREMENTS฀ WITH฀ OTHER฀
SOURCE
RECEIVER฀COMBINATIONS฀WERE฀PERFORMED฀AND฀ALSO฀THE฀FORWARD฀SCATTERED฀FIELD฀WAS฀STUD

IED�฀!S฀ A฀ CONCLUSION฀ FROM฀ THESE฀MEASUREMENTS฀ ONE฀ CAN฀ SUMMARIZE฀ THAT฀ THE฀ CHANGES฀ IN฀ THE฀
BACKWARD฀SCATTERED฀FIELD฀ARE฀BY฀FAR฀MORE฀SIGNIFICANT฀THAN฀THE฀CHANGES฀IN฀THE฀FORWARD฀SCATTERED฀
FIELD�฀(OWEVER�฀THE฀CHANGES฀IN฀THE฀BACKWARD฀FIELD฀ARE฀SURPRISINGLY฀STRONG�฀ALTHOUGH฀THE฀SIZE฀OF฀
THE฀NOTCH฀WAS฀SMALLER฀THAN฀THE฀WAVELENGTHS฀OF฀THE฀WAVE฀MODES฀INVOLVED฀AND฀THE฀DEPTH฀OF฀THE฀
NOTCH฀WAS฀ONLY฀���฀OF฀THE฀WALL฀THICKNESS�฀

)N฀&IG�฀�฀THE฀INTERACTION฀OF฀GUIDED฀WAVES฀WITH฀THE฀ARTIFICIAL฀NOTCHES฀IS฀WELL
DEFINED฀AND฀
THE฀ RESULTING฀ ECHOES฀ ARE฀ STRONG฀ AND฀ CAN฀ EASILY฀ BE฀ ASSOCIATED฀WITH฀ SPECIFIC฀WAVE฀MODES฀ AND฀
MODE
CONVERTED฀ECHOES�฀(OWEVER�฀IN฀MORE฀REALISTIC฀STRUCTURES฀WITH฀COMPLEX฀GEOMETRY฀LIKE฀THE฀
4ITANIUM฀ELBOW฀SHOWN฀IN฀&IG�฀���฀ THE฀WAVE�DEFECT฀ INTERACTIONS฀ARE฀MORE฀DIFFICULT฀AND฀SUBTLE฀
SO฀THAT฀MORE฀PRAGMATIC฀AND฀ROBUST฀DATA฀EVALUATION฀SCHEMES฀HAVE฀TO฀BE฀USED�฀
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&IGURE฀���฀4ITANIUM฀ELBOW฀�WALL฀ THICKNESS฀�฀�฀MM	฀WITH฀NOTCHES฀ARTIFICIALLY฀ INTRODUCED฀ INTO฀A฀WELD฀SEAM�฀
4HE฀NOTCH฀DEPTH฀WAS฀VARIED฀BETWEEN฀�฀MM฀�FIRST฀STEP	฀AND฀���฀MM฀�LAST฀STEP	�฀$UE฀TO฀THE฀SAWING฀THE฀INITIAL฀
NOTCH฀LENGTH฀OF฀APPROX�฀��฀MM฀WAS฀ALSO฀INCREASED฀STEPWISE�฀฀฀

)N฀ONE฀OF฀THE฀WELD฀SEAMS฀OF฀THE฀ELBOW฀ARTIFICIAL฀NOTCHES฀WERE฀INSERTED฀BY฀SAWING�฀4HE฀DEPTH฀OF฀
THE฀NOTCH฀WAS฀ INCREASED฀ FROM฀�฀MM฀UP฀ TO฀���฀MM฀IN฀DISCRETE฀ STEPS�฀$UE฀ TO฀ THE฀ SAWING฀ THE฀
LENGTH฀OF฀ THE฀NOTCH฀WAS฀ALSO฀ INCREASED฀ SIMULTANEOUSLY฀ FROM฀APPROX�฀��฀MM฀ TO฀��฀MM�฀&OR฀
EACH฀STATE฀THE฀SYSTEM฀RESPONSE฀OF฀THE฀ELBOW฀DUE฀TO฀PULSE฀EXCITATION฀WAS฀DETERMINED฀FOR฀DIFFER

ENT฀ACTUATOR�SENSOR฀COMBINATIONS฀AND฀WAS฀COMPARED฀WITH฀A฀REFERENCE฀STATE฀WITHOUT฀DEFECTS�฀
฀ &IG�฀��฀SHOWS฀TYPICAL฀TIME
DOMAIN฀SIGNALS฀ALONG฀PATH฀!
$��฀I�E�฀TRANSDUCER฀!฀SERVES฀AS฀
ACTUATOR฀ AND฀ TRANSDUCER฀$�฀ AS฀ SENSOR฀ �COMPARE฀ &IG�฀ ��	�฀ 4HE฀ CENTER฀ FREQUENCY฀ OF฀ THE฀ INPUT฀
PULSE฀WAS฀F฀�฀���฀K(Z฀IN฀THIS฀CASE�฀&OR฀THE฀�฀MM฀DEEP฀NOTCH�฀THE฀DIFFERENCE฀TO฀THE฀REFERENCE฀
MEASUREMENT฀WITHOUT฀NOTCH฀IS฀RATHER฀SMALL฀AND฀THUS�฀THE฀LINEAR฀CORRELATION฀COEFFICIENT฀BETWEEN฀
BOTH฀CURVES฀IS฀NEARLY฀EQUAL฀TO฀ONE�฀&OR฀THE฀���฀MM฀NOTCH฀THE฀DIFFERENCE฀BETWEEN฀THE฀CURVES฀IS฀
SIGNIFICANTLY฀LARGER฀AND฀THEREFORE�฀THE฀CORRELATION฀COEFFICIENT฀DROPS฀TO฀APPROX�฀�����฀&OR฀CALCU

LATION฀OF฀THE฀CORRELATION฀COEFFICIENTS฀WE฀USED฀THE฀(ILBERT฀ENVELOPE฀OF฀THE฀SIGNALS฀INSTEAD฀OF฀THE฀
SIGNALS฀THEMSELVES฀DUE฀TO฀HIGHER฀ROBUSTNESS�฀
฀ 4HE฀MEASUREMENTS฀WERE฀ REPEATED฀ FOR฀ DIFFERENT฀ NOTCH฀ DEPTHS฀ AND฀ VARIOUS฀ CENTER฀ FRE

QUENCIES฀OF฀THE฀INPUT฀PULSE฀AS฀WELL฀AS฀FOR฀DIFFERENT฀PROPAGATION฀PATHS�฀)N฀&IG�฀��฀THE฀RESULTS฀OF฀
THE฀CORRELATION฀ANALYSIS฀ARE฀DISPLAYED฀FOR฀PROPAGATION฀PATHS฀!
$�฀AND฀!
$�฀�COMPARE฀&IG�฀��	�฀
FOR฀NOTCH฀DEPTHS฀OF฀��฀��฀����฀AND฀���฀MM�฀AND฀FOR฀FREQUENCIES฀OF฀����฀����฀����฀AND฀���฀K(Z�฀
RESPECTIVELY�฀

!
$�

$�

!

$�

$�
!

$�
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&IGURE฀���฀4YPICAL GUIDED฀WAVE฀SYSTEM฀RESPONSE฀OF฀THE฀4ITANIUM฀ELBOW฀ALONG฀PATH฀!
$�฀FOR฀THE฀�฀MM฀AND฀
���฀MM฀DEEP฀NOTCH�฀RESPECTIVELY�฀2ED฀CURVES�฀REFERENCE฀STATE฀WITHOUT฀NOTCH�฀BLUE฀CURVES�฀ELBOW฀WITH฀NOTCH�฀฀

฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀0ATH฀!
$�฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀0ATH฀!
$�

&IGURE฀���฀#ORRELATION฀COEFFICIENTS฀AS฀A฀FUNCTION฀OF฀NOTCH฀DEPTH฀�HORIZONTAL฀AXIS	฀AND฀CENTER฀FREQUENCY฀OF฀THE฀
INPUT฀ PULSE฀ �COLOURED฀ CURVES	฀ FOR฀ PROPAGATION฀ PATHS฀!
$�฀ AND฀!
$��฀ OBTAINED฀ BY฀ COMPARING฀ THE฀ PARTICULAR฀
(ILBERT฀ENVELOPE฀OF฀THE฀TIME
DOMAIN฀RESPONSE฀AT฀SENSOR฀$฀WITH฀THE฀REFERENCE฀MEASUREMENT฀WITHOUT฀NOTCH�฀!S฀
A฀GENERAL฀TREND฀THE฀CORRELATION฀COEFFICIENT฀DECREASES฀WITH฀INCREASING฀NOTCH฀DEPTH฀AND฀INCREASING฀FREQUENCY฀AND฀
THUS฀SERVES฀AS฀A฀SENSITIVE฀DAMAGE฀INDICATOR฀EVEN฀FOR฀THE฀LONG฀PROPAGATION฀PATH฀!
$��

!S฀ A฀ GENERAL฀ TREND฀WE฀ FIND฀ THAT฀ THE฀ CORRELATION฀ COEFFICIENT฀ DECREASES฀WITH฀ INCREASING฀ NOTCH฀
DEPTH฀AND฀ALSO฀WITH฀INCREASING฀FREQUENCY�฀4HESE฀RESULTS฀ARE฀PHYSICALLY฀PLAUSIBLE฀SINCE฀IN฀BOTH฀
CASES฀THE฀INTERACTION฀BETWEEN฀GUIDED฀WAVES฀AND฀THE฀DEFECT฀IS฀ENLARGED�฀&OR฀THE฀SHORT฀PROPAGA

TION฀PATH฀!
$�฀ THE฀OVERALL฀DROP฀OF฀ THE฀CORRELATION฀COEFFICIENT฀ IS฀ TO฀VALUES฀BETWEEN฀����฀AND฀
�����฀&OR฀THE฀LONGER฀PATH฀!
$�฀THE฀OVERALL฀DROP฀IS฀ONLY฀TO฀VALUES฀BETWEEN฀�����฀AND฀�����฀BUT฀
STILL฀SIGNIFICANT�฀EVEN฀FOR฀THE฀LOWEST฀FREQUENCY�฀

4HE฀RESULTS฀REVEALED฀THAT฀UNDER฀LABORATORY฀CONDITIONS฀CRACK
LIKE฀DEFECTS฀HAVING฀A฀DEPTH฀
OF฀ONLY฀���฀OF฀THE฀WALL฀THICKNESS฀CAN฀BE฀DETECTED฀BY฀SUCH฀A฀MONITORING฀SYSTEM฀EVEN฀IN฀COM

PLEX฀GEOMETRIES฀WITH฀FLANGES�฀WELD฀SEAMS�฀AND฀CURVATURES�฀AND฀IN฀CASES฀WHERE฀THE฀WAVELENGTHS฀
ARE฀NOT฀SIGNIFICANTLY฀LARGER฀THAN฀THE฀LATERAL฀SIZE฀OF฀THE฀DEFECT฀AND฀WHERE฀THE฀DISTANCE฀TO฀SOURCE฀
AND฀RECEIVER฀IS฀RATHER฀LARGE�฀

)N฀ FIELD฀ TESTS฀ A฀WORSE฀ SIGNAL
TO
NOISE฀ RATIO฀CAN฀BE฀EXPECTED฀DUE฀ TO฀BACKGROUND฀NOISE฀
AND฀OTHER฀DISTURBANCES�฀(OWEVER�฀DUE฀TO฀THE฀FACT฀THAT฀THE฀COUPLING฀CONDITIONS฀REMAIN฀CONSTANT฀
AND฀THE฀EXCITATION฀IS฀REPRODUCIBLE�฀THE฀MEASUREMENTS฀CAN฀BE฀REPEATED฀MANY฀TIMES฀IN฀ORDER฀TO฀
INCREASE฀THE฀SIGNAL
TO
NOISE฀RATIO฀UNTIL฀IT฀REACHES฀AN฀ACCEPTABLE฀LEVEL�฀฀
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4HE฀GENERAL฀CONCEPTION฀OF฀THE฀3(-฀SYSTEM฀IS฀SHOWN฀IN฀&IGS�฀��฀AND฀���฀฀

&IGURE฀���฀#ONCEPTION฀OF฀THE฀MODULAR฀TRANSDUCER฀SYSTEM�฀4HE฀3(-฀NETWORK฀WILL฀BE฀ABLE฀TO฀MANAGE฀DIFFERENT฀
KINDS฀OF฀TRANSDUCERS฀AND฀SENSORS฀FOR฀LOW
฀AND฀HIGH
TEMPERATURE฀APPLICATIONS฀AND฀FOR฀LOW
฀AND฀HIGH
FREQUENCY฀
MONITORING�฀฀฀฀

&IGURE฀���฀#OMBINATION฀OF฀LOW
฀AND฀HIGH
FREQUENCY฀MONITORING�฀7ILE฀THE฀PASSIVE฀LOW
FREQUENCY฀NODES฀WITH฀
ACCELERATION฀ AND฀ STRAIN฀ SENSORS฀ ARE฀ RESPONSIBLE฀ FOR฀ GLOBAL฀ VIBRATION฀MONITORING฀ OF฀ THE฀ STRUCTURE฀ �PROVIDING฀
INFORMATION฀ON฀BASIC฀BOUNDARY฀CONDITIONS฀CAUSED฀BY฀HANGERS฀AND฀DAMPERS	฀THE฀ACTIVE฀HIGH
FREQUENCY฀GUIDED฀
WAVE฀NODES฀ARE฀USED฀TO฀MONITOR฀LOCAL฀CRUCIAL฀AND฀ERROR
PRONE฀PARTS฀OF฀THE฀PIPING฀SYSTEM�฀฀฀฀฀

Edelmetall -  
Elektroden

Signalkabel 

LaGaSi - Einkristall 

Glaslot

Stahlrohr 

0IEZOELECTRIC฀,ANGASITE฀SINGLE฀CRYSTAL฀฀
TRANSDUCERS฀FOR฀HIGH
FREQUENCY฀AND฀HIGH

TEMPERATURE฀APPLICATIONS฀�DIRECT฀COUPLING฀
VIA฀GLAS฀SOLDERS	฀

�&RAUNHOFER
)3#	฀

0IEZO฀STACK฀TRANSDUCERS฀FOR฀HIGH
FREQUENCY฀
AND HIGH
TEMPERATURE฀APPLICATIONS฀�INDIRECT฀
COUPLING฀VIA฀ACOUSTIC฀WAVEGUIDE	฀

�7")	฀

0IEZO฀FIBER฀AND฀PIEZO฀CERAMIC฀TRANSDUCERS฀
FOR HIGH
FREQUENCY฀AND฀LOW
TEMPERATURE฀
APPLICATIONS฀�DIRECT฀COUPLING฀TO฀THE฀PIPE	฀

�.-7	฀

!CCELERATION฀ AND฀ STRAIN฀ SENSORS฀ FOR฀ LOW

FREQUENCY฀ AND LOW
฀AND฀ HIGH
TEMPERATURE
APPLICATIONS฀�DIRECT฀OR฀INDIRECT฀COUPLING	฀

�-ONITRAN	฀

$ECISION฀
3UPPORT฀฀

3YSTEM฀�$33	

�

�

�

#RUCIAL฀ERROR
PRONE฀
PART฀OF฀THE฀PIPE฀

0IEZO฀ARRAYS฀FOR฀GUIDED฀WAVE฀
MONITORING฀�LOCAL฀INFORMATION	฀

!CCELERATION฀SENSORS฀�
�฀
FOR฀VIBRATION฀MONITORING฀

�GLOBAL฀INFORMATION	฀

�

,OW
FREQUENCY฀
NODE฀�PASSIVE	

HIGH
FREQUENCY฀
NODES฀�ACTIVE	

HIGH
FREQUENCY฀
NODES฀�ACTIVE	



%ACH฀SINGLE฀NETWORK฀NODE฀REPRESENTS฀A฀FOUR
CHANNEL฀MONITORING฀SYSTEM฀WHICH฀IS฀ABLE฀TO฀MAN

AGE฀DIFFERENT฀KINDS฀OF฀ACTUATORS฀AND�OR฀SENSORS�฀4WO฀DIFFERENT฀TYPES฀OF฀NODES฀ARE฀AVAILABLE�฀ONE฀
FOR฀ HIGH
FREQUENCY฀ GUIDED฀ WAVE฀ MONITORING฀ AND฀ ANOTHER฀ TYPE฀ FOR฀ LOW
FREQUENCY฀ VIBRATION฀
MONITORING�฀ %ACH฀ SINGLE฀ NODE฀ CAN฀ BE฀ COMBINED฀ WITH฀ SEVERAL฀ OTHERS฀ RESULTING฀ IN฀ A฀ MULTI

CHANNEL฀MONITORING฀ SYSTEM�฀6ARIOUS฀ TRANSDUCERS฀ FOR฀ LOW
฀AND฀HIGH
TEMPERATURE฀APPLICATIONS฀
AND฀ FOR฀ LOW
฀ AND฀ HIGH
FREQUENCY฀ MONITORING฀ CAN฀ BE฀ USED฀ AS฀ EXEMPLARY฀ DEMONSTRATED฀ IN฀
&IG�฀���

(OWEVER�฀ THE฀KEY฀CONCEPT฀OF฀ THE฀PROPOSED฀APPROACH฀ IS฀ THE฀COMBINATION฀OF฀ LOW
฀AND฀
HIGH
FREQUENCY฀MONITORING฀AS฀SHOWN฀IN฀&IG�฀���฀7ILE฀ THE฀PASSIVE฀LOW
FREQUENCY฀NODES฀WITH฀
ACCELERATION฀AND฀STRAIN฀SENSORS฀ARE฀RESPONSIBLE฀FOR฀GLOBAL฀VIBRATION฀MONITORING฀OF฀THE฀STRUCTURE฀
�PROVIDING฀ INFORMATION฀ ON฀ BASIC฀ BOUNDARY฀ CONDITIONS฀ CAUSED฀ BY฀ HANGERS฀ AND฀ DAMPERS	฀ THE฀
ACTIVE฀HIGH
FREQUENCY฀GUIDED฀WAVE฀NODES฀ ARE฀USED฀ TO฀MONITOR฀ LOCAL฀ CRUCIAL฀ AND฀ERROR
PRONE฀
PARTS฀OF฀THE฀PIPING฀SYSTEM�฀"OTH฀LEVELS�฀I�E�฀LOCAL฀AND฀GLOBAL฀ONES�฀WILL฀BE฀COMBINED฀ADAPTIVELY฀
DEPENDENT฀ON฀THE฀ACTUAL฀STATE฀OF฀THE฀PIPING฀SYSTEM�฀4HE฀MONITORING฀RESULTS฀FROM฀BOTH฀TYPES฀OF฀
NODES฀WILL฀FINALLY฀MERGE฀IN฀A฀JOINT฀DECISION฀SUPPORT฀SYSTEM฀�$33	฀BASED฀ON฀CASE฀BASED฀REASON

ING฀OR฀OTHER฀LEARNING฀APPROACHES�฀4HIS฀$33฀IS฀STILL฀UNDER฀DEVELOPMENT�฀฀฀฀฀฀฀
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4HE฀RESULTS฀OBTAINED฀SO฀FAR฀CLEARLY฀SHOW฀THAT฀GUIDED฀ELASTIC฀WAVES฀IN฀THE฀FREQUENCY฀RANGE฀BE

TWEEN฀��฀AND฀���฀K(Z฀ARE฀WELL
SUITED฀FOR฀DETERMINATION฀OF฀PIPE฀DEFECTS฀HAVING฀DIMENSIONS฀AS฀
SPECIFIED฀BY฀THE฀INDUSTRIAL฀PARTNERS�฀4HE฀EXISTENT฀WAVE฀MODES฀CAN฀BE฀CLEARLY฀IDENTIFIED฀BY฀US

ING฀ THEORETICAL฀ AND฀ NUMERICAL฀MODELS฀ AND฀ THUS�฀ THE฀MONITORING฀ SYSTEM฀ CAN฀ BE฀ ADJUSTED฀ AND฀
OPTIMIZED฀TO฀THE฀SPECIFIC฀PIPE฀GEOMETRY฀AND฀TO฀THE฀KIND฀OF฀DEFECT฀TO฀BE฀IDENTIFIED�฀

)T฀ CAN฀ THEREFORE฀ BE฀ EXPECTED฀ THAT฀ A฀ GUIDED฀WAVE฀ BASED฀ 3(-฀ SYSTEM฀ IS฀ ABLE฀ TO฀ EFFI

CIENTLY฀CLOSE฀THE฀GAP฀BETWEEN฀HIGH
FREQUENCY฀.$%฀IN฀THE฀-(Z฀FREQUENCY฀REGIME฀ON฀THE฀ONE฀
HAND฀AND฀LOW
FREQUENCY฀VIBRATION฀ANALYSIS฀ON฀THE฀OTHER฀HAND�฀4HE฀GOALS฀OF฀AN฀OVERALL฀MONITOR

ING฀SYSTEM฀THAT฀COMBINES฀LOW
฀AND฀HIGH
FREQUENCY฀DATA฀CAN฀BE฀SUMMARIZED฀AS฀FOLLOWS฀�WITH฀
INCREASING฀LEVEL฀OF฀COMPLEXITY	�฀

�� )DENTIFICATION฀OF฀DEFECTS�฀2AISE฀AN฀ALARM฀IF฀A฀DEFECT฀IS฀PRESENT฀
�� ,OCALIZATION฀OF฀DEFECTS�฀)F฀A฀DEFECT฀IS฀PRESENT�฀DETERMINE฀ITS฀�APPROXIMATE	฀POSITION฀฀
�� 2ELEVANCE฀OF฀DEFECTS�฀3TATE฀ IF฀ THE฀DEFECT฀ IS฀RELEVANT฀ FOR฀ THE฀STRUCTURAL฀ INTEGRITY฀OF฀ THE฀
PIPE

�� 2ESIDUAL฀LIFETIME�฀4RY฀TO฀ESTIMATE฀THE฀REMAINING฀LIFETIME฀OF฀THE฀STRUCTURE฀฀

&ROM฀OUR฀POINT฀OF฀VIEW฀AN฀3(-฀SYSTEM฀BASED฀ON฀ELASTIC฀WAVES฀AND฀VIBRATIONS฀IS฀ABLE฀TO฀CON

TRIBUTE฀TO฀THE฀FIRST฀AND฀SECOND฀POINT฀IN฀THE฀PRECEDING฀LIST฀AT฀LEAST�฀4O฀MEET฀THESE฀REQUIREMENTS฀
APPROPRIATE฀DAMAGE฀PARAMETERS฀HAVE฀ TO฀BE฀EXTRACTED฀ FROM฀ THE฀DETECTED฀ SIGNALS฀AND฀EFFICIENT฀
IMAGING฀TECHNIQUES฀HAVE฀TO฀BE฀DEVELOPED฀BY฀USING฀SYNTHETIC฀APERTURE฀ARRAY฀TECHNIQUES�฀4HESE฀
METHODS฀ HAVE฀ TO฀ BE฀ ROBUST฀ AGAINST฀ SPECIFIC฀ AND฀ IRREGULAR฀ BOUNDARY฀ CONDITIONS�฀ E�G�฀ A฀ FLUID฀
LOADED฀PIPE฀INSTEAD฀OF฀A฀FREE฀PIPE�฀TURBULENT฀FLOWS฀INSIDE฀THE฀PIPE฀ETC�฀4HESE฀ASPECTS฀ARE฀SUB

JECTS฀OF฀ONGOING฀WORK฀WITHIN฀THE฀3!&%฀0)0%3฀PROJECT�฀
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4HE฀PRESENT฀WORK฀HAS฀BEEN฀SUPPORTED฀BY฀THE฀#OMMISSION฀OF฀THE฀%UROPEAN฀#OMMUNITIES฀IN฀THE฀
FRAMEWORK฀ OF฀ THE฀ SPECIFIC฀ TARGETED฀ RESEARCH฀ PROJECT฀ 3!&%฀ 0)0%3฀ �3AFETY฀ !SSESSMENT฀ AND฀
,IFETIME฀ -ANAGEMENT฀ OF฀ )NDUSTRIAL฀ 0IPING฀ 3YSTEMS	฀ UNDER฀ THE฀ �TH฀ FRAMEWORK฀ PROGRAM฀
�.-0�
#4
����
������	�฀ 4HIS฀ SUPPORT฀ IS฀ GRATEFULLY฀ ACKNOWLEDGED�฀7E฀ ALSO฀ THANK฀ ALL฀ OUR฀
PARTNERS฀ IN฀ THE฀3!&%฀0)0%3฀CONSORTIUM�฀ ESPECIALLY฀.-7฀7ÓRZBURG฀ FOR฀PROVIDING฀US฀WITH฀
THE฀0:4฀FIBRE฀TRANSDUCERS�฀AND฀$/7฀3TADE฀AND฀-0!฀3TUTTGART�฀RESPECTIVELY�฀FOR฀SUPPLY฀AND฀
MECHANICAL฀ PREPARATION฀ OF฀ THE฀ 4ITANIUM฀ ELBOW�฀ -ANY฀ THANKS฀ ALSO฀ TO฀ 7")฀ (�CHBERG฀ AND฀
&RAUNHOFER
)3#฀7ÓRZBURG฀FOR฀THE฀PICTURES฀USED฀IN฀&IG�฀���฀
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TION�฀PROPAGATION�฀ AND฀DETECTION฀ FOR฀ STRUCTURAL฀HEALTH฀MONITORINGv�฀ )N�฀0ROC�฀OF฀ THE฀�ND฀%UROPEAN฀7ORKSHOP฀ON฀
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;�=฀+�&�฀'RAFF�฀7AVE฀MOTION฀IN฀ELASTIC฀SOLIDS�฀#LARENDON฀0RESS�฀/XFORD�฀�����฀

;�=฀&�฀3CHUBERT�฀h.UMERICAL฀TIME
DOMAIN฀MODELING฀OF฀LINEAR฀AND฀NONLINEAR฀ULTRASONIC฀WAVE฀PROPAGATION฀USING฀
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����฀�����฀
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